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LONG BASELINE ACCELERATORNEUTRINO EXPERIMENTS:PRESENT AND FUTURE�André RubbiaInstitut für Teilhenphysik, ETHZCH-8093 Zürih, Switzerland(Reeived May 10, 2000)A �� disappearane e�et has been seen in atmospheri neutrino ex-periments. This has led to the �evidene for neutrino osillations�. Thenext problem in neutrino physis is to perform the right experiment(s)to eluidate in a omprehensive way the pattern of neutrino masses andmixings. The long baseline experiments will play a fundamental role atsettling de�nitively the question of �avor osillation and at measuring withgood preision the osillation parameters. The CERN�NGS beam oupledwith the proposed ICANOE and OPERA detetors is the only programmeapable of sensitive tau and eletron appearane searhes.PACS numbers: 14.60.Pq, 14.60.Lm1. IntrodutionThe �atmospheri neutrino anomaly�, �rst published by Kamiokande in1988 [1℄ and, at the time, quite ontroversial, has been strongly on�rmedby the latest measurements from SuperKamiokande [2℄, Soudan-II [3℄ andMACRO [4℄. The results of the atmospheri neutrino experiments standtoday as strong evidene that muon neutrinos are �disappearing�.The most logial and attrative way to explain these results is by invokingneutrino �avor osillations. In partiular, SuperKamiokande has dubbedthis observation as a lear �evidene for neutrino osillations� [2℄. Underthis hypothesis, the probability for a �avor osillation will be given by P =sin2 2� sin2(1:27�m2L=E) where � is a mixing angle, �m2 is the di�ereneof the squared masses (in eV2), L is the path-length (in km) and E is theneutrino energy (in GeV).� Presented at the Craow Epiphany Conferene on Neutrinos in Physis andAstrophysis, Craow, Poland, January 6�9, 2000.(1287)



1288 A. Rubbia2. What is the mixing matrix?At �rst, it ame with some surprise that the mixing angle involved in thedisappearane of the atmospheri neutrino is so large, in fat, ompatiblewith being maximal. Under the hypothesis that �� ! �� osillations takeplae, this would indiate that the muon and the tau neutrinos are fullymixed with respet to their mass eigenstates. The eletron data indiatesthat the eletron neutrino does not partiipate in the observed phenomenon.If we onsider in general that the mixing should be desribed by a 3� 3matrix involving all three neutrino �avors, the osillation pattern may beompliated and introdue a ombination of transitions to �e; ��; �� . Bysymmetry with the quark setor, it is in addition natural to expet CPviolation at some level.Clearly, the �rst main question that remains unanswered is whether thedisappearane of �� atmospheri neutrinos is due to neutrino ��avor� osilla-tion, i.e. to the �appearane� of the �� �avor. At present, it is not possible toanswer this question with ertainty. But a seond urgent question is deter-mination of the full mixing matrix, inluding possible osillations involvingthe �rst generation, i.e. �� ! �e transitions at the atmospheri �m2.The test of the osillation phenomenon in the region of �m2 indiatedby atmospheri neutrinos requires experiments at long baselines (LBL) withapabilities of disappearane and appearanes of eletron and tau �avors.3. Planned LBL programsThere are three long baseline programs: one in Japan (K2K), one inAmeria (NUMI [5℄) and one in Europe (CNGS [6℄). Early results fromK2K have been reported by Kielzewska [7℄. Para reported on the osilla-tion program at FNAL [5℄. The main parameters of NUMI and CNGS areshown in Table I and ompared to the CERN�WANF1. These beams requiremultikton detetors in order to ollet su�ient events. From the table, it islear that the NGS beam is built on the extensive past experiene aquiredat CERN.High energy implies that Em � m� , in order to e�iently produe viaharged urrent the tau lepton in ase of appearane of �� neutrinos. TheCERN�NGS and FNAL�NUMI beams are both very appealing for diret�� ! �� appearane experiments. To ahieve a lear tau appearane signalover small bakgrounds imposes however onstraints on the detetor design,in partiular on their granularity.1 The CERN�WANF symbolizes the CERN experiene in neutrino beams, aquiredover more than 20 years of operation.



