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Large underground, liquid based detetors for astro-partile physis in Europe 31. Physis motivationSeveral outstanding physis goals ould be ahieved by the next generation oflarge underground observatories in the domain of astro-partile and partile physis,neutrino astronomy and osmology. Proton deay [1℄, in partiular, is one of themost exiting predition of Grand Uni�ed Theories (for a review see [2℄) aiming atthe uni�ation of fundamental fores in Nature. It remains today one of the mostrelevant open questions of partile physis. Its disovery would ertainly represent afundamental milestone, ontributing to larifying our understanding of the past andfuture evolution of the Universe.Several experiments have been built and onduted to searh for proton deaybut they only yielded lower limits to the proton lifetime. The window between thepredited proton lifetime (in the simplest models typially below 1037 years) and thatexluded by experiments [3℄ (O(1033) years, depending on the hannel) is within reah,and the demand to �ll the gap grows with the progress in other domains of partilephysis, astro-partile physis and osmology. To some extent, also a negative resultfrom next generation high-sensitivity experiments would be relevant to rule-out someof the theoretial models based on SU(5) and SO(10) gauge symmetry or to furtheronstrain the range of allowed parameters. Identifying unambiguously proton deayand measuring its lifetime would set a �rm sale for any Uni�ed Theory, narrowing thephase spae for possible models and their parameters. This will be a mandatory stepto go forward beyond the Standard Model of elementary partiles and interations.Another important physis subjet is the physis of astrophysial neutrinos, asthose from supernovae, from the Sun and from the interation of primary osmi-rays with the Earth's atmosphere. Neutrinos are above all important messengersfrom stars. Neutrino astronomy has a glorious although reent history, from thedetetion of solar neutrinos [4, 5, 6, 7, 8, 9, 10℄ to the observation of neutrinos fromsupernova explosion, [11, 12, 13℄, aknowledged by the Nobel Prizes awarded to M.Koshiba and R. Davis. These observations have given valuable information for abetter understanding of the funtioning of stars and of the properties of neutrinos.However, muh more information ould be obtained if the energy spetra of stellarneutrinos were known with higher auray. Spei� neutrino observations ould givedetailed information on the onditions of the prodution zone, whether in the Sun orin a supernova. A supernova explosion in our galaxy would be extremely importantas the evolution mehanism of the ollapsed star is still a puzzle for astrophysis.An even more fasinating hallenge would be observing neutrinos from extragalatisupernovae, either from identi�ed soures or from a di�use �ux due to unidenti�edpast supernova explosions.Observing neutrinos produed in the atmosphere as osmi-ray seondaries[14, 15, 16, 17, 18, 19, 20℄ gave the �rst ompelling evidene for neutrino osillation[21, 22℄, a proess that unambiguously points to the existene of new physis.While today the puzzle of missing atmospheri neutrinos an be onsidered solved,there remain hallenges related to the sub-dominant osillation phenomena. Inpartiular, preise measurements of atmospheri neutrinos with high statistis andsmall systemati errors [23℄ would help in resolving ambiguities and degeneraiesthat hamper the interpretation of other experiments, as those planned for future longbaseline neutrino osillation measurements.Another example of outstanding open questions is that of the knowledge of theinterior of the Earth. It may look hard to believe, but we know muh better what



Large underground, liquid based detetors for astro-partile physis in Europe 4happens inside the Sun than inside our own planet. There are very few messengers thatan provide information, while a mere theory is not su�ient for building a rediblemodel for the Earth. However, there is a new unexploited window to the Earth'sinterior, by observing neutrinos produed in the radioative deays of heavy elementsin the matter. Until now, only the KamLAND experiment [24℄ has been able to studythese so-alled geo-neutrinos opening the way to a ompletely new �eld of researh.The small event rate, however, does not allow to draw signi�ant onlusions.The fasinating physis phenomena outlined above, in addition to other importantsubjets that we will address in the following, ould be investigated by a newgeneration of multipurpose experiments based on improved detetion tehniques. Theenvisioned detetors must neessarily be very massive (and onsequently large) dueto the smallness of the ross-setions and to the low rate of signal events, and ableto provide very low experimental bakground. The required signal to noise ratio anonly be ahieved in underground laboratories suitably shielded against osmi-raysand environmental radioativity. We an identify three di�erent and, to large extent,omplementary tehnologies apable to meet the hallenge, based on large sale useof liquids for building large-size, volume-instrumented detetors
• Water Cherenkov. As the heapest available (ative) target material, water is theonly liquid that is realisti for extremely large detetors, up to several hundreds orthousands of ktons; water Cherenkov detetors have su�iently good resolutionin energy, position and angle. The tehnology is well proven, as previously usedfor the IMB, Kamiokande and Super-Kamiokande experiments.
• Liquid sintillator. Experiments using a liquid sintillator as ative target providehigh-energy resolution and o�er low-energy threshold. They are partiularlyattrative for low energy partile detetion, as for example solar neutrinos and geo-neutrinos. Also liquid sintillator detetors feature a well established tehnology,already suessfully applied at relatively large sale to the Borexino [25℄ andKamLAND [26℄ experiments.
• Liquid Argon Time Projetion Chambers (LAr TPC). This detetion tehnologyhas among the three the best performane in identifying the topology ofinterations and deays of partiles, thanks to the bubble-hamber-like imagingperformane. Liquid Argon TPCs are very versatile and work well with a widepartile energy range. Experiene on suh detetors has been gained within theICARUS projet [27, 28℄.Three experiments are proposed to employ the above detetion tehniques:MEMPHYS [29℄ for water Cherenkov, LENA [30, 31℄ for liquid sintillator andGLACIER [32, 33, 34, 35, 36℄ for Liquid Argon. In this paper we report on the studyof the physis potential of the experiments and identify features of omplementarityamongst the three tehniques.Needless to say, the availability of future neutrino beams from partile aeleratorswould provide an additional bonus to the above experiments. Measuring osillationswith arti�ial neutrinos (of well known kinematial features) with a su�iently longbaseline would allow to aurately determine the osillation parameters (in partiularthe mixing angle θ13 and the possible CP violating phase in the mixing matrix). Theenvisaged detetors may then be used for observing neutrinos from the future BetaBeams and Super Beams in the optimal energy range for eah experiment. A ommonexample is a Beta Beam from CERN to MEMPHYS at Frejus, 130 km away [37℄. High



Large underground, liquid based detetors for astro-partile physis in Europe 5Table 1. Basi parameters of the three detetor (baseline) design.GLACIER LENA MEMPHYSDetetor dimensionstype of ylinder 1 vert. 1 horiz. 3÷ 5 vert.diam. (m) 70 30 65length (m) 20 100 65typial mass (kton) 100 50 600÷ 800Ative target and readouttype of target liq. Argon liq. sintillator water(boiling) (opt. 0.2% GdCl3)readout type e− drift: 2 perp.views, 105 hannels,ampli. in gas phase;Cher. light: 27 0008" PMTs, ∼ 20%overage;Sint. light: 10008" PMTs
12 00020" PMTs
& 30% overage 81 00012" PMTs

∼ 30% overage
energy beams have been suggested [38℄, favoring longer baselines of up to O(2000 km).An exhaustive review on the di�erent Beta Beam senario an be found in the referene[39℄. The ultimate Neutrino Fatory faility will require a magnetized detetor to fullyexploit the simultaneous availability of neutrinos and antineutrinos. This subjet ishowever beyond the sope of the present study.Finally, there is a possibility of (and the hope for) unexpeted disoveries. Thehistory of physis has shown that several experiments have made their glory withdisoveries in researh �elds that were outside the original goals of the experiments.Just to quote an example, we an mention the Kamiokande detetor, mainly designedto searh for proton deay and atually ontributing to the observation of atmospherineutrino osillations, to the lari�ation of the solar neutrino puzzle and to the�rst observation of supernova neutrinos [11, 40, 5, 15, 21℄. All the three proposedexperiments, thanks to their outstanding boost in mass and performane, will ertainlyprovide a signi�ant potential for surprises and unexpeted disoveries.2. Desription of the three detetorsThe three detetors' basi parameters are listed in Tab. 1. All of them have ativetargets of tens to hundreds kton mass and are to be installed in undergroundlaboratories to be proteted against bakground indued by osmi-rays. As alreadysaid, the large size of the detetors is motivated by the extremely low ross-setion ofneutrinos and/or by the rareness of the interesting events searhed for. Some details ofthe detetors are disussed in the following, while the matters related to the possibleunderground site are presented in Setion 3.
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Figure 1. Artisti view of a 100 kton single-tank liquid Argon TPC detetor.The eletroni rates are loated at the top of the dewar.2.1. Liquid Argon TPCGLACIER (Fig. 1) is the foreseen extrapolation up to 100 kton of the liquid ArgonTime Projetion Chamber tehnique. The detetor an be mehanially subdividedinto two parts, the liquid Argon tank and the inner detetor instrumentation. Forsimpliity, we assume at this stage that the two aspets an be largely deoupled.The basi idea behind this detetor is to use a single 100 kton boiling liquid Argonryogeni tank with ooling diretly performed with liquid Argon (self-refrigerating).Events are reonstruted in 3D by using the information provided by ionization inliquid. The imaging apabilities and the exellent spae resolution of the deviemake this detetor an "eletroni bubble hamber". The signal from sintillationand Cherenkov light readout omplete the information ontributing to the eventreonstrution.As far as light olletion is onerned one an pro�t from the ICARUS R&Dprogram that has shown that it is possible to operate photomultipliers (PMTs) diretlyimmersed in the liquid Argon [27℄. In order to be sensitive to deep UV (DUV)sintillation (< 300nm), PMTs are oated with a wavelength shifter (WLS), forinstane tetraphenyl-butadiene. About 1000 immersed phototubes with WLS wouldbe used to identify the (isotropi and bright) sintillation light. To detet Cherenkovradiation about 27 000 8�-phototubes without WLS would provide a 20% overage ofthe detetor surfae. The latter PMTs should have single photon ounting apabilitiesin order to ount the number of Cherenkov photons.Charge ampli�ation and an extreme liquid purity against eletronegativeompounds (although attainable by ommerial puri�ation systems) is needed toallow long drift distanes of the ionization/imaging eletrons (≈ 20 m). For thisreason, the detetor will run in the so-alled bi-phase mode. Namely, drifting eletronsprodued in the liquid phase are extrated into the gas phase with the help of aneletri �eld and ampli�ed in order to ompensate the harge loss due to attenuationalong the drift path. The �nal harge signal is then read out by means of LargeEletron Multiplier (LEM) devies, providing X-Y information. The Z oordinate isgiven by the drift time measurement, proportional to the drift length. A possibleextension of the present detetor design envisages the immersion of the sensitive
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Figure 2. Shemati drawing of the LENA detetor. Reprinted �gure with thepermission from [41℄.volume in an external magneti �eld [36℄. Existing experiene from speializedLiqui�ed Natural Gases (LNG) ompanies and studies onduted in ollaboration withTehnodyne LtD UK, have been ingredients for a �rst step in assessing the feasibilityof the detetor and of its operation in an underground site.2.2. Liquid sintillator detetorThe LENA detetor is ylindrial in shape with a length of about 100m and 30mdiameter (Fig. 2). The inner volume orresponding to a radius of 13m ontainsapproximately 5 × 104m3 of liquid sintillator. The outer part of the volume is �lledwith water, ating as a veto for identifying muons entering the detetor from outside.Both the outer and the inner volume are enlosed in steel tanks of 3 to 4 m wallthikness. For most purposes, a �duial volume is de�ned by exluding the volumeorresponding to 1m distane to the inner tank walls. The �duial volume so de�nedamounts to 88% of the total detetor volume.In the urrent design, the main axis of the ylinder is plaed horizontally. Atunnel-shaped avern housing the detetor is onsidered as realistially feasible formost of the envisioned detetor loations. In respet to aelerator physis, the axisould be oriented towards the neutrino soure in order to ontain the full length ofmuon and eletron traks produed in harged-urrent neutrino interations in theliquid sintillator.The baseline on�guration for the light detetion in the inner volume foresees
12 000 PMTs of 20� diameter mounted onto the inner ylinder wall and overingabout 30% of the surfae. As an option, light onentrators an be installed in frontof the PMTs, hene inreasing the surfae overage c to values larger than 50%.Alternatively, c = 30 % an be reahed by equipping 8� PMTs with light onentrators,thereby reduing the ost when omparing to the baseline on�guration. AdditionalPMTs are supplied in the outer veto to detet (and rejet) the Cherenkov light fromevents due to inoming osmi muons. Possible andidates as liquid sintillatormaterial are pure phenyl-o-xylylethane (PXE), a mixture of 20% PXE and 80%Dodeane, and linear Alkylbenzene (LAB). All three liquids exhibit low toxiity andprovide high �ash and in�ammation points.
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Figure 3. Layout of the MEMPHYS detetor in the future Fréjus laboratory.2.3. Water CherenkovThe MEMPHYS detetor (Fig. 3) is an extrapolation of the water Cherenkov Super-Kamiokande detetor to a mass as large as 730 kton. The detetor is omposed of up to5 shafts ontaining separate tanks. 3 tanks are enough to total 440 kton �duial mass.This is the on�guration whih is used hereafter. Eah shaft has 65 m diameter and65 m height representing an inrease by a fator 8 with respet to Super-Kamiokande.The Cherenkov light rings produed by fast partiles moving within the innerwater volume are reonstruted by PMTs plaed on the inner tank wall. The PMThousing surfae starts at 2 m from the outer wall and is overed with about 81 000 12"PMTs to reah a 30% surfae overage, in or alternatively equivalent to a 40% overagewith 20" PMTs. The �duial volume is de�ned by an additional onservative guard of2 m. The outer volume between the PMT surfae and the water vessel is instrumentedwith 8" PMTs. If not otherwise stated, the Super-Kamiokande analysis proedures fore�ieny alulations, bakground redution, et. are used in omputing the physispotential of MEMPHYS. In USA and Japan, two analogous projets (UNO and Hyper-Kamiokande) have been proposed. These detetors are similar in many respets andthe physis potential presented hereafter may well be transposed to them. Spei�harateristis that are not idential in the proposed projets are the distane fromavailable or envisaged aelerators and nulear reators, soures of arti�ial neutrino�uxes, and the depth of the host laboratory.Currently, there is a very promising ongoing R&D ativity onerning thepossibility of introduing Gadolinium salt (GdCl3) inside Super-Kamiokande. Thephysis goal is to derease the bakground for many physis hannels by detetingand tagging neutrons produed in the Inverse Beta Deay (IBD) interation of ν̄e onfree protons. For instane, 100 tons of GdCl3 in Super-Kamiokande would yield morethen 90% neutron aptures on Gd [42℄.3. Underground sitesThe proposed large detetors require underground laboratories of adequate size anddepth, naturally proteted against osmi-rays that represent a potential soure ofbakground events mainly for non-aelerator experiments, that annot exploit the



