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1 IntrodutionThe pioneer Water �erenkov detetors (IMB, Kamiokande) were built to look for nuleondeay, a predition of Grand Uni�ed Theories. Unfortunately, no disovery was made inthis �eld and the neutrino physis has been the bread and butter sine the beginning ofrunning time of these detetors. Just to remind the glorious past: �rst detetion of asupernova neutrino explosion (SN1987A) [1, 2, 3, 4℄ aknowledged by the Nobel prize forKoshiba, Solar [5℄ and atmospheri anomalies disovery [6, 7℄ whih have been explainedas mass & mixing of the neutrinos, the latter being on�rmed by the �rst long base lineneutrino beam, i.e. the K2K experiment [8℄.The proposed detetors GLACIER1 [9℄, LENA2 [10, 11℄ and MEMPHYS3 [12℄, usingdi�erent tehniques will push the disovery frontiers on several domains: nuleon deay,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, indiret dark matter searh... These items are reviewed in thefollowing setions after a brief desription of the key parameters of the detetors while theunderground sites envisaged are desribed in setion 4.2 Brief detetor desriptionThe three detetors basi parameters are listed in Tab. 1. All these detetors are tensto hundreds of kilo tons mass all together of ative target and situated in undergroundlaboratories to be proteted against bakground indued by osmi rays. The large sizeof these detetors is motivated by the extremely low ross setions of neutrinos and/orthe rareness of the interesting events. Some details of the detetors are disussed in thefollowing setions while the Underground site related matter is disussed in setion 4.2.1 Liquid Argon TPCGLACIER (Fig. 1) is the foreseen extrapolation up to 100 kT of a Liquid Argon TimeProjetion Chamber. A summary of parameters are listed in Tab. 1. The detetor anbe mehanially subdivided into two parts: (1) the liquid argon tanker and (2) the innerdetetor instrumentation. For simpliity, we assume at this stage that the two aspets anbe deoupled.The basi design parameters an be summarized as follows:1. Single 100 kton �boiling� ryogeni tanker with Argon refrigeration (in partiular,the ooling is done diretly with Argon, e.g. without nitrogen)1Giant Liquid Argon Charge Imaging ExpeRiment2Low Energy Neutrino Astronomy3MEgaton Mass PHYSis 4



GLACIER LENA MEMPHYSDetetor dimensionstype vertial ylinder horizontal ylinder 3 ÷ 5 shaftsdiam. x length φ = 70m × L = 20m φ = 30m × L = 100m (3 ÷ 5) × (φ = 65m × H = 65m)typial mass (kt) 100 50 440 ÷ 730Ative 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% overageSint. 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 detetor baseline designs. The underground laboratory related matter aredesribed in setion 4 To be ompleted
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Figure 1: An artisti view of a 100 kton single tanker liquid argon detetor. The eletronirates are loated at the top of the dewar.2. Charge imaging + sintillation + �erenkov light readout for omplete event infor-mation3. Charge ampli�ation to allow for extremely long drifts: the detetor is running in bi-phase mode. In order to allow for long drift (≈ 20 m), we onsider harge attenuationalong drift and ompensate this e�et with harge ampli�ation near the anodesloated in gas phase.4. Possibility of adding a magneti �eld.The inner detetor instrumentation is made of: a athode, loated near the bottom of thetanker, set at −2 MV that reates a drift eletri �eld of 1 kV/m over the distane of20 m. In this �eld on�guration ionization eletrons are moving upwards while ions aregoing downward. The eletri �eld is delimited on the sides of the tanker by a series of ringeletrodes (rae-traks) put at the appropriate voltages (voltage divider). The breakdownvoltage of liquid argon is suh that a distane of about 50 m to the grounded tankervolume is eletrially 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. Sine purity isa onern for very long drifts of the order of 20 meters, we think that the inner detetorshould be operated in bi-phase mode, namely drift eletrons produed in the liquid phaseare extrated from the liquid into the gas phase with the help of an appropriate eletri�eld. Our measurements show that the threshold for 100% e�ient extration is about
3 kV/cm. Hene, just below and above the liquid two grids de�ne the appropriate liquidextration �eld. In addition to harge readout, we envision to loate PMTs around thetanker. Sintillation and �erenkov light an be readout essentially independently. Onean pro�t from the ICARUS R&D whih has shown that PMTs immersed diretly in theliquid Argon is possible[13℄. One is using ommerial Eletron Tubes 8� PMTs with aphotoathode for old operation and a standard glass window. In order to be sensitive toDUV sintillation, the PMT are oated with a wavelength shifter (Tetraphenyl-Butadiene).6



Figure 2: Sketh of the LENA detetor.Summarizing about 1000 immersed phototubes with WLS would be used to identify the(isotropi and bright) sintillation light. While about 27000 immersed 8�-phototubeswithout WLS would provide a 20% overage of the surfae of the detetor. As alreadymentioned, these latter should have single photon ounting apabilities in order to ountthe number of �erenkov photons.2.2 Liquid SintillatorThe LENA detetor is planned to have a ylindrial 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 sintillator while the outside part will be �lled with water to at as a muonveto. A �duial volume for proton deay will be de�ned having a radius of 12 m. Coveringabout 30% of the surfae, 12 000 photomultipliers of 50 m diameter eah will ollet thelight produed by the sintillator. PXE (phenyl-o-xylylethane) is foreseen as sintillatorsolvent beause of its high light yield and its safe handling proedures. The optial prop-erties of a liquid sintillator based on PXE have been investigated in the Counting TestFaility (CTF) for BOREXINO at the Gran Sasso underground laboratory [14℄. A yield of372 ± 8 photoeletrons per MeV (pe/MeV) have been measured in this experiment with anoptial overage of 20%. The attenuation length of ∼ 3 m (at 430 nm) was substantiallyinreased to ∼ 12 m purging the liquid in a weak aidi alumina olumn [14℄. With thesevalues an expeted photoeletron yield of ∼ 120 pe/MeV an be estimated for events inthe enter of the LENA detetor. Currently the optial properties of mixtures of PXE andderivatives of mineral oils are under investigation [15℄.2.3 Water �erenkovThe MEMPHYS detetor (Fig. 3 and Tab. 1) is an extrapolation of Super-Kamiokandeup to 730 kT. This Water �erenkov detetor is a olletion of up to 5 shafts, and 3 areenough for 440 kt �duial mass whih is used hereafter. Eah shaft is 65 m in diameter and65 m height for the total water ontainer dimensions, and this represent an extrapolation7