Long Baseline Aelerator Neutrino Experiments : : : 1289TABLE IList of relevant parameters for the present CERN neutrino beam and for the an-tiipated beams at KEK, at Fermilab and at CERN.CERN�WANF FNAL�NUMI CERN�NGSProtons:Energy (GeV) 450 120 400Pot/yle 2� 1013 4� 1013 4� 2:3� 1013Cyle time (s) 14.4 1.9 26.4Days/year 200� 0:75 300� 0:67 200� 0:75Pot/year 1:5� 1019 3:7� 1020 4:5� 1019Long-baseline �'s:< E(��CC) > � 3-16 GeV 17 GeV�� CC/kt/1019 � 13-86 545�� CC/year � 460� 3200=kt 2450=kt�� appearane � Yes/No YesStatus:Running date ! 1998 2003! 2005!FNAL�NUMI beam has three options: PH2(low), PH2(medium), PH2(high).The CERN�NGS �gures orrespond to a �shared� mode of operation.The general strategy at the CNGS was to opt for a wide band neutrinobeam based on the experiene gathered at CERN with the design and theoperation of the WANF. The beam optimization and the design of the de-tails of the beam optis have been subjet of further studies driven by therequests of the experiments. Following the indiation of the CERN�LNGSommittee, a �rst optimization of the beam has been arried out with thegoal of maximizing the �� CC interations at LNGS for appearane experi-ments.The expeted event rates without osillations per kton and year in sharedmode are 2450 �� CC, 49 ��� CC, 20 �e CC, 1.2 ��e CC, 823 � NC, and17 �� NC. The rates for tau appearane in shared running mode are 2.4events/kton/year for �m2 = 1 � 10�3 eV2, 29.4 events/kton/year for3:5 � 10�3 eV2 and 58.6 events/kton/year for 5� 10�3 eV2.4. Overview LBL detetorsThere are various types of detetor optimizations that an be performeddepending on the type of measurement to be ahieved:� Disappearane: observed over expeted CC ratio. This requires thehelp of a �near� detetor.



1290 A. Rubbia� Appearane: from an anomalous �NC�/CC ratio. This requires anability to disriminate between NC and CC events. Neutral urrentusually englobes all events without a leading muon.� Diret appearane: to pinpoint the osillation hannels. For �� !�e, this requires exellent eletron identi�ation, good �0 rejetion,i.e. a good granularity. For �� ! �� , this requires a new generation of� detetors with large mass and tau lepton identi�ation apabilities.There have been numerous proposals at the CERN-NGS. Today, twoprojets, the ICANOE and OPERA detetors, stand as serious options.They are together with the MINOS detetor listed in Table II. TABLE IIList of LBL experiments and sensitivity to �� ! �� osillationsMINOS ICANOE OPERAInstrumented mass: 5.4 kt 9 kt 1.5 ktTehnology: Fe+B-Field LAr imaging TPC Pb target+ sintillator + �ne grain al + emulsion+magn. spetrometerMain sensitivity: �� disapp. �e,�� appearane �� appearaneatmospheri �'sTau appearane (4 years �shared� running CNGS):Fully identi�ed tau events:2� 10�3 eV2 12 4.63� 10�3 eV2 26 10.53:5� 10�3 eV2 35 14.35� 10�3 eV2 71 297� 10�3 eV2 121 5710� 10�3 eV2 248 117Bakground 5.1 0.43For ICANOE, only eletron hannel for tau appearane is inluded. ForOPERA, �ve Supermodules (3 spaer + 2 ompat) were assumed.In order to fully sort out the mixing matrix, unambiguous neutrino �a-vor identi�ation is mandatory to distinguish � 's from �� 's and eletronsfrom �e's interations. The CERN�NGS beam oupled with the proposedICANOE [8�11℄ and OPERA [12℄ detetor is the only programme apableof sensitive tau and eletron appearane searhes.



Long Baseline Aelerator Neutrino Experiments : : : 1291We stress the importane of onstraining the osillation senarios by ou-pling appearane in several di�erent hannels and disappearane signatures.4.1. Detetion of � from �� CC interationsBased on the NOMAD and CHORUS expertise developed at CERN, de-tetors apable of deteting the presene of tau lepton in the event �nal stateshave been proposed. Two di�erent tools are used to rejet bakgrounds:� kinematial seletion: this requires good partile identi�ation andresolution in momentum imbalane (unseen �'s).� diret observation of the deay topology �signature� : The� � 0:5 � 1 mm requires emulsions with �m's granularity.The ICANOE (kinematial seletion) and OPERA (deay topology) dete-tors have the potentiality to unambiguously prove the �avor osillation. Thenumber of fully reonstruted and identi�ed tau events after 4 years of run-ning in shared mode (1:8 � 1020 pots) is shown in Table II. These ratesompared to the low levels of bakgrounds are su�ient to over ompletelythe �m2 region indiated by the SuperKamiokande results.5. ICANOEThe ICANOE layout (�gure 1) is similar to that of a �lassial� neutrinodetetor, segmented into almost independent Supermodules. The layoutof the apparatus an be summarized as follows:

Fig. 1. ICANOE detetor in Hall B of LNGS



1292 A. Rubbia� the liquid target, with extremely high granularity (see �gure 2 [13℄),dediated to traking, dE=dx measurements, full e.m. alorimetry andhadroni alorimetry, where eletrons and photons are identi�ed andmeasured with extremely good preision and �=�, K and p separationis possible at low momenta;

Fig. 2. An example of reorded neutrino interation in a 50 liter Liquid Argon TPCprototype exposed at the CERN � beam. The neutrino omes from the top of thepiture. The horizontal axis is the time axis (drift diretion) and vertially is thewire number. The visible area orresponds to 47� 32 m2� the solid target, with good e.m. and hadroni resolution, dediatedto alorimetry of the jet and a magneti �eld for measurement of themuon features (sign and momentum).The Supermodule, obtained joining a liquid and solid module, whih on-stitutes the basi module of an expandable apparatus. A Supermodule be-haves as a omplete building blok, apable of identifying and measuringeletrons, photons, muons and hadrons produed in the events. The solid,high density setor redues the transverse and longitudinal size of hadronshower, on�ning the event (apart from the muon) within the Supermodule.At this stage, four Supermodules with a total length of the experimentof 82:5 m and a total ative mass of 9.3 kton fully instrumented are beingonsidered for the baseline option.



Long Baseline Aelerator Neutrino Experiments : : : 12935.1. Physis goalsICANOE is an underground detetor apable to ahieve the full reon-strution of neutrino (and antineutrino) events of any �avor, and with anenergy ranging from the tens of MeV to the tens of GeV, for the relevantphysis analyses. No other ombinations an provide suh a rih spetrum ofphysial observations. The unique lepton apabilities of ICANOE are reallyfundamental in tagging the neutrino �avor.
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Fig. 3. Overview of the status of the neutrino osillations searhes, displayed as-suming two neutrino mixing shemes in the (sin2 2�;�m2) plane. The 90%C.L.allowed regions obtained from the Kamiokande (resp. SuperKamiokande) FC andPC samples are shown as (A) (resp. (B)). The 90% (resp. 99%C.L.) regions on-sistent with the LSND exess are shown as dark (resp. light) shaded areas in theupper region of the plane. The shaded area in the region �m2 � 10�5 eV2 rep-resents the large angle MSW solution of the solar neutrino de�it. CHORUS andNOMAD 90%C.L. limits on �� ! �� osillations are visible in the upper �m2region. The ICANOE sensitivities at 90%C.L. are indiated by three urves: thelimit by diret observation of the atmospheri neutrinos (�ICANOE atm�); the di-ret tau appearane searh at the CNGS (�ICANOE �� ! �� �); the diret eletronappearane searh at the CNGS (�ICANOE �� ! �e�).



1294 A. RubbiaThe sensitivity in the lassi (sin2 2�;�m2) plot is evidened in �gure 3,for a data taking time of 4 years, with 4:5 � 1019 pot at eah year. Weremark:1. The reent results on atmospheri neutrinos ((A) and (B) of �gure 3)an be thoroughly explored by appearane and disappearane experi-ments. For the urrent entral value, both CNGS and osmi ray datawill give independent and omplementary measurements and they willprovide a preise (sin2 2�;�m2) determination.2. In the mass range of LSND, the sensitivity is su�ient in order to solvede�nitely the puzzle.3. At high masses of osmologial relevane for �m2 / 10 eV2, the sensi-tivity to �� ! �� osillations is better or equal to the one of CHORUSand NOMAD.4. In the atmospheri neutrino events, one an reah a level of sensitivitysu�ient to detet also the e�et until now observed in solar neutrinos.This purely terrestrial detetion of the LMA solar neutrino solution isperformed using neutrino in the GeV range, muh higher than the oneof solar neutrinos.Sine we an observe and unambiguously identify both �e and �� om-ponents, the full (3 � 3) mixing matrix an be explored. By itself, this isone of the main justi�ations for the hoie of the detetor's mass.In the osmi ray hannel, all spei� modes (eletron, muon, NC)are equally well observed without detetor biases and down to kinemati-al threshold. The CR-spetrum being rather poorly known, a on�rmationof the SuperKamiokande result requires deteting both (1) the modulationin the muon hannel and (2) the lak of e�et of the eletron hannel. Theonsisteny of the simultaneous observation of the L=E phenomenon, in asmany modes as they are available, is a powerful tool in separating genuine�avour osillations from exoti senarios.In some favourable onditions, the diret appearane of the osillatedtau neutrino may be diretly identi�ed in the upgoing events, sine even afew events will be highly signi�ant.For a disussion on the nuleon deay searhes, see Ref. [14℄.5.2. Physis at the CNGSAs referene for CNGS studies, we assume an exposure of 20 kton�yearfor the liquid argon. This orresponds to four years running of the CNGSbeam in shared mode. For the events ouring in the solid detetor, given