Large underground, liquid based detetors for astro-partile physis in Europe 9peuliar time stamp provided by the aelerator beam spill.Additional harateristis of these sites ontributing to their quali�ation asandidates for the proposed experiments are: the type and quality of the rok allowingthe pratial feasibility of large averns at reasonable ost and within reasonable time,the distane from existing (or future) aelerators and nulear reators, the type andquality of the aess, the geographial position, the environmental onditions, et.The presently identi�ed worldwide andidate sites are loated in threegeographial regions: North-Ameria, far-east Asia and Europe. In this paper weonsider the European region, where, at this stage, the following sites are assumedas andidates: Boulby (UK), Canfran (Spain), Fréjus (Frane/Italy), Gran Sasso(Italy), Pyhäsalmi (Finland) and Sieroszewie (Poland). Most of the sites are existingnational or international underground laboratories with assoiated infrastruture andexperimental halls already used for experiments. The basi features of the sites arepresented on Tab. 2. For the Gran Sasso Laboratory a possible new (additional) site isenvisaged to be loated 10 km away from the present underground laboratory, outsidethe proteted area of the neighboring Gran Sasso National Park. The possibility ofunder-water solutions, suh as for instane Pylos for the LENA projet, is not takeninto aount here. The identi�ation and measurement of the di�erent bakgroundomponents in the andidate sites (muons, fast neutrons from muon interations, slowneutrons from nulear reations in the rok, gammas, eletrons/positrons and alphasfrom radioative deays,. . . ) is underway, mainly in the ontext of the ILIAS European(JRA) Network (http : //ilias.in2p3.fr/).None of the existing sites has yet a su�iently large avity able to aommodatethe foreseen detetors. For two of the sites (Fréjus and Pyhäsalmi) a preliminaryfeasibility study for large exavation at deep depth has already been performed. Forthe Fréjus site the main onlusion drawn from simulations onstrained by a seriesof rok parameter measurements made during the Fréjus road tunnel exavation isthat the "shaft shape" is strongly preferred ompared to the "tunnel shape", as longas large avities are required. As mentioned above, several (up to 5) of suh shaftavities with a diameter of about 65 m (for a orresponding volume of 250 000 m3)eah, seem feasible in the region around the middle of the Fréjus tunnel, at a depthof 4800 m.w.e. For the Pyhäsalmi site, the preliminary study has been performedfor two main avities with tunnel shape and dimensions of (20 × 20 × 120) m3 and
(20×20×50) m3, respetively, and for one shaft-shaped avity with 25 m in diameterand 25 m in height, all at a depth of about 1430 m of rok (4000 m.w.e.).4. Matter instability: sensitivity to proton deayFor all relevant aspets of the proton stability in Grand Uni�ed Theories, in stringsand in branes we refer to [2℄. Sine proton deay is the most dramati preditionoming from theories of the uni�ation of fundamental interations, there is a realistihope to be able to test these senarios with next generation experiments exploiting theabove mentioned large mass, underground detetors. For this reason, the knowledgeof a theoretial upper bound on the lifetime of the proton is very helpful in assessingthe potential of future experiments. Reently, a model-independent upper bound onthe proton deay lifetime has been worked out [43℄
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Table 2. Summary of harateristis of some underground sites envisioned for the proposed detetors.Site Boulby Canfran Fréjus Gran Sasso Pyhäsalmi SieroszowieLoation UK Spain Italy-Frane border Italy Finland PolandDist. from CERN (km) 1050 630 130 730 2300 950Type of aess Mine Somport tunnel Fréjus tunnel Highwaytunnel Mine ShaftVert. depth (m.w.e) 2800 2450 4800 3700 4000 2200Type of rok salt hard rok hard rok hard rok hard rok salt & rokType of avity shafts tunnel shaftsSize of avity Φ = 65 m (20× 20× 120)m3 Φ = 74 m
H = 80 m H = 37 m

µ Flux (m−2day−1) 34 406 4 24 9 not available
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Figure 4. Isoplot for the upper bounds on the total proton lifetime in years inthe Majorana neutrino ase in the MX�αGUT plane. The value of the unifyingoupling onstant is varied from 1/60 to 1/10. The onventional values for MXand αGUT in SUSY GUTs are marked with thik lines. The experimentallyexluded region is given in blak. Reprinted �gure with permission from [43℄.where MX is the mass of the superheavy gauge bosons mediating proton deay, theparameter αGUT = g2
GUT /4π, with gGUT the gauge oupling at the grand uni�edsale and α is the relevant matrix element. Fig. 4 shows the present parameter spaeallowed by experiments in the ase of Majorana neutrinos.Most of the models (Super-symmetri or non Super-symmetri) predit a protonlifetime τp below those upper bounds (1033−37 years). This is partiularly interestingsine this falls within the possible range of the proposed experiments. In order to havea better idea of the proton deay preditions, we list the results from di�erent modelsin Tab. 3.No spei� simulations for MEMPHYS have been arried out yet. Therefore,here we rely on the studies done for the similar UNO detetor, adapting the resultsto MEMPHYS, whih, however, features an overall better PMT overage.In order to assess the physis potential of a large liquid Argon Time ProjetionChambers suh as GLACIER, a detailed simulation of signal e�ieny and bakgroundsoures, inluding atmospheri neutrinos and osmogeni bakgrounds was arriedout [59℄. Liquid Argon TPCs, o�ering high spae granularity and energy resolution,low-energy detetion threshold, and exellent bakground disrimination, should yieldlarge signal over bakground ratio for many of the possible proton deay modes, heneallowing reahing partial lifetime sensitivities in the range of 1034 − 1035 years for



Large underground, liquid based detetors for astro-partile physis in Europe 12Table 3. Summary of several preditions for the proton partial lifetimes (years).Referenes for the di�erent models are: (1) [44℄, (2) [45, 46℄, (3) [47℄, (4)[48, 49, 50, 51℄, (5) [52, 53, 54, 55℄, (6) [56℄, (7) [57℄, (8) [58℄.Model Deay modes Predition ReferenesGeorgi-Glashow model - ruled out (1)Minimal realistinon-SUSY SU(5)
all hannels τupper

p = 1.4× 1036 (2)Two Step Non-SUSY SO(10) p→ e+π0 ≈ 1033−38 (3)Minimal SUSY SU(5) p→ ν̄K+ ≈ 1032−34 (4)SUSY SO(10)with 10H , and 126H