Figure 3: Sketh of the MEMPHYS detetor under the Fréjus mountain (Europe).of a fator 4 with respet to the Super-Kamiokande running detetor. The PMT surfaede�ned as 2 m inside the water ontainer is overed by about 81,000 12" PMTs to reah a30% surfae overage equivalent to a 40% overage with 20" PMTs. The �duial volume isde�ned by an additional onservative guard of 2 m. The outer volume between the PMTsurfae and the water vessel is instrumented with 8" PMTs. If not ontrary mentionned,the Super-Kamiokande analysis (e�ieny, bakground redution) [16℄ is used to omputethe physis potential of suh a detetor. In the US and in Japan, there are two ompetitorsto MEMPHYS, namely UNO and Hyper-Kamiokande. These projets are similar in manyrespets and the hereafter presented physis potential may be transposed also for thosedetetors4. Currently, there is a very promising R&D ativity onerning the possibility tointrodue Gadolinium salt (GdCl3) in side the 1 kT Water �erenkov prototype of the K2Kexperiment. The physis goal is to derease the bakground in many physis hannels bytagging the neutron produed in the inverse beta deay interation of ν̄e on free protons.For instane, 100 tons of GdCl3 in Super-Kamiokande would yield more then 90% neutronaptures on Gd [17℄.3 Detetor Perfomanes3.1 Proton deay sensitivityFor all relevant aspets of the proton stability in grand uni�ed theories, in strings and inbranes see referene [18℄.Sine proton deay is the most dramati predition oming from theories where thematter is uni�ed, we hope to test those senarios at future experiments. For this reason,a theoretial upper bound on the lifetime of the proton is very important to know aboutthe possibilities of future experiments.Reently a model-independent upper bound on the total proton deay lifetime has been4Spei� harateristis that are not idential to the projets onern the distane to aelerators orreators 8



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 sale. α is the matrix element. SeeFig. 4 and Fig. 5 for the present parameter spae allowed by the experiments.Most of the models (Supersymmetri or non-Supersymmetri) predit a lifetime τpbelow those upper bounds 1033−37 years, whih are very interesting sine it is the possiblerange of the proposed detetors.In order to have an idea of the proton deay preditions, let us list in Tab. 2 the resultsin di�erent models.Model Deay modes Predition ReferenesGeorgi-Glashow model - ruled out [20℄Minimal realistinon-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 reent preditions on proton partial lifetimes.No spei� simulation for MEMPHYS has been arried out yet. We therefore rely onthe study done by UNO, adapting the results to MEMPHYS (whih has an overall betteroverage) when possible.Due to its exellent imaging and energy resolution, GLACIER has the potentiality todisover nuleon deay in an essentially bakground-free environment. To understand thepotential bakground ontamination for this kind of searh, we have arried out a detailedsimulation of nuleon deays in Argon, i.e. inluding �nal state nulear e�ets. This isvital sine (1) they hange the exlusive �nal state on�guration and (2) they introduea distortion of the event kinematis. Atmospheri neutrino and osmi muon induedbakgrounds have been fully simulated as well.In order to quantitatively estimate the potential of the LENA detetor for measuringthe proton lifetime, a Monte Carlo simulation for the deay hannel p → K+ν has beenperformed. For this purpose, the Geant4 simulation toolkit has been used [26℄. Not only9
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all default Geant4 physis lists were inluded but also optial proesses as sintillation,Cherenkov light prodution, Rayleigh sattering and light absorption. From these simu-lations a light yield of ∼ 110 pe/MeV for an event in the enter of the detetor results.In addition, to take into aount the so alled quenhing e�ets, the semi-empirial Birk'sformula [27℄ has been introdued into the ode.3.1.1 p → e+π0Following UNO study, the detetion e�ieny of p → e+π0 (3 showering rings event) is
ǫ = 43% for a 20 inh-PMT overage of 40% or its equivalent, as envisioned for MEMPHYS.The orresponding estimated atmospheri neutrino indued bakground is at the level of
2.25 events/Mt.yr. From these e�ienies and bakground levels, proton deay sensitivityas a funtion of detetor exposure an be estimated. A 1035 years partial lifetime (τp/B)ould be reahed 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 reduethe atmospheri neutrino bakground to 0.15 events/Mt.yr, by seleting quasi exlusivelythe free proton deays.
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and kaon prodution in atmospheri neutrino reations has been performed leading to abakground rate of 0.064 y−1 due to the reation 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 deay events would be observed in LENA after a measuring time often years with less than 1 bakground event. If no signal is seen in the detetor within thisten years, the lower limit for the lifetime of the proton will be plaed at τp/B > 4 1034 yat 90% C.L. Although interesting, it may be too detailed here (omment by JEC): If oneandidate is observed, the lower limit will be redued to τ > 3 1034 y at 90% C.L. and theprobability of this event being bakground would be 32%.GLACIER uses dE/dx versus range as disriminating variable in a Neural Net to obtainthe partile identity. We expet less than 1% of kaons mis-identi�ed as protons. In thishannel, the seletion e�ieny is high (97%) for a low bakground < 1 event/Mt.y. Inase of absene of signal, we expet to reah τp/B > 1.1 1035 yrs at 90% C.L. for 1 Mt.y(10 years) exposure (see Fig. 8).For the MEMPHYS detetor, one should rely on the detetion of the deay produtsof the K+ sine its momentum (360 MeV) is below the water �erenkov threshold (ie.
570 MeV): a 256 MeV/ muon and its deay eletron (type I) or a 205 MeV/ π+ and
π0 (type II), with the possibility of a delayed (12 ns) oinidene with the 6 MeV 15Nde-exitation prompt γ (Type III). Using the imaging and timing apability of Super-Kamiokande, the e�ieny for the reonstrution of p → νK+ is ǫ = 33% (I), 6.8% (II)and 8.8% (III), and the bakground is at 2100, 22 and 6 events/Mt.yr level. For the prompt
γ method, the bakground is dominated by mis-reonstrution. As stated by UNO, thereare good reasons to believe that this bakground an be lowered by at least a fator 2orresponding to the atmospheri neutrino interation νp → νΛK+. In these onditions,and using Super-Kamiokande performanes, a 5 Mt.yr MEMPHYS exposure would allowto reah τp/B > 2 1034 yrs (see Fig. 7).3.1.3 Comparison between the detetorsPreliminary omparisons have been done between the detetors (Tab. 3). For the e+π0hannel, the �erenkov detetor 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 expeted limit that is only a fator two smaller. Liquid argon TPCs and liquidsintillator detetors get better results for the ν̄K+ hannel, due to their higher detetione�ieny. The two tehniques look therefore quite omplementary and it would be worthto investigate deeper the pro and ons of eah tehniques with other hannels not yetaddressed by the present study as e+(µ+) + γ and neutron deays.3.2 Supernova neutrinosA supernova (SN) neutrino detetion represents one of the next frontiers of neutrino as-trophysis. It will provide invaluable information on the astrophysis of the ore-ollapse13