Long Baseline Aelerator Neutrino Experiments : : : 1295the smaller mass, the referene exposure is 10 kton � year. The last threemeters of the liquid target are de�ned as a transition region, sine beamevents ouring in this region are most likely to deposit energy in bothtargets.Table III shows the omputed total event rates for eah neutrino speiespresent in the beam for the liquid, solid and in the transition region. Ta-ble III also shows, for three di�erent values of�m2, the �� CC rates expetedin ase osillations take plae. TABLE IIIExpeted event rates for an exposure of 20 kton� year for the liquid target and 10kton� year for the solid target. All the rates inlude nulear orretions and areomputed for the proper target omposition. For standard proesses, no osillationsis assumed. For �� CC, we take two neutrino �� ! �� with sin2 2� = 1.Proess liquid target transition solid�� CC 54300 10200 27150��� CC 1090 200 545�e CC 437 80 219��e CC 29 5 15� NC 17750 3330 8875�� NC 410 77 205�� CC, �m2 (eV2)1� 10�3 52 10 262� 10�3 208 40 1043:5� 10�3 620 115 3105� 10�3 1250 235 6257:5� 10�3 2850 535 14251� 10�2 4330 810 21655.3. Event kinematis and tau identi�ationKinematial identi�ation of the � deay, whih follows the �� CC inter-ation requires exellent detetor performane: good alorimetri featurestogether with traking and event topology reonstrution apabilities. Thebakground from standard proesses are, depending on the deay mode ofthe tau lepton onsidered, the �e CC events and/or the �� CC and � NCevents.In order to separate separate �� events from the bakground, two basiriteria, already adopted by the short baseline NOMAD experiment, an beused:



1296 A. Rubbia� an unbalaned total transverse momentum due to neutrinos produedin the � deay,� a kinematial isolation of hadroni prongs and missing momentum inthe transverse plane.In addition, given the baseline L between CERN and GranSasso, for thelower �m2 values of the allowed region indiated by the atmospheri neu-trino results, we expet most of the osillation to our at low energy. Inthis ase, a riteria on the visible energy is also very important to suppressbakgrounds.In order to apply the most e�ient kinemati seletion, it is mandatoryto reonstrut with the best possible resolution the energy and the angle ofthe hadroni jet, with a partiular attention to the tails of the distributions.Therefore, the energy �ow algorithm should be designed with are takinginto aount the needs of the tau searh analyses.A speially developed energy �ow algorithm has been tested on a sampleof fully simulated �e CC events, in order to estimate the resolution of thekinematial reonstrution on realisti events. It yields an average missingPT of 450 MeV=. This value improves to an average of 410 MeV= whenthe primary vertex is required to lie within a �duial volume of transversedimensions 7:8 � 7:8m2.We used the neutrino data olleted in the NOMAD detetor to probethe reliability of the physis simulation. �� CC events have been fully simu-lated and reonstruted using NOMAD o�ial pakages. We found that thekinematis in the transverse plane are well reprodued by the Monte-Carlomodel. This is learly not the ase when nulear orretions are negleted.TABLE IVRejetion of the �e CC bakground in the � ! e analysis. Figures are normalized to anexposure of 20 kton � year.Cuts �� E�. �e ��e �� CC �� CC �� CC(%) CC CC �m2 = �m2 = �m2 =10�3 eV2 3:5� 10�3 eV2 10�2 eV2Initial 100 437 29 9.3 111 779Fiduial volume 88 383 25 8.2 97 686One andidate withmomentum > 1 GeV 72 365 25 6.7 80 561Evis < 18 GeV 67 64 5 6.2 75 522P eT < 0:9 GeV 54 31 3 5.0 60 421P lepT > 0:3 GeV 51 29 2 4.7 56 397PmissT > 0:6 GeV 33 4 0.4 3.1 37 257