p→ ν̄K+ ≈ 1033−36 (5)M-Theory(G2) p→ e+π0 ≈ 1033−37 (6)
SU(5) with 24F p→ π0e+ ≈ 1035−36 (7)Renormalizable Adjoint SU(5) p→ π0e+ ≈ 1035−36 (8)exposures up to 1000 kton year. This an often be aomplished in quasi bakground-free onditions optimal for disoveries at the few events level, orresponding toatmospheri neutrino bakground rejetions of the order of 105.Multi-prong deay modes like p → µ−π+K+ or p → e+π+π− and hannelsinvolving kaons like p→ K+ν̄, p→ e+K0 and p→ µ+K0 are partiularly appealing,sine liquid Argon imaging provides typially one order of magnitude e�ieny inreasefor similar or better bakground onditions, ompared to water Cherenkov detetors.Thanks to the lean photon identi�ation and separation from π0, it is expeted ane�ieny of 98% for both the hannels p → e+γ and p → µ+γ whih onstitute animprovement of 38% and 63% respetively ompared to Super-Kamiokande results[60℄. Channels suh as p → e+π0 and p → µ+π0, dominated by intrinsi nuleare�ets, yield similar performane as water Cherenkov detetors.An important feature of GLACIER is that thanks to the self-shielding and 3D-imaging properties, the above expeted performane remains valid even at shallowdepths, where osmogeni bakground soures are important. The possibility of usinga very large-area, annular, muon-veto ative shielding, to further suppress osmogenibakgrounds at shallow depths is also a very promising option to omplement theGLACIER detetor.In order to quantitatively estimate the potential of the LENA detetor inmeasuring proton lifetime, a Monte Carlo simulation for the deay hannel p→ K+νhas been performed. For this purpose, the GEANT4 simulation toolkit [61℄ has beenused, inluding optial proesses as sintillation, Cherenkov light prodution, Rayleighsattering and light absorption. From these simulations one obtains a light yield of
∼ 110 p.e./MeV [62℄ for an event in the enter of the detetor. In addition, thesemi-empirial Birk's formula has been introdued into the ode in order to take intoaount the so-alled quenhing e�ets.
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Figure 5. Sensitivity to the e+π0 proton deay mode ompiled by the UNOollaboration. MEMPHYS orresponds to ase (A). Reprinted �gure withpermission from [63℄.Following studies performed for the UNO detetor, the detetion e�ieny for
p → e+π0 is 43% for a 20" PMT overage of 40% or its equivalent, as envisioned forMEMPHYS. The orresponding estimated atmospheri neutrino indued bakgroundis at the level of 2.25 events/Mton year. From these e�ienies and bakground levels,proton deay sensitivity as a funtion of detetor exposure an be estimated. A 1035years partial lifetime (τp/B) ould be reahed at the 90% C.L. for a 5 Mton yearexposure (10 years) with MEMPHYS (similar to ase A in Fig. 5 ompiled by theUNO ollaboration [63℄). Beyond that exposure, tighter uts may be envisaged tofurther redue the atmospheri neutrino bakground to 0.15 events/Mton year, byseleting quasi exlusively the free proton deays.The positron and the two photons issued from the π0 gives lear events in theGLACIER detetor. The π0 is absorbed by the nuleus in 45% of the ases. Assuminga perfet partile and trak identi�ation, one may expet a 45% e�ieny and abakground level of 1 event/Mton year. For a 1 Mton year (10 years) exposure withGLACIER one reahes τp/B > 0.4× 1035 years at the 90% C.L. (Fig. 6).In a liquid sintillator detetor suh as LENA the deay p→ e+π0 would produea 938 MeV signal oming from the e+ and the π0 shower. Only atmospheri neutrinosare expeted to ause bakground events in this energy range. Using the fat thatshowers from both e+ and π0 propagate 4 m in opposite diretions before beingstopped, atmospheri neutrino bakground an be redued. Applying this method,the urrent limit for this hannel (τp/B = 5.4 1033 years [64℄) ould be improved.In LENA, proton deay events via the mode p → K+ν have a very lear signature.
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νµ + p→ µ− + K+ + p.For the urrent proton lifetime limit for the hannel onsidered (τp/B = 2.3 ×
1033 year) [3℄, about 40.7 proton deay events would be observed in LENA after tenyears with less than 1 bakground event. If no signal is seen in the detetor within tenyears, the lower limit for the lifetime of the proton will be set at τp/B > 4 ×1034 yearsat the 90% C.L.For GLACIER, the latter is a quite lean hannel due to the presene of a strangemeson and no other partiles in the �nal state. Using dE/dx versus range as thedisriminating variable in a Neural Network algorithm, less than 1% of the kaons aremis-identi�ed as protons. For this hannel, the seletion e�ieny is high (97%) foran atmospheri neutrino bakground < 1 event/Mton year. In ase of absene ofsignal and for a detetor loation at a depth of 1 km.w.e., one expets for 1 Mton year
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K+ sine its momentum (340 MeV/) is below the water Cherenkov threshold of
570 MeV/: a 236 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 the6 MeV 15N de-exitation prompt γ (Type III). Using the known imaging and timingperformane of Super-Kamiokande, the e�ieny for the reonstrution of p→ νK+ is33% (I), 6.8% (II) and 8.8% (III), and the bakground is 2100, 22 and 6 events/Mtonyear, respetively. For the prompt γ method, the bakground is dominated by miss-reonstrution. As stated by the UNO Collaboration [63℄, there are good reasons tobelieve that this bakground an be lowered by at least a fator of two, orrespondingto the atmospheri neutrino interation νp → νΛK+. In these onditions, andtaking into aount the Super-Kamiokande performane, a 5 Mton year exposure forMEMPHYS would allow reahing τp/B > 2× 1034 years (Fig. 7).A preliminary omparison between the performane of three detetors has beenarried out (Tab. 4). For the e+π0 hannel, the Cherenkov detetor gets a better



Large underground, liquid based detetors for astro-partile physis in Europe 16Table 4. Summary of the e+π0 and ν̄K+ deay disovery potential for the threedetetors. The e+π0 hannel is not yet simulated for LENA.GLACIER LENA MEMPHYS
e+π0

ǫ(%)/Bkgd(Mton year) 45/1 - 43/2.25
τp/B (90% C.L., 10 years) 0.4× 1035 - 1.0× 1035

ν̄K+

ǫ(%)/Bkgd(Mton year) 97/1 65/1 8.8/3
τp/B (90% C.L., 10 years) 0.6× 1035 0.4× 1035 0.2× 1035limit due to the higher mass. However, it should be noted that GLACIER, although�ve times smaller in mass than MEMPHYS, an reah a limit that is only a fatortwo smaller. Liquid Argon TPCs and liquid sintillator detetors obtain better resultsfor the ν̄K+ hannel, due to their higher detetion e�ieny. The tehniques looktherefore quite omplementary. We have also seen that GLACIER does not neessarilyrequires very deep underground laboratories, like those urrently existing or futureplanned sites, in order to perform high sensitivity nuleon deay searhes.5. Supernova neutrinosThe detetion of supernova (SN) neutrinos represents one of the next frontiers ofneutrino physis and astrophysis. It will provide invaluable information on theastrophysis of the ore-ollapse explosion phenomenon and on the neutrino mixingparameters. In partiular, neutrino �avor transitions in the SN envelope might besensitive to the value of θ13 and to the type of mass hierarhy. These two main issuesare disussed in detail in the following Setions.5.1. SN neutrino emission, osillation and detetionA ore-ollapse supernova marks the evolutionary end of a massive star (M & 8 M⊙)whih beomes inevitably unstable at the end of its life. The star ollapses and ejetsits outer mantle in a shok-wave driven explosion. The ollapse to a neutron star(M ≃M⊙, R ≃ 10 km) liberates a gravitational binding energy of ≈ 3×1053 erg, 99%of whih is transferred to (anti) neutrinos of all the �avors and only 1% to the kinetienergy of the explosion. Therefore, a ore-ollapse SN represents one of the mostpowerful soures of (anti) neutrinos in the Universe. In general, numerial simulationsof SN explosions provide the original neutrino spetra in energy and time F 0

ν . Suhinitial distributions are in general modi�ed by �avor transitions in the SN envelope,in vauum (and eventually in Earth matter): F 0
ν−→Fν and must be onvoluted withthe di�erential interation ross-setion σe for eletron or positron prodution, as wellas with the detetor resolution funtion Re and the e�ieny ε, in order to �nally getobservable event rates Ne = Fν ⊗ σe ⊗Re ⊗ ε.Regarding the initial neutrino distributions F 0

ν , a SN ollapsing ore is roughlya blak-body soure of thermal neutrinos, emitted on a timesale of ∼ 10 s. Energyspetra parametrizations are typially ast in the form of quasi-thermal distributions,with typial average energies: 〈Eνe
〉 = 9 − 12 MeV, 〈Eν̄e

〉 = 14 − 17 MeV, 〈Eνx
〉 =

18− 22 MeV, where νx indiates any non-eletron �avor.



Large underground, liquid based detetors for astro-partile physis in Europe 17Table 5. Values of the p and p̄ parameters used in Eq. 2 in di�erent senario ofmass hierarhy and sin2 θ13.Mass Hierarhy sin2 θ13 p p̄Normal & 10−3 0 cos2 θ12Inverted & 10−3 sin2 θ12 0Any . 10−5 sin2 θ12 cos2 θ12The osillated neutrino �uxes arriving on Earth may be written in terms of theenergy-dependent survival probability p (p̄) for neutrinos (antineutrinos) as [65℄
Fνe

= pF 0
νe

+ (1 − p)F 0
νx

Fν̄e
= p̄F 0

ν̄e
+ (1 − p̄)F 0

νx
(2)

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 dependon the neutrino mass hierarhy and on the unknown value of the mixing angle θ13 asshown in Tab. 5.Galati ore-ollapse supernovae are rare, perhaps a few per entury. Up to now,SN neutrinos have been deteted only one during the SN 1987A explosion in the LargeMagellani Cloud in 1987 (d = 50 kp). Due to the relatively small masses of thedetetors operational at that time, only few events were deteted: 11 in Kamiokande[11, 40℄ and 8 in IMB [66, 12℄. The three proposed large-volume neutrino observatoriesan guarantee ontinuous exposure for several deades, so that a high-statistis SNneutrino signal ould be eventually observed. The expeted number of events forGLACIER, LENA and MEMPHYS are reported in Tab. 6 for a typial galati SNdistane of 10 kp. The total number of events is shown in the upper panel, while thelower part refers to the νe signal deteted during the prompt neutronization burst,with a duration of ∼ 25 ms, just after the ore boune.The ν̄e detetion by Inverse Beta Deay (IBD) is the golden hannel forMEMPHYS and LENA. In addition, the eletron neutrino signal an be deteted byLENA thanks to the interation on 12C. The three harged-urrent reations wouldprovide information on νe and ν̄e �uxes and spetra while the three neutral-urrentproesses, sensitive to all neutrino �avours, would give information on the total �ux.GLACIER has also the opportunity to detet νe by harged-urrent interations on
40Ar with a very low energy threshold. The detetion omplementarity between νeand ν̄e is of great interest and would assure a unique way of probing the SN explosionmehanism as well as assessing intrinsi neutrino properties. Moreover, the hugestatistis would allow spetral studies in time and in energy domain.We wish to stress that it will be di�ult to establish SN neutrino osillation e�etssolely on the basis of a ν̄e or νe spetral hardening, relative to theoretial expetations.Therefore, in the reent literature the importane of model-independent signatures hasbeen emphasized. Here we fous mainly on signatures assoiated to the prompt νeneutronization burst, the shok-wave propagation and the Earth matter rossing.The analysis of the time struture of the SN signal during the �rst few tensof milliseonds after the ore boune an provide a lean indiation if the full νeburst is present or absent, and therefore allows distinguishing between di�erent mixing



Large underground, liquid based detetors for astro-partile physis in Europe 18Table 6. Summary of the expeted neutrino interation rates in the di�erentdetetors for a typial SN. The following notations have been used: CC, NC,IBD, eES and pES stand for Charged Current, Neutral Current, Inverse BetaDeay, eletron and proton Elasti Sattering, respetively. The �nal state nuleiare generally unstable and deay either radiatively (notation ∗), or by β−/β+weak interation (notation −,+). The rates of the di�erent reation hannels arelisted, and for LENA they have been obtained by saling the predited rates from[67, 68℄.MEMPHYS LENA GLACIERInteration Rates Interation Rates Interation Rates
ν̄e IBD 2× 105 ν̄e IBD 9.0× 103 νCC

e (40Ar, 40K∗) 2.5× 104

(−)

νe
CC(16O, X) 1× 104 νx pES 7.0× 103 νNC

x (40Ar∗) 3.0× 104

νx eES 1× 103 νNC
x (12C∗) 3.0× 103 νx eES 1.0× 103

νx eES 6.0× 102 ν̄CC
e (40Ar, 40Cl∗) 5.4× 102

ν̄CC
e (12C, 12B+) 5.0× 102

νCC
e (12C, 12N−) 8.5× 101Neutronization Burst ratesMEMPHYS 60 νe eESLENA 70 νe eES/pESGLACIER 380 νNC
x (40Ar∗)senarios, as indiated by the third olumn of Tab. 7. For example, if the mass orderingis normal and θ13 is large, the νe burst will fully osillate into νx. If θ13 turns outto be relatively large one ould be able to distinguish between normal and invertedneutrino mass hierarhy.As disussed above, MEMPHYS is mostly sensitive to the IBD, although the νehannel an be measured by the elasti sattering reation νx + e− → e− + νx [69℄. Ofourse, the identi�ation of the neutronization burst is the leanest with a detetorexploiting the harged-urrent absorption of νe neutrinos, suh as GLACIER. Usingits unique features of measuring νe CC (Charged Current) events it is possible toprobe osillation physis during the early stage of the SN explosion, while with NC(Neutral Current) events one an deouple the SN mehanism from the osillationphysis [70, 71℄.A few seonds after ore boune, the SN shok wave will pass the density regionin the stellar envelope relevant for osillation matter e�ets, ausing a transientmodi�ation of the survival probability and thus a time-dependent signature in theneutrino signal [72, 73℄. This would produe a harateristi dip when the shok wavepasses [74℄, or a double-dip if a reverse shok ours [75℄. The detetability of suh asignature has been studied in a large water Cherenkov detetor like MEMPHYS by theIBD [74℄, and in a liquid Argon detetor like GLACIER by Argon CC interations [76℄.The shok wave e�ets would ertainly be visible also in a large volume sintillatorsuh as LENA. Suh observations would test our theoretial understanding of theore-ollapse SN phenomenon, in addition to identifying the atual neutrino mixingsenario.Nevertheless, the supernova matter pro�le need not be smooth. Behind the shok-wave, onvetion and turbulene an ause signi�ant stohasti density �utuationswhih tend to ast a shadow by making other features, suh as the shok front,