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+ disovery potential by the three detetors. The

e+π0 hannel is not yet simulated in LENA.explosion phenomenon and on the neutrino mixing parameters. In partiular, neutrino �a-vor transitions in the SN envelope are sensitive to the value of θ13 and on the type of masshierarhy, and the detetion of SN neutrino spetra 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 galati SN ould yield importantlues on the SN explosion mehanism.3.2.1 SN neutrino emission and osillationsA ore-ollapse supernova marks the evolutionary end of a massive star (M & 8 M⊙)whih beomes inevitably instable at the end of its life: it ollapses and ejets its outermantle in a shok-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 soures of(anti)neutrinos in the Universe.In general, numerial simulations of supernova explosions provide the original neutrinospetra in energy and time F 0

ν . Suh initial distributions are in general modi�ed by �avortransitions in SN envelope, in vauum (and eventually in Earth matter)
F 0

ν −→Fν (2)and must be onvolved with the di�erential interation ross setion σe for eletron orpositron prodution, as well as with the detetor resolution funtion Re, and the e�ieny
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 blak-body soure of thermal neutrinos, emitted on a timesale of ∼ 10 s. Energy spetraparametrization are typially ast in the form of quasi-thermal distributions, with typial14



Mass Hierarhy 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 senario of masshierarhy and sin2 θ13.average energies: 〈Eνe
〉 = 9− 12 MeV, 〈Eν̄e

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

νx indiates any non-eletron �avor.The osillated 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 ruially depend on theneutrino mass hierarhy and on the unknown value of the mixing angle θ13 as shown inTab. 4.3.2.2 SN neutrino detetionGalati ore-ollapse supernovae are rare, perhaps a few per entury. Up to now, super-nova neutrinos have been measured only one during SN 1987A explosion in the LargeMagellani Cloud (d = 50 kp). Due to the relatively small masses of the detetors oper-ative at that time, only few events were deteted (11 in Kamiokande [1, 2℄ and 8 in IMB[3, 4℄). The three proposed large-volume neutrino detetors with a broad range of sienegoals might guarantee ontinuous exposure for several deades, so that a high-statistissupernova neutrino signal may eventually be observed.Expeted number of events for GLACIER, MEMPHYS and LENA are reported inTab. 5, for a typial galati SN distane of 10 kp. In the upper panel it is reported thetotal number of events, while the lower part refers to the νe signal deteted during theprompt neutronization burst, with a duration of ∼ 25 ms, just after the ore boune.One an realize that ν̄e detetion by Inverse β Deay is the golden hannel for MEM-PHYS and LENA. In addition, the eletron neutrino signal an be deteted in LENAthanks to the interation on 12C. The three harged urrent reations will deliver informa-tion on νe and ν̄e �uxes and spetra while the three neutral urrent reations, sensitive toall neutrino �avours will provide information on the total �ux. GLACIER has also the op-portunity to see the νe by harged urrent interations on 40Ar with a very low threshold.The detetion omplementarity between νe and ν̄e is of great interest and would assure15



Figure 9: The number of events in a 400 kt water �erenkov detetor (left sale) and inSK (right sale) in all hannels and in the individual detetion hannels as a funtion ofdistane for a supernova explosion [34℄.
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MEMPHYS LENA GLACIERInteration Rates Interation Rates Interation 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 expeted neutrino interation rates in the di�erent detetors fora 8M⊙ SN loated at 10 kp (Galati enter). The following notations have been used:IβD, eES and pES stands for Inverse β Deay, eletron and proton Elasti Sattering,respetively. The �nal state nulei are generally unstable and deay either radiatively(notation ∗), or by β−/β+ weak interation (notation β−,+). The rates of the di�erentreation hannels are listed, and for LENA they have been obtained by saling the preditedrates from [32, 33℄.a unique way to probe SN explosion mehanism as well as neutrino intrinsi properties.Moreover, the huge statistis would allow spetral studies in time and in energy domain.We stress that it will be di�ult to establish SN neutrino osillation e�ets solely on thebasis of a ν̄e or νe �spetral hardening� relative to theoretial expetations. Therefore, inthe reent literature the importane of model-independent signatures has been emphasized.Here we fous mainly on the signatures assoiated to: the prompt νe neutronization burst,the shok-wave propagation, the Earth matter rossing.The analysis of the time struture of the SN signal during the �rst few tens of mil-liseonds after the ore boune an provide a lean indiation if the full νe burst is presentor absent and therefore allows one to distinguish between di�erent mixing senarios asindiated by the third olumn of Tab. 6. For example, if the mass ordering is normal andthe θ13 is large, the νe burst will fully osillate into νx. If θ13 is measured in the laboratoryto be large, for example by one of the forthoming reator experiments, then one maydistinguish between the normal and inverted mass ordering.As disussed, MEMPHYS is mostly sensitive to the IβD, although the νe hannel anbe measured by the elasti sattering reation νx + e− → e− + νx [35℄. Of ourse, theidenti�ation of the neutronization burst is leanest with a detetor using the harged-urrent absorption of νe neutrinos, like GLACIER. Using its unique features to look at νeCC it is possible to probe osillation physis during the early stage of the SN explosion,17