Long Baseline Aelerator Neutrino Experiments : : : 12975.4. �� ! �� appearane searhesThe hannel of tau deaying into an eletron plus two neutrinos providesthe best sample for �� appearane studies due to the low bakground level.The intrinsi �e, ��e ontaminations of the beam amount to � 470 events foran exposure of 20 kton� year.The omparison of this �gure with the expeted number of �� CC eventsdeaying into eletrons shows that the searh of � ! e at the CNGS will haveto be optimized a posteriori. Indeed the �� rate has a strong dependeneon the exat value of the �m2 in the parameter region suggested by theSuperKamiokande data, and the �m2 value is not well onstrained by theatmospheri neutrino experiments.For �large� values of �m2, i.e. �m2 > 5 � 10�3, the rate of tau isspetaular and exeeds the number of intrinsi beam �e, ��e CC events, i.e.S=B > 1 even prior to any kinematial uts. So the kinematial uts an bevery mild. An exess will be striking.For our �best� value taken from atmospheri neutrino results, i.e. �m2 =3:5 � 10�3 eV2, the number of �� CC with � ! e is about 110, or abouta signal over bakground ratio of 110=470 ' 1=4. Here with modest kine-matial uts, we an extrat statistially signi�ant signals, as shown in thefollowing setions.The most di�ult region lies below �m2 � 1:5 � 10�3 eV2, for whih,kinematial uts are tuned to suppress bakgrounds by a fator more than200 while keeping about half of the signal events. TABLE V�� NC bakground to the � ! e analysis. Results are normalized to an exposureof 20 kton � year. We illustrate bakground redution by means of kinematialriteria only. Imaging and dE=dx measurements redue the NC bakground to anegligible level. Cuts �� NCInitial 17750Fiduial volume 15550Dalitz  onv. � ! e ��=�0One andidate 275 4262 6.5 25Pe > 1 GeV 79 1361 6.3 16Evis < 18 GeV 49 835 3.2 11P eT < 0:9 GeV 46 794 1.8 9P lepT > 0:3 GeV 24 429 1.7 8PmissT > 0:6 GeV 19 350 1.3 7Imaging and dE=dx < 1 < 1 < 1 < 1



1298 A. RubbiaIn the following paragraphs, we disuss bakground soures and theirsuppression.�e CC rejetion: The main bakground from genuine leading eletronsomes from the CC interations of the �e and ��e omponents of the beam.In Table IV we summarize the list of sequential uts applied to redue the�e and ��e CC bakgrounds and the expeted number of signal events forthree di�erent �m2 values. The most sensitive analysis predits, for a 20kton � year exposure, a total bakground of 4.4 events for a total � seletione�ieny of 33%.� NC rejetion: Neutral urrent events ontribute to the bakgroundfrom four soures: (1) eletrons from Dalitz deays, (2) early photon on-versions, (3) interating harged pions and (4) ��=�0 overlap. Table Vsummarizes the rejetion power of kinematis riteria for the four souresthat ontribute to � NC bakground. The requirement on the eletron an-didate energy Ee > 1 GeV suppresses about one third of the Dalitz, pionoverlap and �0 onversions indued bakgrounds, sine eletrons in the jetare soft.The ultimate disrimination of these bakgrounds relies primarily onthe imaging apabilities and on dE=dx measurements. The ombination ofdE=dx information together with kinematis riteria is su�ient to redue� NC bakground to a negligible level.�� CC rejetion: Charged urrent events an ontribute to the bak-ground in a similar way as the neutral urrent events desribed above whenthe leading muon esapes detetion. In ase the muon is not identi�ed, theevent will appear in �rst instane as a neutral urrent event. The soure ofeletrons whih an indue bakgrounds are then similar to those disussedpreviously and are redued to a negligible level for reasons already disussed.A more important soure of bakground spei� to harged urrent inter-ations omes from the deays of harmed mesons. At the CNGS energies�(��N ! �  X)=�(��N ! �X) � 4%, therefore for a total exposure of 20kton � year we expet to ollet about 200 events where a harmed mesondeays into a positron and a neutrino. These events resemble kinematiallythe real �� events, sine they have a neutrino in the �nal state and possessa softer energy spetrum and a genuine sizeable missing transverse momen-tum. After all uts, the expeted number of harm indued bakgroundevents nbCC(harm) for a total exposure of 20 kton � year is at the level of 1event. 5.5. Combined �� ! �� sensitivityTable VI summarizes the expetations for the � ! e analysis one kine-matis riteria and muon vetoes have been applied to every potential bak-