Large underground, liquid based detetors for astro-partile physis in Europe 19unobservable in the density range overed by the turbulene [77, 78℄. The quantitativerelevane of this e�et remains to be understood.A unambiguous indiation of osillation e�ets would be the energy-dependentmodulation of the survival probability p(E) aused by Earth matter e�ets [79℄. Underthe assumption of a de�nite mass hierarhy (either normal or inverted), the alulationof neutrino onversion probability in Earth an be redued to a 2 ν problem, sothat Tab. 5 and Eq. 2, one an substitute cos2 θ12 → 1 − PE and sin2 θ12 → PE ,where PE = P (νe → ν2) in the Earth. Analytial expression for PE an be givenfor partiularly simple (or approximated) situations of Earth matter rossing [80, 81℄.These e�ets an be revealed by peuliar wiggles in the energy spetra, due to neutrinoosillations in Earth rossing. In this respet, LENA bene�ts from a better energyresolution than MEMPHYS, whih may be partially ompensated by 10 times morestatistis [82℄. The Earth e�et would show up in the ν̄e hannel for the normal masshierarhy, assuming that θ13 is large (Tab. 7). Another possibility to establish thepresene of Earth e�ets is to use the signal from two detetors if one of them seesthe SN shadowed by the Earth and the other not. A omparison between the signalnormalization in the two detetors might reveal Earth e�ets [83℄. The probabilityfor observing a Galati SN shadowed by the Earth as a funtion of the detetor'sgeographi latitude depends only mildly on details of the Galati SN distribution[84℄. A loation at the North Pole would be optimal with a shadowing probability ofabout 60%, but a far-northern loation suh as Pyhäsalmi in Finland, the proposedsite for LENA, is almost equivalent (58%). One partiular senario onsists of a large-volume sintillator detetor loated in Pyhäsalmi to measure the geo-neutrino �uxin a ontinental loation and another detetor in Hawaii to measure it in an oeaniloation. The probability that only one of them is shadowed exeeds 50% whereas theprobability that at least one is shadowed is about 80%.As an important aveat, we mention that very reently it has been reognizedthat nonlinear osillation e�ets aused by neutrino-neutrino interations an have adramati impat on the neutrino �avor evolution for approximately the �rst 100 kmabove the neutrino sphere [85, 86℄. The impat of these novel e�ets and of theirobservable signatures is urrently under investigation. However, from reent numerialsimulations [85℄ and analytial studies [87℄, it results that the e�ets of these non-lineare�ets would produe a spetral swap νeν̄e ← νxν̄x at r . 400 km, for inverted neutrinomass hierarhy. An would observe a omplete spetral swapping in the ν̄ �uxes, while
ν spetra would show a peuliar stepwise splitting. These e�et would appear alsofor astonishingly small values of θ13. These new results suggests one more that oneneeds omplementary detetion tehniques to be sensitive to both neutrino and antineutrino hannels.Other interesting ideas have been studied in the literature, as the pointing of a SNby neutrinos [88℄, determining its distane from the deleptonization burst that playsthe role of a standard andle [69℄, an early alert for an SN observatory exploitingthe neutrino signal [89℄, and the detetion of neutrinos from the last phases of apresupernova star [90℄.So far, we have investigated SN in our Galaxy, but the alulated rate of supernovaexplosions within a distane of 10 Mp is about 1/year. Although the number of eventsfrom a single explosion at suh large distanes would be small, the signal ould beseparated from the bakground with the ondition to observe at least two events withina time window omparable to the neutrino emission time-sale (∼ 10 se), togetherwith the full energy and time distribution of the events [91℄. In the MEMPHYS



Large underground, liquid based detetors for astro-partile physis in Europe 20Table 7. Summary of the e�et of the neutrino properties on νe and ν̄e signals.MassHierarhy sin2 θ13

νe neutronizationpeak Shok wave Earth e�etNormal & 10−3 Absent νe ν̄eInverted & 10−3 Present ν̄e νeAny . 10−5 Present - both ν̄e νeTable 8. DSNB expeted rates. The larger numbers of expeted signal eventsare omputed with the present limit on the �ux by the Super-KamiokandeCollaboration. The smaller numbers are omputed for typial models. Thebakground from reator plants has been omputed for spei� sites for LENAand MEMPHYS. For MEMPHYS, the Super-Kamiokande bakground has beensaled by the exposure.Interation Exposure Energy Window Signal/BkgdGLACIER
νe + 40Ar → e− + 40K∗ 0.5 Mton year5 years [16− 40] MeV (40-60)/30LENA at Pyhäsalmi
ν̄e + p→ n + e+

n + p → d + γ(2 MeV, 200 µs) 0.4 Mton year10 years [9.5− 30] MeV (20-230)/81 MEMPHYS module + 0.2% Gd (with bkgd at Kamioka)
ν̄e + p→ n + e+

n + Gd→ γ(8 MeV, 20 µs) 0.7 Mton year5 years [15− 30] MeV (43-109)/47detetor, with at least two neutrinos observed, a SN ould be identi�ed without optialon�rmation, so that the start of the light urve ould be foreast by a few hours,along with a short list of probable host galaxies. This would also allow the detetionof supernovae whih are either heavily obsured by dust or are optially faint due toprompt blak hole formation.5.2. Di�use supernova neutrino bakgroundAs mentioned above, a galati SN explosion would be a spetaular soure ofneutrinos, so that a variety of neutrino and SN properties ould be assessed. However,only one suh explosion is expeted in 20 to 100 years by now. Waiting for the nextgalati SN, one an detet the umulative neutrino �ux from all the past SN in theUniverse, the so-alled Di�use Supernova Neutrino Bakground (DSNB). In partiular,there is an energy window around 10 − 40 MeV where the DSNB signal an emergeabove other soures, so that the proposed detetors may well measure this �ux aftersome years of exposure.The DSNB signal, although weak, is not only guaranteed, but an also allowprobing physis di�erent from that of a galati SN, inluding proesses whih ouron osmologial sales in time or spae. For instane, the DSNB signal is sensitiveto the evolution of the SN rate, whih in turn is losely related to the star formation
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Figure 8. DSNB signal and bakground in the LENA detetor in 10 yearsof exposure. The shaded regions give the unertainties of all urves. Anobservational window between ∼ 9.5 to 25 MeV that is almost free of bakgroundan be identi�ed (for the Pyhäsalmi site). The DSN neutrino rates are shown fordi�erent models of ore-ollapse supernova simulation performed by the LawreneLivermore (LL) , Keil, Ra�elt and Janka (KRJ) and Thompson, Burrows andPinto (TBP) groups. Reprinted �gure with permission from [41℄.rate [92, 93℄. In addition, neutrino deay senarios with osmologial lifetimes ouldbe analyzed and onstrained [94℄ as proposed in [95℄. An upper limit on the DSNB�ux has been set by the Super-Kamiokande experiment [96℄
φDSNB

ν̄e
< 1.2 cm−2 s−1(Eν > 19.3 MeV). (3)An upper limit based on the non observation of distortions of the expetedbakground spetra in the same energy range. The most reent theoretial estimates(see for example [97, 98℄) predit a DSNB �ux very lose to the SK upper limit,suggesting that the DSNB is on the verge of the detetion if a signi�ant bakgroundredution is ahieved suh as Gd loading [42℄. With a areful redution of bakgrounds,the proposed large detetors would not only be able to detet the DSNB, but to studyits spetral properties with some preision. In partiular, MEMPHYS and LENAwould be sensitive mostly to the ν̄e omponent of DSNB, through ν̄e IBD, whileGLACIER would probe νe �ux, trough νe + 40Ar → e− + 40K∗ (and the assoiatedgamma asade) [99℄.The DSNB signal energy window is onstrained from above by the atmospherineutrinos and from below by either the nulear reator ν̄e (I), the spallation produtionof unstable radionulei by osmi-ray muons (II), the deay of "invisible" muons intoeletrons (III), solar νe neutrinos (IV), and low energy atmospheri νe and ν̄e neutrinosinterations (V). The three detetors are a�eted di�erently by these bakgrounds.GLACIER looking at νe is mainly a�eted by types IV and V. MEMPHYS �lled with
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Figure 9. Possible 90% C.L. measurements of the emission parameters ofsupernova eletron antineutrino emission after 5 years running of a Gadolinium-enhaned SK detetor or 1 year of one Gadolinium-enhaned MEMPHYS tanks.Reprinted �gure with permission from [100℄.pure water is a�eted by types I, II, V and III due to the fat that the muons maynot have enough energy to produe Cherenkov light. As pointed out in [74℄, with theaddition of Gadolinium [42℄ the detetion of the aptured neutron releasing 8 MeVgamma after ∼ 20 µs (10 times faster than in pure water) would give the possibilityto rejet the "invisible" muon (type III) as well as the spallation bakground (typeII). LENA taking bene�t from the delayed neutron apture in ν̄e + p → n + e+, ismainly onerned with reator neutrinos (I), whih impose to hoose an undergroundsite far from nulear plants. If LENA was installed at the Center for UndergroundPhysis in Pyhäsalmi (CUPP, Finland), there would be an observational window from
∼ 9.7 to 25 MeV that is almost free of bakground. The expeted rates of signal andbakground are presented in Tab. 8. Aording to urrent DSNB models [93℄ that areusing di�erent SN simulations ([101, 102, 103℄) for the predition of the DSNB energyspetrum and �ux, the detetion of ∼10 DSNB events per year is realisti for LENA.Signal rates orresponding to di�erent DSNB models and the bakground rates due toreator and atmospheri neutrinos are shown in Fig. 8 for 10 years exposure at CUPP.Apart from the mere detetion, spetrosopy of DSNB events in LENA willonstrain the parameter spae of ore-ollapse models. If the SN rate signal is knownwith su�ient preision, the spetral slope of the DSNB an be used to determinethe hardness of the initial SN neutrino spetrum. For the urrently favoured value ofthe SN rate, the disrimination between ore-ollapse models will be possible at 2.6σafter 10 years of measuring time [41℄. In addition, by the analysis of the �ux in theenergy region from 10 to 14 MeV the SN rate for z < 2 ould be onstrained with