and using the NC it is possible to deouple the SN mehanism from the osillation physis[36, 37℄.A few seonds after ore boune, the SN shok wave will pass the density region in thestellar envelope relevant for osillation matter e�ets, ausing a transient modi�ation ofthe survival probability and thus a time-dependent signature in the neutrino signal [38, 39℄.It would show a harateristi dip when the shok wave passes [34℄, or a double-dip featureif a reverse shok ours [40℄. The detetability of suh a signature has been studied ina Megaton Water �erenkov detetor like MEMPHYS by the IβD [34℄, and in a Largeliquid Argon detetor like GLACIER by Ar CC interations [41℄. The shok wave e�etswould be ertainly visible also in a large volume sintillator like LENA. Of ourse, apartfrom identifying the neutrino mixing senario, suh observations would test our theoretialunderstanding of the ore-ollapse SN phenomenon.One unequivoal indiation of osillation e�ets would be the energy-dependent mod-ulation of the survival probability p(E) aused by Earth matter e�ets [42℄. The Earthmatter e�ets an be revealed by wiggles in energy spetra and LENA bene�t from a betterenergy resolution than MEMPHYS in this respet whih may be partially ompensatedby 10 times more statistis [43℄. The Earth e�et would show up in the ν̄e hannel forthe normal mass hierarhy, assuming that θ13 is large (Tab. 6). Another possibility toestablish the presene of Earth e�ets is to use the signal from two detetors if one ofthem sees the SN shadowed by the Earth and the other not. A omparison between thesignal normalization in the two detetors might reveal Earth e�ets [44℄. The shok wavepropagation an in�uene the Earth matter e�et, produing a delayed e�et 5− 7 s afterthe ore-boune, in some partiular situations [45℄ (Tab. 6).Exploiting these three experimental signatures, by the joint e�orts of the omplemen-tarity SN neutrino detetion in MEMPHYS, LENA, and GLACIER it would be possibleto extrat valuable information on the neutrino mass hierarhy 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 detetion of neutrinos from the last phases of a burning star [48℄.Up to now, we have investigated SN in our Galaxy, but the alulated rate of supernovaexplosions within a distane of 10 Mp is about 1 per year. Although the number of eventsfrom a single explosion at suh large distanes would be small, the signal ould be separatedfrom the bakground with the request to observe at least two events within a time windowomparable to the neutrino emission time-sale (∼ 10 se), together with the full energyand time distribution of the events [49℄. In a MEMPHYS detetor, with at least twoneutrinos observed, a supernova ould be identi�ed without optial on�rmation, so thatthe start of the light urve ould be foreasted by a few hours, along with a short list ofprobable host galaxies. This would also allow the detetion of supernovae whih are eitherheavily obsured by dust or are optially dark due to prompt blak hole formation.18



MassHierarhy sin2 θ13

νe neutronizationpeak Shok wave Earth e�etNormal & 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�et on νe and ν̄e signals.3.2.3 Di�use Supernova Neutrino BakgroundA galati Supernova explosion will be a spetaular soure of neutrinos, so that a varietyof neutrino and SN properties ould be determined. However, only one suh explosion isexpeted in 20 to 100 years. Alternatively, it has been suggested that we might detet theumulative neutrino �ux from all the past SN in the Universe, the so alled Di�use Su-pernova Neutrino Bakground (DSNB) 5. In partiular, there is an energy window around
20 − 40 MeV where the DSNB signal an emerge above other soures, so that proposeddetetors may measure this �ux after some years of exposure times.The DSNB signal, although weak, is not only �guaranteed�, but an also probe di�erentphysis from a galati SN, inluding proesses whih oure on osmologial sales in timeor spae. This makes them omplementary to eletromagneti radiation whih is muheasier to detet, but also muh easier to be absorbed or sattered on its way.For instane, the DSNB signal is sensitive to the evolution of the SN rate, whih islosely related to the star formation rate [50, 54℄. Additionally, neutrino deay senarioswith osmologial 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 detetion appearsto be feasible only with the large detetor foreseen, through ν̄e inverse beta deay inMEMPHYS and LENA detetors and through νe + 40Ar → e− + 40K∗ (and the assoiatedgamma asade) in GLACIER [59℄.Typial estimates for DSNB �uxes (see for example [54℄) predit 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 produedone seond after the Big Bang. 19



The DSNB signal energy window is onstrained from above by the atmospheri neutri-nos and from below by either the nulear reator ν̄e (I), the spallation prodution unstableradionulei by osmi ray muons (II), the deay of "invisible" muon into eletron (III), andsolar νe neutrinos (IV). The three detetors are a�eted di�erently these bakgrounds.GLACIER looking at νe is mainly a�eted by type IV. MEMPHYS �lled with purewater is mainly a�eted by type III due to the fat that the muons may have not enoughenergy to produe �erenkov light. As pointed out in [34℄, with addition of Gadolinium [17℄the detetion 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 rejet neutrinos other than ν̄ethat is to say not only the "invisible" muon (type III) but also the spallation bakground(type II). LENA taking bene�t from the delayed neutron apture in ν̄e + p → n + e+,is mainly a�eted by reator neutrinos (I) whih impose to hoose an underground sitefar from nulear plants: if LENA is deployed at the Center for Underground Physisin Pyhäsalmi (CUPP, Finland), there will be an observational window from ∼ 9.5 to30 MeV that is almost free of bakground. The expeted rates of signal and bakgroundare presented in Tab. 7.Interation 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)/30Table 7: DSNB expeted rates. The larger numbers are omputed with the present limiton the �ux by SuperKamiokande ollaboration. The lower numbers are omputed fortypial models. The bakground oming from reator plants have been omputed for spei�loations for MEMPHYS and LENA. For MEMPHYS, the SuperKamiokande bakgroundhas been saled by the exposure. More studies are needed to estimate the bakground atthe new Fréjus laboratory.Aording to DSN models [54℄ that are using di�erent SN simulations from the LL[55℄, TBP [56℄ and KRJ [57℄ groups for the predition of the DSN energy spetrum and�ux, a detetion of the DSN in this energy regime with LENA seems all but ertain.Within ten years, 20 to 230 events are expeted, the exat number mainly depending onthe unertainties of the Star Formation Rate (SFR) in the near universe. Signal ratesorresponding to three di�erent DSN models and the bakground rates due to the reator20



Figure 10: Di�use supernova neutrino signal and bakground in LENA detetor in 10 yearsof exposure. Shaded regions give the unertainties of all urves. An observational windowbetween ∼ 9.5 to 30 MeV that is almost free of bakground 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 adeade of measurement statistis in LENA might already be good enough to distinguishbetween the LL and the TBP model that give the most di�erent preditions on the DSN'sspetral slope and therefore event rates. This will give valuable onstraints on the SNneutrino spetrum and explosion mehanism.Finally, if one ahieves a threshold below 10 MeV for the DSN detetion it might bepossible to get a glimpse at the low-energeti part of the spetrum 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 distanes, onventional astronomylooking for Star Formation Regions is strongly impeded by dust extintion of the UV lightthat is emitted by young stars. The z-sensitivity of the detetor ould be further improvedby hoosing a loation far away from the nulear power plants of the northern hemisphere.For instane, a near to optimum DSN detetion threshold of 8.4 MeV ould be realized bydeploying LENA in New Zealand.An analysis of the expeted DSN spetrum that would be observed with a gadolinium-loaded Water �erenkov detetor 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-enhaned SuperKamiokande detetor, whih21
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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-enhaned SK detetor or1 year of one gadolinium-enhaned MEMPHYS shaft [58℄.would orrespond to 1 year of one Gd-enhaned MEMPHYS shaft. The results are shownin Fig. 11. Even if detailed studies on haraterization of the bakground 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 detetors have measured the high energy tail (E >
5 MeV) of the solar 8B neutrino �ux using eletron-neutrino elasti sattering [60℄. Sinesuh detetors ould reord the time of an interation and reonstrut the energy anddiretion of the reoiling eletron, unique information of the spetrum and time variationof the solar neutrino �ux was extrated. This provided further insights into the �solarneutrino problem�, the de�it of the neutrino �ux (measured by several experiments) withrespet to the �ux expeted by the standard solar models . It also onstrained the neutrino�avor osillation solutions in a fairly model-independent way.With MEMPHYS, Super-Kamiokande's measurements obtained from 1258 days of dataould be repeated in about half a year (the seasonal �ux variation measurement requiresof ourse a full year). In partiular, a �rst measurement of the �ux of the rare "hep"neutrinos may be possible. Elasti neutrino-eletron sattering is strongly forward peaked.To separate the solar neutrino signal from the isotropi bakground events (mainly due tolow radioativity), this diretional orrelation is exploited. Angular resolution is limitedby multiple sattering. The reonstrution algorithm �rst reonstruts the vertex fromthe PMT times and then the diretion assuming a single Cherenkov one originating fromthe reonstruted vertex. Reonstruting 7 MeV events in MEMPHYS seems not to be a22