Long Baseline Aelerator Neutrino Experiments : : : 1299ground soure. In onlusion, we obtain for a 20 kton � year exposure, thatthe overall eletron seletion e�ieny is 32% for an expeted number ofabout �ve bakground events. The expeted number of fully identi�ed tauevents at the entral �m2 value of 3:5� 10�3 eV2 is 35. TABLE VI� ! e analysis summary. For a total exposure of 20 � year we show the expetednumber of � events for di�erent �m2 values. The last three olumns show theexpeted bakground.�m2 (eV2) �� CC �e; ��e CC ��; ��� CC �� NC1� 10�3 32� 10�3 123� 10�3 263:5� 10�3 35 4.1 1.0 < 15� 10�3 717� 10�3 1211� 10�2 248Some inrease in sensitivity an be ahieved by inluding hadroni deaysof the tau. These hannels su�er however from low e�ieny. The isolationmethod used to disriminate between signal and the main bakground om-ing from neutral urrent interation has a strong energy dependene, makingthese hannels rather insensitive to the low �m2 region. They an howeverbe used e�iently for the upper part of the �m2 region.The 90%C.L. exlusion urve for �� ! �� osillations is shown in �gure 4in ase of negative result after four years of running at the CNGS (sharedmode). The sensitivity is suh as to over ompletely the region indiatedby the SuperKamiokande detetor. It should be stressed that for most ofthe �m2 region allowed by SuperKamiokande, the rate of �� CC events isso high as to give a statistial exess even prior or with mild kinematialuts. See for example in Table IV, the number of �� CC with � ! e for thebest �t value �m2 = 3:5� 10�3 eV2 is ' 110 events, while the bakgroundfrom �e; ��e CC amounts to about 470 events. Suh an exess will be visible(for example in the energy spetrum) even prior to kinematial uts. Theatual uts will therefore be imposed a posteriori in order to optimize thesensitivity for a given �m2.



1300 A. Rubbia
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Fig. 4. Negative result exluded region for diret tau appearane searh. The90%C.L. for ICANOE with 10% and 5% systemati error, for MINOS with 1%systemati error and for OPERA (limited by statistis) are shown. The 90%,and 99% signal region of LSND is also shown. The exposure for ICANOE andOPERA is equivalent to four years at the CNGS. For MINOS, it orresponds tothe PH2(high) beam. 5.6. Eletron appearaneThis searh is motivated by the LSND laim but also to look for possiblesmall �e mixing in the low �m2 region in a three neutrino mixing senario.The searh is rather simple: the events with leading eletron are seletedas for the � ! e searh. Non leading eletrons are rejeted by imaging.A simple event ounting is performed for Evis < 20 GeV. No energy shapeinformation has been inluded so far. Sine there is no �near� station plannedat the CNGS, one has to rely on the predition of the beam in absene ofosillations based on simulations. We antiipate that this will introdue asystemati error on the amount of �e CC events at the level of 5�10%. Inase of negative result the on�dene limits are shown in �gure 5. Theselimits over well the LSND region and an test mixing down to 10�3 forlarge �m2 and �m2 = 4� 10�4 eV2 for maximal mixing.
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Fig. 5. Negative result exluded region for eletron appearane searh. The90%C.L. for ICANOE with 10% and 5% systemati error, for MINOS with 1%systemati error and for OPERA (limited by statistis) are shown. The 90%, and99% signal region of LSND is also shown. The exposure for ICANOE and OPERAis equivalent to four years at the CNGS. For MINOS, it orresponds to two yearswith the PH2 (high) beam.5.7. Atmospheri neutrinosThe physis goals of the new atmospheri neutrino measurements are to�rmly establish the evidene of neutrino osillations with a di�erent experi-mental tehnique, possibly free of systemati biases, measure the osillationparameters and larify the nature of the osillation mehanism. ICANOEwill provide, in addition to omfortable statistis, an observation of atmo-spheri neutrinos of a very high quality. Unlike measurements obtainedup to now in Water Cherenkov detetors, whih are in pratie limited tothe analysis of �single-ring� events, ompliated �nal states with multi-pionproduts, ourring mostly at energies higher than a few GeV, will be om-pletely analyzed and reonstruted in ICANOE. This will be a signi�antimprovement with respet to previous observations.We have onsidered the following three methods: (a) �� disappearane:detetion of the osillation pattern in the L=E distribution, where L is theneutrino pathlength and E its energy; (b) �� appearane: omparison of theNC/CC with expetation; () diret �� appearane: omparison of upward