Large underground, liquid based detetors for astro-partile physis in Europe 23high signi�ane, as in this energy regime the DSNB �ux is only weakly dependent onthe assumed SN model. The detetion of the redshifted DSNB from z > 1 is limitedby the �ux of the reator ν̄e bakground. In Pyhäsalmi, a lower threshold of 9.5 MeVresuls in a spetral ontribution of 25% DSNB from z > 1.The analysis of the expeted DSNB spetrum that would be observed with aGadolinium-loaded water Cherenkov detetor has been arried out in [100℄. Thepossible measurements of the parameters (integrated luminosity and average energy)of SN ν̄e emission have been omputed for 5 years running of a Gd-enhanedSuper-Kamiokande detetor, whih would orrespond to 1 year of one Gd-enhanedMEMPHYS tank. The results are shown in Fig. 9. Even if detailed studies on theharaterization of the bakground are needed, the DSNB events provide the �rstneutrino detetion originating from osmologial distanes.6. Solar neutrinosIn the past years water Cherenkov detetors have measured the high energy tail(E > 5 MeV) of the solar 8B neutrino �ux using eletron-neutrino elasti sattering[8℄. Sine suh detetors ould reord the time of an interation and reonstrut theenergy and diretion of the reoiling eletron, unique information on the spetrum andtime variation of the solar neutrino �ux were extrated. This provided further insightsinto the "solar neutrino problem�, the de�it of the neutrino �ux (measured by severalexperiments) with respet to the �ux expeted by solar models, ontributing to theassessment of the osillation senario for solar neutrinos [4, 5, 6, 7, 8, 9, 10℄ .With MEMPHYS, Super-Kamiokande's measurements obtained from 1258 daysof data taking ould be repeated in about half a year, while the seasonal �uxvariation measurement will obviously require a full year. In partiular, the �rstmeasurement of the �ux of the rare hep neutrinos may be possible. Elasti neutrino-eletron sattering is strongly forward peaked. In order to separate the solar neutrinosignal from the isotropi bakground events (mainly due to low radioativity), thisdiretional orrelation is exploited, although the angular resolution is limited bymultiple sattering. The reonstrution algorithms �rst reonstrut the vertex fromthe PMT timing information and then the diretion, by assuming a single Cherenkovone originating from the reonstruted vertex. Reonstruting 7 MeV events inMEMPHYS seems not to be a problem, but dereasing this threshold would implyserious onsideration of the PMT dark urrent rate as well as the laboratory anddetetor radioativity level.With LENA, a large amount of neutrinos from 7Be (around ∼ 5.4 × 103/day,
∼ 2.0 × 106/year) would be deteted. Depending on the signal to bakgroundratio, this ould provide a sensitivity to time variations in the 7Be neutrino �ux of
∼ 0.5% during one month of measuring time. Suh a sensitivity an give uniqueinformation on helioseismology (pressure or temperature �utuations in the enter ofthe Sun) and on a possible magneti moment interation with a timely varying solarmagneti �eld. The pep neutrinos are expeted to be reorded at a rate of 210/day(∼ 7.7×104/y). These events would provide a better understanding of the global solarneutrino luminosity, allowing to probe (due to their peuliar energy) the transitionregion of vauum to matter-dominated neutrino osillation.The neutrino �ux from the CNO yle is theoretially predited with a largeunertainty (30%). Therefore, LENA would provide a new opportunity for a detailedstudy of solar physis. However, the observation of suh solar neutrinos in these



Large underground, liquid based detetors for astro-partile physis in Europe 24detetors, i.e. through elasti sattering, is not a simple task, sine neutrino eventsannot be separated from the bakground, and it an be aomplished only if thedetetor ontamination will be kept very low [104, 105℄. Moreover, only mono-energetisoures as those mentioned an be deteted, taking advantage of the Compton-likeshoulder edge produed in the event spetrum.Reently, the possibility to detet 8B solar neutrinos by means of harged-urrentinteration with the 13C [106℄ nulei naturally ontained in organi sintillators hasbeen investigated. Even if signal events do not keep the diretionality of the neutrino,they an be separated from bakground by exploiting the time and spae oinidenewith the subsequent deay of the produed 13N nulei. The residual bakgroundamounts to about 60/year orresponding to a redution fator of ∼ 3 × 10−4 [106℄.Around 360 events of this type per year an be estimated for LENA. A deformationdue to the MSW matter e�et should be observable in the low-energy regime after aouple of years of measurements.For the proposed loation of LENA in Pyhásalmi (∼ 4000m.w.e.), the osmogenibakground will produe 11C whih ontribute to the CNO and pep neutrinomeasurements. At the Pyhälmi site, the signal to bakground ratio is estimated tobe ∼ 1 [107℄. Event by event, bakground rejetion an be ahieved by registrationof the neutron apture whih follows 11C prodution by spallation proesses induedby osmi muons. This tehnique has been suessfully demonstrated in the CountingTest Faility for Borexino (CTF) [108℄. Notie that the Fréjus site would also beadequate for this ase (∼ 4800 m.w.e.). The radioativity of the detetor would haveto be kept very low (10−17 g/g level U-Th) as in the KamLAND detetor.Solar neutrinos an be deteted by GLACIER through the elasti sattering
νx + e− → νx + e− (ES) and the absorption reation νe + 40Ar → e− + 40K∗ (ABS)followed by γ-ray emission. Even if these reations have low energy threshold (1.5 MeVfor the seond one), one expets to operate in pratie with a threshold set at 5 MeVon the primary eletron kineti energy, in order to rejet bakground from neutronapture followed by gamma emission, whih onstitutes the main bakground for someof the underground laboratories [28℄. These neutrons are indued by the spontaneous�ssion and (α,n) reations in rok. In the ase of a salt mine this bakground anbe smaller. The fat that salt has smaller U/Th onentrations does not neessarilymean that the neutron �ux is smaller. The �ux depends on the rok omposition sine(alpha,n) reations may ontribute signi�antly to the �ux. The expeted raw eventrate is 330 000/year (66% from ABS, 25% from ES and 9% from neutron bakgroundindued events) assuming the above mentioned threshold on the �nal eletron energy.By applying further o�ine uts to purify separately the ES sample and the ABSsample, one obtains the rates shown on Tab. 9.A possible way to ombine the ES and the ABS hannels similar to the NC/CC�ux ratio measured by SNO ollaboration [9℄, is to ompute the following ratio

R =
NES/NES

0

1

2

(

NAbs−GT /NAbs−GT
0 + NAbs−F /NAbs−F

0

) (4)where the numbers NES, NAbs−GT and NAbs−F are the measured event rates(elasti, absorption Gamow-Teller transition and absorption pure Fermi transitionrespetively), and the expeted events without neutrino osillations are labeled witha 0). This double ratio has two advantages. First, it is independent of the 8Btotal neutrino �ux, predited by di�erent solar models, and seond, it is free fromexperimental threshold energy bias and of the adopted ross-setions for the di�erent



Large underground, liquid based detetors for astro-partile physis in Europe 25Table 9. Number of events expeted in GLACIER per year, ompared withthe omputed bakground (no osillation) from the Gran Sasso rok radioativity(0.32 10−6 n cm−2 s−1(> 2.5 MeV). The absorption hannel has been split intothe ontributions of events from Fermi and Gamow-Teller transitions of the 40Arto the di�erent 40K exited levels and that an be separated using the emittedgamma energy and multipliity. Events/yearElasti hannel (E ≥ 5 MeV) 45 300Neutron bakground 1400Absorption events ontamination 1100Absorption hannel (Gamow-Teller transition) 101 700Absorption hannel (Fermi transition) 59 900Neutron bakground 5500Elasti events ontamination 1700hannels. With the present �t to solar neutrino experiments and KamLAND data,one expets a value of R = 1.30± 0.01 after one year of data taking with GLACIER.The quoted error for R only takes into aount statistis.7. Atmospheri neutrinosAtmospheri neutrinos originate from the deay hain initiated by the ollision ofprimary osmi-rays with the upper layers of Earth's atmosphere. The primary osmi-rays are mainly protons and helium nulei produing seondary partiles suh π and
K, whih in turn deay produing eletron- and muon- neutrinos and antineutrinos.At low energies the main ontribution omes from π mesons, and the deay hain
π → µ + νµ followed by µ → e + νe + νµ produes essentially two νµ for eah νe. Asthe energy inreases, more and more muons reah the ground before deaying, andtherefore the νµ/νe ratio inreases. For Eν & 1 GeV the dependene of the totalneutrino �ux on the neutrino energy is well desribed by a power law, dΦ/dE ∝ E−γwith γ = 3 for νµ and γ = 3.5 for νe, whereas for sub-GeV energies the dependenebeomes more ompliated beause of the e�ets of the solar wind and of Earth'smagneti �eld [109℄. As for the zenith dependene, for energies larger than a fewGeV the neutrino �ux is enhaned in the horizontal diretion, sine pions and muonsan travel a longer distane before losing energy in interations (pions) or reahingthe ground (muons), and therefore have more hanes to deay produing energetineutrinos.Historially, the atmospheri neutrino problem originated in the 80's asa disrepany between the atmospheri neutrino �ux measured with di�erentexperimental tehniques and the expetations. In the last years, a number of detetorshad been built, whih ould detet neutrinos through the observation of the hargedlepton produed in harged-urrent neutrino-nuleon interations inside the detetormaterial. These detetors ould be divided into two lasses: iron alorimeters, whihreonstrut the trak or the eletromagneti shower indued by the lepton, and waterCherenkov, whih measure the Cherenkov light emitted by the lepton as it movedfaster than light in water �lling the detetor volume. The �rst iron alorimeters,Frejus [18℄ and NUSEX [14℄, found no disrepany between the observed �ux andthe theoretial preditions, whereas the two water Cherenkov detetors, IMB [17℄ and
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= 0. We have assumed 10 years of data taking with a 440 kton detetor.Reprinted �gure with permission from [37℄.Kamiokande [16℄, observed a lear de�it ompared to the predited νµ/νe ratio. Theproblem was �nally solved in 1998, when the already mentioned water CherenkovSuper-Kamiokande detetor [21℄ allowed to establish with high statistial auraythat there was indeed a zenith- and energy-dependent de�it in the muon-neutrino�ux with respet to the theoretial preditions, and that this de�it was ompatiblewith the hypothesis of νµ → ντ osillations. The independent on�rmation of thise�et from the alorimeter experiments Soudan-II [19℄ and MACRO [110℄ eliminatedthe original disrepany between the two experimental tehniques.Despite providing the �rst solid evidene for neutrino osillations, atmospherineutrino experiments su�er from two important limitations. Firstly, the sensitivity ofan atmospheri neutrino experiments is strongly limited by the large unertaintiesin the knowledge of neutrino �uxes and neutrino-nuleon ross-setion. Suhunertainties an be as large as 20%. Seondly, water Cherenkov detetors do notallow an aurate reonstrution of the neutrino energy and diretion if none of thetwo is known a priori. This strongly limits the sensitivity to ∆m2, whih is verysensitive to the resolution of L/E.During its phase-I, Super-Kamiokande has olleted 4099 eletron-like and 5436muon-like ontained neutrino events [20℄. With only about one hundred events eah,the aelerator experiments K2K [111℄ and MINOS [112℄ already provide a strongerbound on the atmospheri mass-squared di�erene ∆m2
31. The present value of themixing angle θ23 is still dominated by Super-Kamiokande data, being statistially the
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23 , respetively, whereas the right panel shows the overallsensitivity taking into aount both otants. We have assumed 8 years of beamand 9 years of atmospheri neutrino data taking with the T2HK beam and a1 Mton detetor. Reprinted �gure with permission from [115℄.most important fator for suh a measurement. However, large improvements areexpeted from the next generation of long-baseline experiments suh as T2K [113℄and NOνA [114℄, sensitive to the same osillation parameters as atmospheri neutrinoexperiments.Despite the above limitations, atmospheri neutrino detetors an still play aleading role in the future of neutrino physis due to the huge range in energy (from100 MeV to 10 TeV and above) and distane (from 20 km to more than 12 000 km)overed by the data. This unique feature, as well as the very large statistis expetedfor a detetor suh as MEMPHYS (20÷30 times the present Super-Kamiokande eventrate), will allow a very aurate study of the subdominant modi�ation to the leadingosillation pattern, thus providing omplementary information to aelerator-basedexperiments. More onretely, atmospheri neutrino data will be extremely valuable
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• Resolving the otant ambiguity. Although future aelerator experiments areexpeted to onsiderably improve the measurement of the absolute value of thesmall quantity D23 ≡ sin2 θ23 − 1/2, they will have pratially no sensitivityon its sign. On the other hands, it has been pointed out [116, 117℄ that the

νµ → νe onversion signal indued by the small but �nite value of ∆m2
21 anresolve this degeneray. However, observing suh a onversion requires a verylong baseline and low energy neutrinos, and atmospheri sub-GeV eletron-likeevents are partiularly suitable for this purpose. In Fig. 10 we show the potentialof di�erent experiments to exlude the otant degenerate solution.