problem and dereasing the threshold would imply serious are of the detetor radioativitylevel 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-bakground ratio, this would provide a sensitivity for time vari-ations in the 7Be neutrino �ux of ∼ 0.5% during one month of measuring time. Suh asensitivity may give information at a unique level on helioseismology (pressure or temper-ature �utuations) and on a possible magneti moment interation with a timely varyingsolar magneti �eld.The pep neutrinos neutrinos are expeted also to be reorded at a rate of 210/day, thiswould provide a better understanding the global solar neutrino luminosity. The neutrino�ux from the CNO yle is theoretially predited only with the lowest auray (30%) ofall solar neutrino �uxes. Therefore, LENA would provide a new opportunity for a detailedstudy of solar physis. However, the observation of suh solar neutrinos in these detetors,through i.e. elasti sattering, is not a simple task, sine neutrino events annot be sepa-rated from the bakground, and it an be aomplished only if the detetor ontaminationwill be kept very low [61℄. Moreover, only mono-energeti soures as suh mentioned anbe deteted, taking advantage of the Compton-like shoulder edge produed in the eventspetrum.Reently, it has been investigated the possibility to register 8B solar neutrinos by meansof the harged urrent interation with the 13C [62℄ nulei naturally ontained in organisintillators. Even, if the event signal does not keep the diretionality of the neutrino,it an be separated from the bakground by exploiting the time and spae oinidenewith the subsequent deay of the produed 13N nulei (remaining bakground of about
60/year orresponding to a redution fator of ∼ 3 10−4) [63℄. Around 360 events of thistype per year an be estimated for LENA. A deformation due to the MSW-e�et shouldbe observable in the low-energy regime after a ouple of years of measurements.For the proposed LENA loation in Pyhäsalmi (∼ 4000 m.w.e.), the osmogeni bak-ground will be su�iently low for the mentioned measurements. Notie that Fréjus loationwould be also good in this respet (∼ 4800 m.w.e.). The radioativity of the detetor wouldhave to be kept very low (10−17 g/g level U-Th) as in the KamLAND detetor.The solar neutrinos in GLACIER an be registered through the elasti sattering νx +
e− → νx + e− (ES) and the absorption reation νe + 40Ar → e− + 40K∗ (ABS) followedby γs emission. Even if these reations have low threshold (e.g 1.5 MeV for the seondone), one expets to operate in pratie with a threshold set at 5 MeV on the primaryeletron kineti energy to rejet bakground from neutron apture followed by gamma rayemission whih onstitute the main bakground in some underground laboratory [64℄ asfor the LNGS (Italy). These neutrons are indued by the spontaneous �ssion of the avernrok (note that in ase of a salt mine this bakground may be signi�antly redued).The expeted raw event rate is 330,000/year (66% from ABS, 25% from ES and 9%from neutron bakground indued events) assuming the above mentioned threshold on the�nal eletron energy. Then, applying further o�ine uts to purify separatly the ES sample23



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 expeted in GLACIER per year, ompared with the omputedbakground (no osillation) in the Gran Sasso Laboratory (Italy) rok radioativity 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 exited levels and that an be separated using the emittedgamma energy and multipliityA possible way to ombine the ES and the ABS hannels similar to the NC/CC �uxratio measured by SNO ollaboration [65℄, 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 expeted events without neutrino osillations are labeled with a
0). This double ratio has the following advantages: �rst it is independent of the 8B totalneutrino �ux, predited by di�erent solar models, and seond it is free of experimentalthreshold energy bias and of the adopted ross-setions for the di�erent hannels. With thepresent �t to solar and KamLAND data (see se. 3.7), one expets a value of R = 1.30±0.01after one year of data taking with GLACIER. The quoted error for R only takes into aountstatistis.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 thermaltehniques to be 44.2± 1.0 TW. Despite this small quoted error, a more reent evaluationof the same data (assuming muh lower hydrothermal heat �ow near mid-oean ridges)has led to a lower �gure of 31± 1 TW. On the basis of studies of hondriti meteorites thealulated radiogeni power is thought to be 19 TW (about half of the total power), 84%24



of whih is produed by 238U and 232Th deay whih in turn produe ν̄e by β deays. It isthen of prime importane to measure the ν̄e �ux oming from the Earth to get geophysialinformation, with possible appliations in the interpretation of the geomagnetism.The KamLAND ollaboration has reently reported the �rst observation of the geo-neutrinos [66℄. The events are identi�ed by the time and distane oinidene betweenthe prompt e+ and the delayed (200 µs) neutron apture produed 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 reation threshold while the upperbound is onstraints by the nulear reator indued bakground events. The measuredrate in the 1 kT liquid sintillator detetor loated at Kamioka (Japan) is 25+19
−18 for atotal bakground of 127 ± 13 events. The bakground is omposed by 2/3 of ν̄e from thenulear reators in Japan and Korea6 and 1/3 of events oming from neutrons of 7.3 MeVprodued in 13C(α, n)16O reations and aptured as in the inverse beta deay reation.The α partiles ome from the 210Po deays daughter of the 222Rn of natural radioativityorigin. 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 expets 10 times more geo-neutrino events but this would implyto derease the trigger threshold to 2 MeV whih seems hallenging with respet to thepresent SuperKamiokande threshold set to 4.6 MeV due to high level of raw trigger rate120 Hz and inreasing by a fator 10 eah times the trigger is lowered by 1 MeV [67℄. Thistrigger rate is driven by a number of fators as γs from the rok surrounding the detetor,radioative deay in the PMT glass itself and Radon ontamination in the water. So, it isa general interest to study in details the possibility to takle the natural radioativity ofthe detetors 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-deay reation is expeted. The delayedoinidene measurement of the positron and the 2.2 MeV gamma event, following neutronapture on protons in the sintillator provides a very e�ient tool to rejet bakgroundevents. The threshold energy of 1.8 MeV allows the measurement of geoneutrinos from theUranium and Thorium series, but not from 40K. We alulate for LENA at CUPP a reatorbakground rate of about 240 events per year in the relevant energy window from 1.8 MeVto 3.2 MeV. This bakground an be subtrated statistially using the information on theentire reator neutrino spetrum up to ≃ 8 MeV. As it was shown in KamLAND a seriousbakground soure may ome from radio impurities. There the orrelated bakgroundfrom the isotope 210Po is dominating. However, with an enhaned radiopurity of thesintillator, the bakground an be signi�antly redued. Taking the radio purity levels ofthe CTF detetor, where a 210Po ativity of 35 ± 12/m3d in PXE has been observed, this6These events have been used by KamLAND to on�rm and measure preisely the Solar driven neutrinoosillation parameters 3.8. 25