1302 A. Rubbiaand downward rates of �tau-like� events together with the well establishedones (d) the double ratio, (��=�e)obs=(��=�e)MC); (e) up/down asymmetry.The tau appearane measurements an shed light on the nature of theosillation mehanism, by disriminating between the hypothesis of osilla-tions into a sterile or a tau neutrino. The �� appearane method is basedon �� CC interations with �� deaying into hadrons, hene to �neutral-urrent-like� events of high energy. An exess of �NC-like� events from thebottom will indiate the presene of osillation to the �� �avour. A kinemat-ial analysis of the �nal state partiles in the event an be used to furtherimprove the statistial signi�ane of the exess. Suh a feature an onlybe obtained in a detetor with the resolution of the ICANOE liquid target,in whih all �nal state partiles an be identi�ed and preisely measured.The kinematial method would allow the evidene for �tau-like� events inthe atmospheri neutrino beam.Both the �� disappearane and the diret �� appearane methods areweakly depending on the preditions of neutrino event rates, sine they relyon the omparison of rates indued by a downward going and upward goingneutrinos.The NC/CC method, already investigated by SuperKamiokande, anbe signi�antly improved ompared to this latter measurement. In ICA-NOE, imaging in the liquid target provides a lean bias free identi�ation ofneutral-urrent, independent on the hadroni �nal state, sine the identi�-ation is based on the absene of an eletron or a muon in the �nal state.In the following setions, we will study our results for three di�erent ex-posures: 5 kton�year orresponding to 1 year of operation, 20 kton�year for4 years and an ultimate exposure of 50 kton�year or 10 years of operation.5.8. Event ontainment and muon measurementThe muon measurement is ruial to most atmospheri neutrino analy-ses. In ICANOE, we ahieve the required performanes using the multiplesattering measurement rather than resorting to a high-density, oarser res-olution detetor. Keeping a low density detetor, high granularity detetorimaging allows in addition the identi�ation and measurement of eletronsand individual hadrons in the event.�Fully ontained events� are those for whih the visible produts of theneutrino interation are ompletely ontained within the detetor volume.�Partially ontained events� are �� CC events for whih the muon exits thedetetor volume (only muons are penetrating enough).Figure 6 shows ontainment of harged urrent events for di�erent in-oming neutrino energies or muon momentum thresholds. Clearly, beauseof the average energy loss of the muon in argon (about 210 MeV=m for a
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Fig. 6. Integral distributions showing the ontainment for �� CC as a funtionof the neutrino energy and the leading muon momentum (solid lines). Di�eren-tial distribution showing the muon momentum resolution as a funtion of muonmomentum (dashed line), inluding both ontained and partially ontained events.m.i.p.), muons produed in neutrino events are often energeti enough toesape from the subdetetor volume.It should �rst be noted that for ontained events the muon energy res-olution is 4% from dE=dx measurements. For esaping muons, the highgranularity of the imaging allows to ollet a very preise determination ofthe trak trajetory. Therefore the multiple sattering method an be e�e-tively used to estimate the momentum of the esaping muons. This methodrequires in pratie traks in exess of 1 meter and works extremely well inthe relevant energy range of atmospheri neutrino events (typially below10 GeV).The average muon momentum resolution as a funtion of the energythreshold is shown in �gure 6. This resolution has been omputed using therange measurement for ontained muons and multiple sattering method forthe esaping ones. For energies below 1 GeV, the average muon momen-tum resolution is about 10%. It inreases slowly as a funtion of the muonmomentum and reahes about 30% at 5 GeV.