• Resolving the hierarhy degeneray. If θ13 is not too small, matter e�et willprodue resonant onversion in the νµ ↔ νe hannel for neutrinos (antineutrinos)if the mass hierarhy is normal (inverted). The observation of this enhanedonversion would allow the determination of the mass hierarhy. Although amagnetized detetor would be the best solution for this task, it is possible toextrat useful information also with a onventional detetor sine the eventrates expeted for atmospheri neutrinos and antineutrinos are quite di�erent.This is learly visible from Fig. 11, where we show how the sensitivity to themass hierarhy of di�erent beam experiments is drastially inreased when theatmospheri neutrino data olleted by the same detetor are also inluded in the�t.
• Measuring or improving the bound on θ13. Although atmospheri data aloneare not expeted to be ompetitive with the next generation of long-baselineexperiments in the sensitivity to θ13, they will ontribute indiretly by eliminatingthe otant degeneray, whih is an important soure of unertainty for beamexperiments. In partiular, if θtrue

23 is larger than 45◦ then the inlusion ofatmospheri data will onsiderably improve the aelerator experiment sensitivityto θ13, as an be seen from the right panel of Fig. 12 [115℄.In GLACIER, the searh for ντ appearane is based on the information providedby the event kinematis and takes advantage of the speial harateristis of ντ CCand the subsequent deay of the produed τ lepton when ompared to CC and NCinterations of νµ and νe, i.e. by making use of ~Pcandidate and ~Phadron. Due to the largebakground indued by atmospheri muon and eletron neutrinos and antineutrinos,the measurement of a statistially signi�ant exess of ντ events is very unlikely forthe τ → e and τ → µ deay modes.The situation is muh more advantageous for the hadroni hannels. One anonsider tau-deays to one prong (single pion, ρ) and to three prongs (π±π0π0 andthree harged pions). In order to selet the signal, one an exploit the kinematialvariables Evisible, ybj (the ratio between the total hadroni energy and Evisible) and
QT (de�ned as the transverse momentum of the τ andidate with respet to the totalmeasured momentum) that are not ompletely independent one from another but showsome orrelation. These orrelations an be exploited to redue the bakground. Inorder to maximize the separation between signal and bakground, one an use threedimensional likelihood funtions L(QT , Evisible, ybj) where orrelations are taken intoaount. For eah hannel, three dimensional likelihood funtions are built for bothsignal (LS

π , LS
ρ , LS

3π) and bakground (LB
π , LB

ρ , LB
3π). In order to enhane theseparation of ντ indued events from νµ, νe interations, the ratio of likelihoods istaken as the sole disriminant variable lnλi ≡ ln(LS

i /LB
i ) where i = π, ρ, 3π.



Large underground, liquid based detetors for astro-partile physis in Europe 29Table 10. Expeted GLACIER bakground and signal events for di�erentombinations of the π, ρ and 3π analyses. The onsidered statistial sampleorresponds to an exposure of 100 kton year.
ln λπ lnλρ lnλ3π Top Bottom Pα (%) Pβ (%)Cut Cut Cut Events Events0.0 0.5 0.0 223 223 + 43 = 266 16.9 2× 10−1 (3.1σ)1.5 1.5 0.0 92 92 + 35 = 127 9.7 2× 10−2 (3.7σ)3.0 −1.0 0.0 87 87 + 33 = 120 10.2 3× 10−2 (3.6σ)3.0 0.5 0.0 25 25 + 22 = 47 6.1 2× 10−3 (4.3σ)3.0 1.5 0.0 20 20 + 19 = 39 7.3 4× 10−3 (4.1σ)3.0 0.5 −1.0 59 59 + 30 = 89 7.7 9× 10−3 (3.9σ)3.0 0.5 1.0 18 18 + 17 = 35 8.9 1× 10−2 (3.8σ)To further improve the sensitivity of the ντ appearane searh, one an ombinethe three independent hadroni analyses into a single one. Events that are ommon toat least two analyses are ounted only one and a survey of all possible ombinations,for a restrited set of values of the likelihood ratios, is performed. Table 10 illustratesthe statistial signi�ane ahieved by several seleted ombinations of the likelihoodratios for an exposure equivalent to 100 kton year.The best ombination for a 100 kton year exposure is ahieved for the followingset of uts: lnλπ > 3, lnλρ > 0.5 and lnλ3π > 0. The expeted number of NCbakground events amounts to 25 (top) while 25+22 = 47 are expeted. We usea suitable disriminant variable to enhane the signal to bakground ratio of theanalyses. After uts, two sets of events are built: nb (the number of expeted downwardgoing bakground) and nt = nb + ns (the number of expeted upward going events,where ns is the number of taus). A statistial treatment of the data is performed bybuilding two Poissonian probability density funtions:
fb(r) ≡

e−nbnr
b

r!
(5)with mean nb and

ft(r) ≡
e−ntnr

t

r!
(6)with mean nt. The statistial signi�ane of the expeted ns exess is evaluatedfollowing two proedures:

• The pdf fb and ft are integrated over the whole spetrum of possiblemeasured r values and the overlap between the two is omputed: Pα ≡
∫ ∞

0
min(fb(r), ft(r))dr. The smaller the overlap integrated probability (Pα) thelarger the signi�ane of the expeted exess.

• We ompute the probability Pβ ≡
∫ ∞

nt

e−nb nr
b

r!
dr that, due to a statistial�utuation of the unosillated data, we measure nt events or more when nb areexpeted.As a result, an e�et larger than 4σ is obtained for an exposure of 100 kton year (oneyear of data taking with GLACIER).Last but not least, it is worth noting that atmospheri neutrino �uxes arethemselves an important subjet of investigation, and in the light of the preisedetermination of the osillation parameters provided by long baseline experiments,



Large underground, liquid based detetors for astro-partile physis in Europe 30the atmospheri neutrino data aumulated by the proposed detetors ould be usedas a diret measurement of the inoming neutrino �ux, and therefore as an indiretmeasurement of the primary osmi-rays �ux.The appearane of subleading features in the main osillation pattern an also bea hint for New Physis. The huge range of energies probed by atmospheri data willallow to set very strong bounds on mehanisms whih predit deviation from the 1/Elaw behavior. For example, the bound on non-standard neutrino-matter interationsand on other types of New Physis (suh as violation of the equivalene priniple, orviolation of the Lorentz invariane) whih an be derived from present data is alreadythe strongest whih an be put on these mehanisms [118℄.8. 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 reentevaluation of 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 ofhondriti meteorites the alulated radiogeni power is thought to be 19 TW (abouthalf of the total power), 84% of whih is produed by 238U and 232Th deay whihin turn produe ν̄e by beta-deays (geo-neutrinos). It is then of prime importaneto measure the ν̄e �ux oming from the Earth to get geophysial information, withpossible appliations in the interpretation of the geomagnetism.The KamLAND ollaboration has reently reported the �rst observation of thegeo-neutrinos [24℄. The events are identi�ed by the time and distane oinidenebetween the prompt e+ and the delayed (200 µs) neutron apture produed by
ν̄e + p → n + e+ and emiting a 2.2 MeV gamma. The energy window to searh forthe geo-neutrino events is [1.7, 3.4] MeV. The lower bound orresponds to the reationthreshold while the upper bound is onstrained by nulear reator indued bakgroundevents. The measured rate in the 1 kton liquid sintillator detetor loated at theKamioka mine, where the Kamiokande detetor was previously installed, is 25+19

−18 fora total bakground of 127± 13 events.The bakground is omposed by 2/3 of ν̄e events from the nulear reators inJapan and Korea. These events have been atually used by KamLAND to on�rmand preisely measure the Solar driven neutrino osillation parameters (see Setion6). The residual 1/3 of the events originates from neutrons of 7.3 MeV produed in
13C(α, n)16O reations and aptured as in the IBD reation. The α partiles omefrom the 210Po deays, a 222Rn daughter whih is of natural radioativity origin. Themeasured geo-neutrino events an be onverted in a rate of 5.1+3.9

−3.6 × 10−31 ν̄e pertarget proton per year orresponding to a mean �ux of 5.7× 106cm−2 s−1, or this anbe transformed into a 99% C.L. upper bound of 1.45× 10−30 ν̄e per target proton peryear (1.62× 107cm−2 s−1 and 60 TW for the radiogeni power).In LENA at CUPP a geo-neutrino rate of roughly 1000/year [119℄ from thedominant ν̄e + p → e+ + n IBD reation is expeted. The delayed oinidenemeasurement of the positron and the 2.2 MeV gamma event, following neutron aptureon protons in the sintillator provides a very e�ient tool to rejet bakground events.The threshold energy of 1.8 MeV allows the measurement of geo-neutrinos from theUranium and Thorium series, but not from 40K. A reator bakground rate of about240 events per year for LENA at CUPP in the relevant energy window from 1.8 MeVto 3.2 MeV has been alulated. This bakground an be subtrated statistially using



Large underground, liquid based detetors for astro-partile physis in Europe 31the information on the entire reator neutrino spetrum up to ≃ 8 MeV.As it was shown in KamLAND, a serious bakground soure may ome from radioimpurities. There the orrelated bakground from the isotope 210Po is dominating.However, with an enhaned radiopurity of the sintillator, the bakground an besigni�antly redued. Taking the radio purity levels of the Borexino CTF detetor atGran Sasso, where a 210Po ativity of 35± 12/m3day in PXE has been observed, thisbakground would be redued by a fator of about 150 ompared to KamLAND andwould aount to less than 10 events per year in the LENA detetor.An additional bakground that fakes the geo-neutrino signal is due to 9Li, whih isprodued by osmi-muons in spallation reations with 12C and deays in a β-neutronasade. Only a small part of the 9Li deays falls into the energy window whih isrelevant for geo-neutrinos. KamLAND estimates this bakground to be 0.30 ± 0.05[24℄. At CUPP the muon reation rate would be redued by a fator ≃ 10 due tobetter shielding and this bakground rate should be at the negligible level of ≃ 1 eventper year in LENA. From these onsiderations it follows that LENA would be a veryapable detetor for measuring geo-neutrinos. Di�erent Earth models ould be testedwith great signi�ane. The sensitivity of LENA for probing the unorthodox ideaof a geo-reator in the Earth's ore was estimated, too. At the CUPP undergroundlaboratory the neutrino bakground with energies up to ≃ 8 MeV due to nulearpower plants was alulated to be around 2200 events per year. A 2 TW geo-reatorin the Earth's ore would ontribute 420 events per year and ould be identi�ed at astatistial level of better than 3σ after only one year of measurement.Finally, in GLACIER the ν̄e + 40Ar → e+ + 40Cl∗ has a threshold of 7.5 MeV,whih is too high for geo-neutrino detetion.9. Indiret searhes for the Dark Matter of the UniverseThe Weakly Interating Massive Partiles (WIMPs) that likely onstitute the halo ofthe Milky Way an oasionally interat with massive objets, suh as stars or planets.When they satter o� suh an objet, they an potentially lose enough energy that theybeome gravitationally bound and eventually will settle in the enter of the elestialbody. In partiular, WIMPs an be aptured by and aumulate in the ore of theSun.As far as the next generation of large underground observatories is onerned,although not spei�ally dediated to the searh for WIMP partiles, one ould disussthe apability of GLACIER in identifying, in a model-independent way, neutrinosignatures oming from the produts of WIMP annihilations in the ore of the Sun[120℄.Signal events will onsist of energeti eletron- (anti)neutrinos oming from thedeay of τ leptons and b quarks produed in WIMP annihilation in the ore of the Sun.Bakground ontamination from atmospheri neutrinos is expeted to be low. Oneannot onsider the possibility of observing neutrinos fromWIMPs aumulated in theEarth. Given the smaller mass of the Earth and the fat that only salar interationsontribute, the apture rates for our planet are not enough to produe a statistiallysigni�ant signal in GLACIER.The searh method takes advantage of the exellent angular reonstrution andsuperb eletron identi�ation apabilities GLACIER o�ers in looking for an exess ofenergeti eletron- (anti)neutrinos pointing in the diretion of the Sun. The expeted
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Figure 13. Expeted number of signal and bakground events as a funtionof the WIMP elasti sattering prodution ross-setion in the Sun, with a utof 10 GeV on the minimum neutrino energy. Reprinted �gure with permissionfrom [120℄.signal and bakground event rates have been evaluated, as said above in a modelindependent way, as a funtion of the WIMP elasti sattering ross-setion for arange of masses up to 100 GeV. The detetor disovery potential, namely the numberof years needed to laim a WIMP signal has been disovered, is shown in Figs. 13and 14. With the assumed set-up and thanks to the low bakground environmentprovided by the LAr TPC, a lear WIMP signal would be deteted provided theelasti sattering ross-setion in the Sun is above ∼ 10−4 pb.10. Neutrinos from nulear reatorsThe KamLAND 1 kton liquid sintillator detetor loated at Kamioka measuredthe neutrino �ux from 53 power reators orresponding to 701 Joule/m2 [26℄. Anevent rate of 365.2 ± 23.7 above 2.6 MeV for an exposure of 766 ton year fromthe nulear reators was expeted. The observed rate was 258 events with a totalbakground of 17.8± 7.3. The signi�ant de�it ombined with the solar experimentresults, interpreted in terms of neutrino osillations, enables a 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.Future preision measurements are urrently being investigated. RunningKamLAND for 2-3 more years would gain 30% (4%) redution in the spread of ∆m2
12(θ12). Although it has been shown in Setions 5 and 8 that ν̄e originated from nulear
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21 and sin2 θ12. In fat, approximately 67% of the total reator