bakground would be redued by a fator of about 150 ompared to KamLAND and wouldaount to less than 10 events per year in the LENA detetor. An additional bakgroundthat imitates the geoneutrino signal is due to 9Li, whih is produed by osmi muons inspallation reations with 12C and deays in a β-neutron asade. Only a small part of the
9Li deays falls into the energy window whih is relevant for geo-neutrinos. KamLANDestimates this bakground to be 0.30 ± 0.05 [66℄. At CUPP the muon reation rate wouldbe redued by a fator ≃ 10 due to better shielding and this bakground 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 detetor formeasuring geo-neutrinos. Di�erent Earth's models ould be tested with great signi�ane.The sensitivity of LENA for probing the unorthodox idea of a geo-reator in the Earth'sore was estimated too. At the CUPP underground laboratory in Pyhäsalmi the neutrinobakground with energies up to ≃ 8 MeV due to nulear power plants was alulated tobe around 2200 events per year. At CUPP a 1 TW geo-reator in the Earth's ore wouldontribute 210 events per year and ould be identi�ed at a statistial level of better than
4σ after only one year of measurement and after 10 years a 4σ sensitivity for 0.3 TW wouldbe reahed.Finally, in GLACIER the ν̄e + 40Ar → e+ + 40Cl∗ has a threshold of 7.5 MeV whihis too high for geo-neutrino detetion.3.6 Indiret Searh for Dark MatterWIMPs that onstitute the halo of the Milky Way an oasionally interat with massiveobjets, suh as stars or planets. When they satter o� of suh an objet, they anpotentially lose enough energy that they beome gravitationally bound and eventually willsettle in the enter of the elestial body. In partiular, WIMPs an be aptured by andaumulate 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 produts of WIMP annihilations in theore of the Sun [68℄. Signal events will onsist of energeti eletron (anti)neutrinos omingfrom the deay of τ leptons and b quarks produed in WIMP annihilation in the ore of theSun. Bakground ontamination from atmospheri neutrinos is expeted to be low. We donot onsider the possibility of observing neutrinos from WIMPs aumulated in the Earth.Given the smaller mass of the Earth and the fat that only salar interations ontribute,the apture rates for our planet are not enough to produe, in our experimental set-up, astatistially signi�ant signal.Our searh method takes advantage of the exellent angular reonstrution and su-perb eletron identi�ation apabilities GLACIER o�ers to look for an exess of energetieletron (anti)neutrinos pointing in the diretion of the Sun. The expeted signal andbakground event rates have been evaluated, in a model independent way, as a funtion ofthe WIMP's elasti satter ross setion for a range of masses up to 100 GeV.The detetor disovery potential, i.e. the number of years needed to laim a WIMP26



signal has been disovered, is shown in Figs. 12 and 13. With the assumed set-up andthanks to the low bakground environment o�ered by the LAr TPC, a lear WIMP signalwould be deteted provided the elasti sattering ross setion in the Sun is above ∼
10−4 pb.
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Figure 13: Minimum number of yearsrequired to laim a disovery WIMP sig-nal from the Sun in a 100 kton LAr de-tetor as funtion of σelastic for three val-ues of the WIMP mass.3.7 Neutrinos from reatorsIt has been shown in setions 3.2 and 3.5 that ν̄e originated from nulear reators an bea serious bakground for di�use supernova neutrino and geo-neutrino detetions. But, abakground on one side an be also turned to useful foreground on an other side. In par-tiular, the KamLAND 1 kT liquid sintillator detetor loated at Kamioka had measuredthe �ux of 53 Japanese power reators delivering 701 Joule/m2 [69℄. The event rate of
365.2 ± 23.7 above 2.6 MeV in 766 ton.y exposure from this nulear power reators wasexpeted. The observed rate was 258 events with a total of bakground of 17.8± 7.3. Thelear de�it interpreted in terms of neutrino osillation 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�erene ∆m2
12 = 7.9 ± 0.3 10−5eV2 (error quoted at 1 σ).The area of preise measurement is now under investigation. Running KamLAND for2-3 more years would gain 30% (4%) redution in the spread of ∆m2

12 (θ12). It has beenshown that using Water �erenkov loaded with Gadolinium to inrease by a fator 10 the27



neutron apture [70℄ one an expet 80% (34%) redution of the spread of ∆m2
12 (θ12) in110 kT.y exposure at Kamioka using SuperKamiokande.Investigation of what ould be expeted using MEMPHYS loaded with Gadoliniumand LENA is under investigation: waiting for the Th. Shwetz and S. Petov letter.A. Bueno omment: There have been no studies onerning the detetion of reatorneutrinos with LAr TPC. I do not know whether this setion is relevant or not, given thesmall amount of information we are able to give.3.8 Neutrinos from beams3.8.1 IntrodutionIn this setion, we review the physis program o�ered by the proposed detetors usingdi�erent aelerator based neutrino beams to push the searh for non-zero θ13 value, orthe measurement in ase of previous disovery and the searh for possible leptoni CPviolation (δCP); to determine the mass hierarhy (i.e. the sign of ∆m2