ν̄e �ux at Fréjus originates from four nulear power plants in the Rhone valley, loatedat distanes between 115 km and 160 km. The indiated baselines are partiularlysuitable for the study of the ν̄e osillations driven by ∆m2
21. The authors of [121℄have investigated the possibility of using one module of MEMPHYS (147 kton �duialmass) doped with Gadolinium or the LENA detetor, updating the previous workof [122℄. Above 3 MeV (2.6 MeV) the event rate is 59 980 (16 670) events/year forMEMPHYS (LENA), whih is 2 orders of magnitude larger than the KamLAND eventrate.In order to test the sensitivity of the experiments, the prompt energy spetrum issubdivided into 20 bins between 3 MeV and 12 MeV for MEMPHYS-Gd and Super-Kamiokande-Gd, and into 25 bins between 2.6 MeV and 10 MeV for LENA (Fig. 15). A

χ2 analysis taking into aount the statistial and systematial errors shows that eahof the two detetors, MEMPHYS-Gd and LENA if plaed at Fréjus, an be exploitedto yield a preise determination of the solar neutrino osillation parameters ∆m2
21 and

sin2 θ12. Within one year, the 3σ unertainties on ∆m2
21 and sin2 θ12 an be reduedrespetively to less than 3% and to approximately 20% (Fig. 16). In omparison,the Gadolinium doped Super-Kamiokande detetor that might be envisaged in a nearfuture would reah a similar preision only with a muh longer data taking time.
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21 and sin2 θ12 with unertainties of approximately 1% and 10%at 3σ, respetively.However, some aveat are worth to be mentioned. The prompt energy triggerof 3 MeV requires a very low PMT dark urrent rate in the ase of the MEMPHYSdetetor. If the energy threshold is higher, the parameter preision dereases as anbe seen in Fig. 17. The systemati unertainties are also an important fator in theexperiments under onsideration, espeially the determination of the mixing angle, asthose on the energy sale and the overall normalization.Anyhow, the auray in the knowledge of the solar neutrino osillationparameters, whih an be obtained in the high statistis experiments onsidered here,are omparable to those that an be reahed for the atmospheri neutrino osillationparameters ∆m2
31 and sin2 θ23 with the future long-baseline Super beam experimentssuh as T2HK or T2KK [123℄ in Japan, or SPL from CERN to MEMPHYS.Hene, suh reator measurements would omplete the program of the high preisiondetermination of the leading neutrino osillation parameters.11. Neutrinos from partile aelerator beamsAlthough the main physis goals of the proposed liquid-based detetors will be inthe domain of astro-partile physis, it would be eonomial and also very interestingfrom the physis point of view, onsidering their possible use as "far" detetors forthe future neutrino failities planned or under disussion in Europe, also given thelarge �nanial investment represented by the detetors. In this Setion we reviewthe physis program of the proposed observatories when using di�erent aelerator
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21 − sin2 θ12 plane, as well asthe projetions of the χ2 for eah parameter are shown. Reprinted �gure withpermission from [121℄.neutrino beams. The main goals will be pushing the searh for a non-zero (althoughvery small) θ13 angle or its measurement in the ase of a disovery previously madeby one of the planned reator or aelerator experiments (Double-CHOOZ or T2K);searhing for possible leptoni CP violation (δCP); determining the mass hierarhy(the sign of ∆m2

31) and the θ23 otant (θ23 > 45◦ or θ23 < 45◦). For this purposewe onsider here the potentiality of a liquid Argon detetor in an upgraded versionof the existing CERN to Gran Sasso (CNGS) neutrino beam, and of the MEMPHYSdetetor at the Fréjus using a possible new CERN proton driver (SPL) to upgrade to 4MW the onventional neutrino beams (Super Beams). Another sheme ontemplatesa pure eletron- (anti)neutrino prodution by radioative ion deays (Beta Beam).Note that LENA is also a good andidate detetor for the latter beam option. Finally,as an ultimate beam faility, one may think of produing very intense neutrino beamsby means of muon deays (Neutrino Fatory) that may well be deteted with a liquidArgon detetor suh as GLACIER.The determination of the missing Ue3 (θ13 ) element of the neutrino mixing matrixis possible via the detetion of νµ → νe osillations at a baseline L and energy Egiven by the atmospheri neutrino signal, orresponding to a mass squared di�erene
E/L ∼ ∆m2 ≃ 2.5 × 10−3 eV 2. The urrent layout of the CNGS beam from CERNto the Gran Sasso Laboratory has been optimized for a τ -neutrino appearane searhto be performed by the OPERA experiment [124℄. This beam on�guration provideslimited sensitivity to the measurement of Ue3.
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and sin2 θ12, whih anbe obtained using one year of data from MEMPHYS-Gd as a funtion of theprompt energy threshold.Therefore, we disuss the physis potential of an intensity-upgraded and energy-reoptimized CNGS neutrino beam oupled to an o�-axis GLACIER detetor [125℄.This idea is based on the possible upgrade of the CERN PS or on a new mahine(PS+) to deliver protons of 50 GeV/ with a power of 200 kW. Post aeleration toSPS energies followed by extration to the CNGS target region should allow to reahMW power, with neutrino energies peaked around 2 GeV. In order to evaluate thephysis potential one assumes �ve years of running in the neutrino horn polarity plus�ve additional years in the anti-neutrino mode. A systemati error on the knowledgeof the νe omponent of 5% is assumed. Given the exellent π0 partile identi�ationapabilities of GLACIER, the ontamination of π0 is negligible.An o�-axis beam searh for νe appearane is performed with the GLACIERdetetor loated at 850 km from CERN. For an o�-axis angle of 0.75o, θ13 an bedisovered for full δCP overage for sin2 2θ13 > 0.004 at 3σ (Fig. 18). At this rathermodest baseline, the e�et of CP violation and matter e�ets annot be disentangled.In fat, the determination of the mass hierarhy with half-overage (50%) is reahedonly for sin2 2θ13 > 0.03 at 3σ. A longer baseline (1050 km) and a larger o�-axis angle(1.5o) would allow the detetor to be sensitive to the �rst minimum and the seondmaximum of the osillation. This is the key to resolve the issue of mass hierarhy. Withthis detetor on�guration, full overage for δCP to determine the mass hierarhy anbe reahed for sin2 2θ13 > 0.04 at 3σ. The sensitivity to mass hierarhy determinationan be improved by onsidering two o�-axis detetors: one of 30 kton at 850 kmand o�-axis angle 0.75o, a seond one of 70 kton at 1050 km and 1.50 o�-axis. Full
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and sin2 θ23 at 99% C.L. (2 d.o.f.) after5 years of neutrino data taking for ATM+SPL, T2K phase I, ATM+T2HK,and the ombination of SPL with 5 years of atmospheri neutrino data in theMEMPHYS detetor. For the true parameter values we use ∆m2
31 = 2.2 (2.6) ×

10−3 eV2 and sin2 θ23 = 0.5 (0.37) for the test point 1 (2), and θ13 = 0 andthe solar parameters as: ∆m2
21

= 7.9 × 10−5 eV2, sin2 θ12 = 0.3. The shadedregion orresponds to the 99% C.L. region from present SK and K2K data [126℄.Reprinted �gure with permission from [37℄.overage for δCP to determine the mass hierarhy an be reahed for sin2 2θ13 > 0.02at 3σ (Fig. 19). This two-detetor on�guration reahes very similar sensitivities tothe ones of the T2KK proposal [123℄.Another notable possibility is the CERN-SPL Super Beam projet. It is aonventional neutrino beam featuring a 4 MW SPL (Super-onduting Proton Lina)[127℄ driver delivering protons onto a liquid Merury target to generate an intense π+(π−) beam with small ontamination of kaons. The use of near and far detetors willallow both νµ disappearane and νµ → νe appearane studies. The physis potentialof the SPL Super Beam with MEMPHYS has been extensively studied [37, 128, 129℄.However, the beam simulations will need some retuning after the forthoming resultsof the CERN HARP experiment [130℄ on hadro-prodution.After 5 years exposure in νµ disappearane mode, a 3σ auray of (3-4)% anbe ahieved on ∆m2
31, and an auray of 22% (5%) on sin2 θ23 if the true value is

0.5 (0.37), namely in ase of maximal or non-maximal mixing (Fig. 20). The use ofatmospheri neutrinos an ontribute to solving the otant ambiguity in ase of non-maximal mixing as it is shown in Fig. 20. Note however, that thanks to a higher energybeam (∼ 750 MeV), the T2HK projet‡ an bene�t from a muh lower dependene on
‡ Here, we to the projet where a 4 MW proton driver is built at KEK to deliver an intense neutrino



Large underground, liquid based detetors for astro-partile physis in Europe 39the Fermi motion to obtain a better energy resolution.In appearane mode (2 years νµ plus 8 years ν̄µ), a 3σ disovery of non-zero
θ13, irrespetive of the atual true value of δCP, is ahieved for sin2 2θ13 & 4 10−3(θ13 & 3.6◦) as shown in Fig. 21. For maximal CP violation (δtrue

CP = π/2, 3π/2) thesame disovery level an be ahieved for sin2 2θ13 & 8 10−4 (θ13 & 0.8◦). The bestsensitivity for testing CP violation (i.e the data annot be �tted with δCP = 0 nor
δCP = π) is ahieved for sin2 2θ13 ≈ 10−3 (θ13 ≈ 0.9◦) as shown in Fig. 22. Themaximum sensitivity is ahieved for sin2 2θ13 ∼ 10−2 where the CP violation an beestablished at 3σ for 73% of all the δtrue

CP .Although quite powerful, the proposed SPL Super Beam is a onventionalneutrino beam with known limitations due to the low prodution rate of anti-neutrinosompared to neutrinos whih, in addition to a smaller harged-urrent ross-setion,imposes to run 4 times longer in anti-neutrino mode, and implies di�ulty to set up anaurate beam simulation, and to design a non-trivial near detetor setup masteringthe bakground level. Thus, a new type of neutrino beam, the so-alled Beta Beamis being onsidered. The idea is to generate pure, well ollimated and intense νe(ν̄e)beams by produing, olleting, and aelerating radioative ions [131℄. The resultingBeta Beam spetra an be easily omputed knowing the beta-deay spetrum of theparent ion and the Lorentz boost fator γ, and these beams are virtually free fromother bakground �avors. The best ion andidates so far are 18Ne and 6He for νeand
ν̄e, respetively. A baseline study for the Beta Beam has been initiated at CERN, andis now going on within the European FP6 design study for EURISOL.The potential of suh Beta Beam sent to MEMPHYS has been studied in theontext of the baseline senario, using referene �uxes of 5.8 × 1018 6He usefuldeays/year and 2.2× 1018 18Ne deays/year, orresponding to a reasonable estimateby experts in the �eld of the ultimately ahievable �uxes. The optimal values isatually γ = 100 for both speies, and the orresponding performane have beenreently reviewed in [37, 128, 129℄.In Figs. 21,22 the results of running a Beta Beam during 10 years (5 yearswith neutrinos and 5 years with anti-neutrinos) is shown and prove to be far betterompared to an SPL Super beam run, espeially for maximal CP violation where anon-zero θ13 value an be stated at 3σ for sin2 2θ13 & 2 10−4 (θ13 & 0.4◦). Moreover, itis notieable that the Beta Beam is less a�eted by systemati errors of the bakgroundompared to the SPL Super beam and T2HK.Before ombining the two possible CERN beam options, relevant for the proposedEuropean underground observatories, let us onsider LENA as potential detetor.LENA, with a �duial volume of ∼ 45 kton, an as well be used as detetor for alow-energy Beta Beam osillation experiment. In the energy range 0.2 − 1.2 GeV,the performed simulations show that muon events are separable from eletron eventsdue to their di�erent trak lengths in the detetor and due to the eletron emitted inthe muon deay. For high energies, muons travel longer than eletrons, as the latterundergo sattering and bremsstrahlung. This results in di�erent distributions of thenumber of photons and the timing pattern, whih an be used to distinguish betweenthe two lasses of events. For low energies, muons an be reognized by observing theeletron of its sueeding deay after a mean time of 2.2 µs. By using both riteria,an e�ieny of ∼ 90 % for muon appearane has been alulated with aeptane of1 % eletron bakground. The advantage of using a liquid sintillator detetor forbeam deteted by a large water Cherenkov detetor.
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= Pνµ→νe

and Pν̄µ→ν̄e
= Pνe→νµ

. We illustratethis synergy in Fig. 23. In this senario, time onsuming anti-neutrino running an beavoided keeping the same physis disovery potential.One an also ombine SPL, Beta Beam and the atmospheri neutrino experimentsto redue the parameter degeneraies whih lead to disonneted regions on the multi-dimensional spae of osillation parameters. One an look at [134, 135, 136℄ for thede�nitions of intrinsi, hierarhy, and otant degeneraies. As we have seen above,
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Figure 24. Allowed regions in sin2 2θ13 and δCP for 5 years data (neutrinos only)from Beta Beam, SPL, and the ombination. Htr/wr(Otr/wr) refers to solutionswith the true/wrong mass hierarhy (otant of θ23). For the olored regions inthe left panel also 5 years of atmospheri data are inluded; the solution with thewrong hierarhy has ∆χ2 = 3.3. The true parameter values are δCP = −0.85π,
sin2 2θ13 = 0.03, sin2 θ23 = 0.6. For the Beta Beam only analysis (middle panel)an external auray of 2% (3%) for |∆m2

31| (θ23) has been assumed, whereas forthe left and right panel the default value of 10% has been used. Reprinted �gurewith permission from [37℄.atmospheri neutrinos, mainly multi-GeV e-like events, are sensitive to the neutrinomass hierarhy if θ13 is su�iently large due to Earth matter e�ets, whilst sub-GeV
e-like events provide sensitivity to the otant of θ23 due to osillations with ∆m2

21.The result of running during 5 years in neutrino mode for SPL and Beta Beam,adding further the atmospheri neutrino data, is shown in Fig. 24 [37℄. One anappreiate that pratially all degeneraies an be eliminated as only the solution withthe wrong sign survives with a ∆χ2 = 3.3. This last degeneray an be ompletelyeliminated by using a neutrino running mode ombined with anti-neutrino mode andATM data [37℄. However, the example shown is a favorable ase with sin2 θ23 = 0.6and in general, for sin2 θ23 < 0.5, the impat of the atmospheri data is weaker. So,as a generi ase, for the CERN-MEMPHYS projet, one is left with the four intrinsidegeneraies. However, the important observation in Fig. 24 is that degeneraieshave only a very small impat on the CP violation disovery, in the sense that ifthe true solution is CP violating also the fake solutions are loated at CP violatingvalues of δCP. Therefore, thanks to the relatively short baseline without matter e�et,even if degeneraies a�et the preise determination of θ13 and δCP, they have only asmall impat on the CP violation disovery potential. Furthermore, one would quoteexpliitly the four possible sets of parameters with their respetive on�dential level.It is also lear from the �gure that the sign(∆m2
31) degeneray has pratially no e�eton the θ13 measurement, whereas the otant degeneray has very little impat on thedetermination of δCP.Some other features of the atmospheri neutrino data are presented in Se. 7. Inorder to fully exploit the possibilities o�ered by a Neutrino Fatory, the detetorshould be apable of identifying and measuring all three harged lepton �avorsprodued in harged-urrent interations and of measuring their harges in order toidentify the inoming neutrino heliity. The GLACIER onept in its non-magnetizedoption provides a bakground-free identi�ation of eletron-neutrino harged-urrentevents and a kinematial seletion of tau-neutrino harged-urrent interations. Wean assume that harge disrimination is available for muons reahing an external



Large underground, liquid based detetors for astro-partile physis in Europe 43Table 11. Expeted events rates for GLACIER in a Neutrino Fatory beam,assuming no osillations and for 1020 muon deays (Eµ=30 GeV). Ntot is thetotal number of events and Nqe is the number of quasi-elasti events.Event rates for various baselines
L = 732 km L = 2900 km L = 7400 km

Ntot Nqe Ntot Nqe Ntot Nqe

νµ CC 2260 000 90 400 144 000 5760 22 700 900
µ− νµ NC 673 000 � 41 200 � 6800 �
1020 deays νe CC 871 000 34 800 55 300 2200 8750 350

νe NC 302 000 � 19 900 � 3000 �
νµ CC 1010 000 40 400 63 800 2550 10 000 400

µ+ νµ NC 353 000 � 22 400 � 3500 �
1020 deays νe CC 1970 000 78 800 129 000 5160 19 800 800

νe NC 579 000 � 36 700 � 5800 �magnetized-Fe spetrometer.Another interesting and extremely hallenging possibility would onsist inmagnetizing the whole liquid Argon volume [137, 36℄. This set-up would allow thelean lassi�ation of events into eletrons, right-sign muons, wrong-sign muons andno-lepton ategories. In addition, high granularity permits a lean detetion of quasi-elasti events, whih provide a seletion of the neutrino eletron heliity by detetingthe �nal state proton, without the need of an eletron harge measurement. Table 11summarizes the expeted rates for GLACIER and 1020 muon deays at a neutrinofatory with stored muons having an energy of 30 GeV [138℄. Ntot is the total numberof events and Nqe is the number of quasi-elasti events.Figure 25 shows the expeted sensitivity in the measurement of θ13 for a baseline of7400 km. The maximal sensitivity to θ13 is ahieved for very small bakground levels,sine one is looking in this ase for small signals; most of the information is omingfrom the lean wrong-sign muon lass and from quasi-elasti events. On the otherhand, if its value is not too small, for a measurement of θ13, the signal/bakgroundratio ould be not so ruial, and also the other event lasses an ontribute to thismeasurement.A Neutrino Fatory should aim to over-onstrain the osillation pattern, in orderto look for unexpeted new physis e�ets. This an be ahieved in global �ts of theparameters, where the unitarity of the mixing matrix is not stritly assumed. Usinga detetor able to identify the τ lepton prodution via kinemati means, it is possibleto verify the unitarity in νµ → ντ and νe → ντ transitions.The study of CP violation in the lepton system probably is the most ambitiousgoal of an experiment at a Neutrino Fatory. Matter e�ets an mimi CP violation;however, a multi-parameter �t at the right baseline an allow a simultaneousdetermination of matter and CP violating parameters. To detet CP violation e�ets,the most favorable hoie of neutrino energy Eν and baseline L is in the region ofthe �rst maximum, given by (L/Eν)max ≃ 500 km/GeV for |∆m2
32| = 2.5× 10−3 eV2[139℄. To study osillations in this region, one has to require that the energy ofthe "�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 beyond whih
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Figure 25. GLACIER sensitivity to the measurement of θ13. Reprinted �gurewith permission from [138℄.matter e�ets spoil the sensitivity.As an example, Fig. 26 shows the sensitivity to the CP violating phase δCPfor two onrete ases. The events are lassi�ed in the �ve ategories previouslymentioned, assuming an eletron harge onfusion of 0.1%. The exlusion regionsin the ∆m2
12 − δCP plane are determined by �tting the visible energy distributions,provided that the eletron detetion e�ieny is ∼ 20%. The exluded regions extendup to values of |δCP | lose to π, even when θ13 is left free.12. Conlusions and outlookIn this paper we disuss the importane of outstanding physis phenomena suhas the possible instability of matter (proton deay), the prodution of neutrinos insupernovae, in the Sun and in the interior of the Earth, as well as the reentlydisovered proess of neutrino osillations, also detetable through arti�ial neutrinosprodued by nulear reators and partile aelerators.All the above physis subjets, key issues for partile physis, astro-partilephysis, astrophysis and osmology, all for a new generation of multipurpose,underground observatories based on improved detetion tehniques.The envisioned detetors must neessarily be very massive (and onsequentlylarge) and able to provide very low experimental bakground. The required signal tonoise ratio an only be ahieved in underground laboratories suitably shielded againstosmi-rays and environmental radioativity. Some andidate sites in Europe have
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21 for the two onsidered baselines. In ontrast to Fig. 22 only the onservingphase δCP = 0 is onsidered and the other referene osillation parameters are
∆m2

32 = 3 × 10−3 eV2, sin2 θ23 = 0.5, sin2 θ12 = 0.5 and sin2 2θ13 = 0.05. Thelower urves are made �xing all parameters to the referene values while for theupper urves θ13 is free. Reprinted �gure with permission from [139℄.been identi�ed and we are progressing in assessing in detail their apabilities.We have identi�ed three di�erent and, to a large extent, omplementarytehnologies apable of meeting the hallenge, based on large sale use of liquids forbuilding large-size, volume-instrumented detetors. The three proposed large-mass,liquid-based detetors for future underground observatories for partile physis inEurope (GLACIER, LENA and MEMPHYS), although based on ompletely di�erentdetetion tehniques (liquid Argon, liquid sintillator and water Cherenkov), share asimilar, very rih physis program. For some ases of interest their detetion propertiesare quite omplementary. A summary of the sienti� ase presented in this paper isgiven for astro-partile physis topis in Table 12.AknowledgmentsWe wish to warmly aknowledge support from all the various funding agenies. Wewish to thank the EU framework 6 projet ILIAS for providing assistane partiularlyregarding underground site aspets (ontrat 8R113-CT-2004-506222).
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Table 12. Summary of the physis potential of the proposed detetors for astro-partile physis topis. The (*) stands for the ase whereGadolinium salt is added to the water of one of the MEMPHYS shafts.Topis GLACIER LENA MEMPHYS100 kton 50 kton 440 ktonProton 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)DSNB ν (S/B 5 years) 40-60/30 9-110/7 43-109/47 (*)Solar ν (Evts. 1 year)

8B ES 4.5× 104 1.6× 104 1.1× 105

8B CC � 360 �
7Be � 2.0× 106 �
pep � 7.7× 104 �Atmospheri ν (Evts. 1 year) 1.1× 104 � 4.0× 104 (1-ring only)Geo ν (Evts. 1 year) below threshold ≈ 1000 need 2 MeV thresholdReator ν (Evts. 1 year)) � 1.7× 104 6.0× 104 (*)Dark Matter (Evts. 10 years) 3 events(σES = 10−4,M > 20 GeV) � �
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