31) and the θ23otant (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 shemeof pure eletron (anti)neutrino prodution by using radioative ion deays (so-alled βBBeam). Note that LENA is onsidered also as a andidate detetor for the latter beam.Finally, as an ultimate tool, one thinks of produing very intense neutrino beams by meanof muon deays (so-alled Neutrino Fatory) that may be deteted with a LAr detetor aslarge as GLACIER.3.8.2 The CERN-SPL Super BeamThe CERN-SPL Super Beam projet is a onventional neutrino beam although based ona 4MW SPL (Superonduting Proton Lina) proton driver impinging a liquid merurytarget to generate an intense π+ (π−) beam with small ontamination of kaon mesons.The initial baseline [71, 72, 73, 74, 75℄ has been improved [76℄ onsidering the spei�requirements of a CERN to Fréjus baseline (130 km). The SPL proton energy has beeninreased to 3.5 GeV/ and a new pion fousing system optimized. As a net e�et theexpeted 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 detetor will allow for both νµ disappearane and νµ → νeappearane studies. The physis potential of the SPL Super Beam with MEMPHYS hasbeen extensively studied [72, 74, 76, 78, 77℄; however, the beam simulation will need someretuning after HARP results [79℄.After 5 years exposure in νµ disappearane mode, a 3σ auray of (3-4)% an beaheived on ∆m2
31, and an auray 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). The28



βB SPL
δCP = 0 δCP = π/2 δCP = 0 δCP = π/2appearane νbakground 113 600

sin2 2θ13 = 0 24 41
sin2 2θ13 = 10−3 66 76 93 10
sin2 2θ13 = 10−2 285 314 387 126appearane ν̄bakground 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 21033bakground 5 1disapp. ν̄ 72762 15731bakground 6 1Table 9: Number of events for appearane and disappearane signals and bakgrounds forthe βB, SPL to Fréjus senario with MEMPHYS as far detetor [77℄. We have used 10years of running in total for eah beams. For the appearane signals the event numbersare given for several values of sin2 2θ13 and δCP = 0 and π/2. The bakground as wellas the disappearane event numbers orrespond to θ13 = 0. For the other osillationparameters 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.
29
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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 prodution rate of anti-neutrinos ompared to neutrinoswhih in addition to a smaller harged urrent ross-setion impose to run 4 times longerin anti-neutrino modes; 2) the di�ulty to setup a aurate beam simulation whih impliesto the design of a non-trivial near detetor setup (f. K2K, MINOS, T2K) to master thebakground level. Thus, a new type of neutrino beam, the so-alled βB, is taken as aattrative alternative and is desribed in the following setion as well as a ombination ofthe two kinds of beams.7Here, we make referene to the projet where a 4MW proton driver may be build at KEK laboratoryto deliver an intense neutrino beam, whih send to Kamioka mine is deteted by a large Water �erenkovdetetor. 30
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for sin2 2θ13 & 6 10−3 (θ13 & 2.2◦). Moreover, it is notieable (Figs. 16,17) that the βBis less a�eted by systemati errors on the bakground ompared to the SPL Super beamand T2HK.Before ombining the two possible CERN beams, let us onsider LENA as potentialdetetor. LENA (Comment by JEC: whih mass?) an as well be used as detetor fora low-energy βB osillation experiment. Using a neutrino beam of about 600-800 MeV,muon events are separable from eletron events due to their di�erent trak lengths in thedetetor and due to the eletron emitted in the muon deay after a mean time of 2.2 µs.In simulations it has been shown that for those energies, muons travel ∼ 3 m whileeletrons only ∼ 1 m as eletrons undergo sattering and bremsstrahlung. This results indi�erent distributions of the number of photons and the timing pattern, whih an be usedto distinguish between the two lasses of events. Further studies on the event positionreonstrution will be performed to estimate the e�ieny of muon/eletron separation.In addition, muons an be reognized by observing the eletron of its sueeding deay. Ithas been alulated that the e�ieny in the detetion of these eletrons is ∼ 96%. Forthe rest of events the deay happens too fast and annot be resolved from the preedingmuon signal.It is important to point out that for the mentioned muon/eletron separation, a �duialvolume has to be de�ned to guarantee full ontained events. This would redue the �duialvolume of LENA by only 10%.The advantage of using a liquid sintillator detetor for suh an experiment is the goodenergy reonstrution of the neutrino beam. Neutrinos of these energies an produe deltaresonanes whih subsequently deay into nuleon and pion. In Water �erenkov detetors,pions with energies under the �erenkov threshold ontribute to the error in the energy ofthe neutrino. In LENA these partiles an be deteted.To onlude this setion, let us mention a very reent development of the βB on-ept: �rst, authors of referene [86℄ are onsidering a very promising alternative for theprodution of ions, and seondly, the possibility to have monohromati, single �avor neu-trino beams by using ions deaying through the eletron apture proess [87, 88℄. Suhbeams would in partiular be perfet to preisely measure neutrino ross setions in a neardetetor with the possibility of an energy san by varying the γ value of the ions.3.8.4 ombining SPL Beam and βB with MEMPHYS at FréjusSine a βB uses only a small fration 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 espeially at maximalCP violation the disovery 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 senario, time onsuming anti-neutrino runningan be avoided keeping the same physis disovery potential.34
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urrent interations and of measuring their harges to disriminate the inoming neutrinoheliity. This is an experimentally hallenging task, given the required detetor mass forlong-baseline experiments.The GLACIER onept o�ers a high granularity, exellent alorimetry non magnetizedtarget detetor, whih provides a bakground free identi�ation of eletron neutrino hargedurrent and a kinematial seletion of tau neutrino harged urrent interations. We anassume that harge disrimination is available for muons reahing an external magnetized-Fe spetrometer. Another interesting and extremely hallenging possibility would onsiston magnetizing the whole liquid argon volume [98℄. This set-up allows the lean lassi�-ation of events into eletron, right-sign muon, wrong-sign muon and no-lepton ategories.In addition, high granularity permits a lean detetion of quasi-elasti events, whih bydeteting the �nal state proton, provide a seletion of the neutrino eletron heliity withoutthe need of an eletron harge measurement.Table 10 summarizes the expeted rates for GLACIER and 1020 muon deays (expeted1 year of operation) at a neutrino fatory with stored muons having an energy of 30GeV [99℄. 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 deays 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 deays νe CC 1970000 78800 129000 5160 19800 800

νe NC 579000 − 36700 − 5800 −Table 10: Expeted events rates for the GLACIER detetor in ase no osillations ourfor 1020 muon deays. We assume Eµ=30 GeV. Ntot is the total number of events and Nqeis the number of quasi-elasti events.Figure 21 shows the expeted 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 ahieved for very small bakground levels, sine 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/bakground ratio ould be not so ruial, and also the other event lassesan ontribute to this measurement.Like for a B-Fatory, a ν-Fatory should have among its aims the over onstraining of38



the osillation pattern, in order to look for unexpeted new physis e�ets. This an beahieved in global �ts of the parameters, where the unitarity of the mixing matrix is notstritly assumed. Using a detetor able to identify the τ lepton prodution via kinematimeans, it is possible to verify the unitarity in νµ → ντ and νe → ντ transitions. For thislatter, the possibility of a kinematial τ identi�ation for wrong-sign muon events ouldallow for the �rst time a lear identi�ation of this type of osillations.
Eµ = 30 GeV, L = 7400 km
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Figure 21: GLACIER sensitivity for θ13.The study of CP violation in the lepton system is a very fasinating subjet and prob-ably, the most ambitious goal of an experiment at a neutrino fatory. Matter e�et 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 detet CP violation e�ets, the most favorable hoie 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 [100℄. To study osillations in this region, one has to re-quire that the energy of the ��rst-maximum� be smaller than the MSW resonane energy:
2
√

2GF neE
max
ν . ∆m2

32 cos 2θ13. This �xes a limit on the baseline Lmax ≈5000 km beyondwhih matter e�ets spoil the sensitivity.As an example, Fig. 22 shows the sensitivity on the CP violating phase δ for twoonrete ases. We have lassi�ed the events in the �ve ategories previously mentioned,39



assuming an eletron harge onfusion of 0.1%. We have omputed the exlusion regionsin the ∆m2
12 − δ plane �tting the visible energy distributions, provided that the eletrondetetion e�ieny is ∼ 20%. The exluded regions extend up to values of |δ| lose to π,even when θ13 is left free.
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Iµ(he) =

(

67.97e−he/0.285 + 2.071e−he/0.698
)

× 10−6 (7)Using the same equivalent depth, the muon-indued neutron �ux (m−2s−1) emerging fromthe rok 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 setions more details on the sites are given.4.1 Fréjus loationThe site loated in the Fréjus mountain in the Alps, whih is rossed by a road-tunnelonneting Frane (Modane) to Italy (Bardonehia), has a number of interesting hara-teristis making it a very good andidate for the installation of a megaton-sale detetorin Europe, aimed both at non-aelerator and aelerator based physis. Its great depth,41



Fréjus Pyhäsalmi Boulby Canfran SieroszowieLoation Italy-Frane border Finland UK Spain PolandType Fréjus tunnel Mine Potash Mine Somport tunnel MineVertial 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) ? ? 2 10−2 (energy?) ?

238U (ppm) Rok/Cavern 0.84/1.90 28-44 Bq/m3 0.07 30 Bq/kg ?

232Th (ppm) Rok/Cavern 2.45/1.40 4-19 Bq/m3 0.12 76 Bq/kg ?K (Bq/kg) Rok/Cavern 213/77 267-625 Bq/m3 1130 680 ?Rn (Bq/m3) Cavern (Vent. ON/OFF) 15-150 10-148 ? ? 50-100 Bq/kg ?Table 11: Summary of relevant harateristis of some sites foreseen for the proposed detetors. The Rn ontent dependson the ventilation of the avity. To be ompleted and ross-heked and unit uniformized as possible.
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Figure 24: The total muon-indued neutron �ux dedued for the various underground sitesdisplayed with the parametrization of equation 8 [101℄.the good quality of the rok, the fat that it o�ers horizontal aess, its distane fromCERN (130 km), the opportunity of the exavation of a seond (�safety�) tunnel, the veryeasy aess by train (TGV), by ar (highways) and by plane (Geneva, Torino and Lyonairports), the strong support from the loal authorities represent the most important ofthese harateristis.On the basis of these arguments, the DSM (CEA) and IN2P3 (CNRS) institutionsdeided to perform a feasibility study of a Large Underground Laboratory in the entralregion of the Fréjus tunnel, near the already existing, but muh smaller, LSM Labora-tory. This preliminary study has been performed by the SETEC (Frenh) 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 preise and systemati measurements of therok harateristis, performed at that time, have been used to make a pre-seletion 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-seleted : the entral region and two other regions atabout 3 km from eah entrane of the tunnel. Two di�erent shapes have been onsideredfor the avities to be exavated: the �tunnel shape� and the �shaft shape� and the mainpurpose was to determine the maximum possible size for eah 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 (rok quality) is found in the middle of the mountain, at a depth of4800 m.w.e (vertial depth); 43



Figure 25: Envisaged on�guration of the Fréjus underground laboratory.2. of the two onsidered shapes : �tunnel� and �shaft�, the �shaft shape� is stronglypreferred;3. ylindrial shafts are feasible up to a diameter Φ = 65 m and a full height h = 80 m(∼ 250000 m3) (see Fig. 26 as an example);4. with �egg shape� or �intermediate shape between ylinder and egg shapes� the volumeof the shafts ould be still inreased;5. the estimated ost is ∼ 80 Me per shaft. JEC omment: should we put this kind ofost estimate ?Fig. 25 shows a possible on�guration for this large Laboratory, where up to �ve shafts,of about 250000 m3 eah, an be loated between the road tunnel and the railway tunnel,in the entral region of the Fréjus mountain.Two possible senarios for Water �erenkov detetors are, for instane:
• 3 shafts of 250000 m3 eah, with a �duial mass of 440 kton (�UNO-like� senario).
• 4 shafts of 250000 m3 eah, with a �duial mass of 580 kton.In both senarios one additional shaft ould be exavated for a Liquid Argon of about100 kton total mass.5 SummaryThe three proposed detetors (MEMPHYS, LENA, GLACIER) based on ompletely dif-ferent detetion tehniques (Water �erenkov, Liquid Sintillator, Liquid Argon) share to alarge extent a very rih physis program and in some ases their detetion spei�ities are44



Figure 26: An example of �shaft shape� simulation, onstrained by the rok parametermeasurements made during the road tunnel and the present laboratory exavation. Asa rule of thumb, the main feasibility riterion is that the signi�antly perturbed regionaround the avity should not exeed a thikness of about 10 m whih is about half of thelength of the longuest anhors shown.
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omplementary. A brief summary of the sienti� ase is presented both for non-aeleratorbased topis and the aelerator neutrino osillation topi on tables 12 and 13, respetively.AknowledgmentsTo be ompleted: P.F. Perez, A. Mirizzi
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Topis GLACIER LENA MEMPHYS(100 kt) (50 kt) (440 kt)Proton deay

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 thresholdReator ν (1 yr Sig.) ? 1.7 104 6.0 104 (*)Dark Matter 10 yrs Sig. 3 events (σES = 10−4,M > 20 GeV) ? ?Table 12: Brief summary of the physis potential of the proposed detetors for non-aelerator based topis. The (*)stands for the ase where one MEMPHYS shaft is �lled with Gadolinium.To be ompleted
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Detetor Beam type Running time PotentialitiesMEMPHYS 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◦, degeneray redutionGLACIERTable 13: Brief summary of the physis potential of the proposed detetors for aelerator osillation topi. To beompleted
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