1304 A. Rubbia5.9. �� disappearane � L=E studiesIn order to verify that atmospheri neutrino disappearane is really dueto neutrino osillations, an e�etive method onsists in observing the mod-ulation given by the harateristi osillation probability:P �LE� = 1� sin2(2�) sin2�1:27�m2 LE� (1)with L in km, E in GeV, �m2 in eV2. This modulation will be harater-isti of a given �m2, when the event rate is plotted as a funtion of thereonstruted L=E of the events when ompared to theoretial preditions.The ratio of the observed and predited spetra has the advantage of beingquite insensitive to the preise knowledge of the atmospheri neutrino �ux,sine the osillation pattern is found by dips in the L=E distribution whilethe neutrino interation spetrum is known to be a slowly varying funtionof L=E. Suh a method is in priniple apable of measuring �m2 exploitingatmospheri neutrino events.
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Fig. 7. Survival probability as a funtion of the L=E ratio assuming neutrino osil-lation hypothesis and for various�m2 values and for 50 kton�year. Only statistialerror has been onsidered.



Long Baseline Aelerator Neutrino Experiments : : : 1305A smearing of the modulation is introdued by the �nite L=E resolutionof the detetion method. Preise measurements of energy and diretion ofboth the muon and hadrons are therefore needed in order to reonstrutpreisely the neutrino L=E. This is quite well ahieved in ICANOE. Theontained muons an be measured with a resolution of 4%, while the non-ontained muons are measured by multiple sattering method .The RMS reonstruted L=E resolution is about 30% for events withEvisible > 1 GeV.The �� survival probability as a funtion of L=E let us determine thevalue of �m2 in ase of osillation is on�rmed. In �gure 7 we an seethe survival probabilities of �� for neutrino osillation hypothesis and fourdi�erent values of �m2. The �rst minimum on the survival probabilityhappens at highest L=E values for the lowest �m2 values, and allows us todisriminate between them for an exposure of 50 kton�year.5.10. (Diret) appearane of tau neutrinosFor �m2 � 10�2 eV2, osillations of �� into �� would in fat result in anexess of �neutral-urrent-like� events produed by upward neutrinos withrespet to downward, sine harged-urrent �� interations would ontributeto the �neutral-urrent-like� event sample, due to the large � branhing ratiointo hadroni hannels. Moreover, due to threshold e�et on � prodution,this exess would be important at high energy. Osillations into a sterileneutrino would instead result in a depletion of upward muon-less events.Disrimination between �� ! �� and �� ! �s is thus obtained from a studyof the asymmetry of upward to downward muon-less events. Beause thismethod works with the high energy omponent of atmospheri neutrinos, itbeomes e�etive for relatively large values of �m2 (� 3� 10�3 eV2).TABLE VIIExpeted �� , ��� absolute rates for �ve di�erent �m2 with FLUKA-3D �uxes andrelative to FLUKA-1D and Bartol �uxes.�� + ��� CC (NUX, Fluka 3D �ux) Rel. to Rel. toRate (kton� year) Fluka 1D Bartol�m2 (eV2) DIS QE Sum5� 10�4 0.11 0.11 0.22 0.96 0.811� 10�3 0.28 0.18 0.46 1.02 0.843:5� 10�3 0.59 0.21 0.80 1.00 0.815� 10�3 0.64 0.24 0.88 1.01 0.801� 10�2 0.70 0.20 0.90 0.99 0.78



1306 A. RubbiaCharged urrent �� rates for �ve �m2 hypothesis: 5 � 10�4, 1 � 10�3,3:5 � 10�3eV2, 5 � 10�3eV2 and 1 � 10�2eV2 are listed in Table VII. Wesee that the rates saturate at about one event per kton�year for the larger�m2 values. Suh small rates pose a major experimental hallenge in thedetetion of �� in the osmi ray indued neutrino �ux.The total visible energy (Evisible) is a suitable disriminant variable toenhane the S=B ratio. After uts, surviving events are lassi�ed as: nb(number of expeted downward going bakground) and nt = nb+ns (numberof expeted upward going events, where ns is the number of taus). Thestatistial signi�ane of the expeted ns exess is evaluated following twoproedures:� The fb and ft pdf's are integrated over the whole spetrum of possiblemeasured r values and the overlap between the two is omputed:P� � 1Z0 min (fb(r); ft(r))dr ;where fb and ft are the Poisson p.d.f.'s for means � = nb and � = ntrespetively. The smaller the overlap integrated probability (P�) thelarger the signi�ane of the expeted exess.� Computing the probabilityP� � 1Znt e�nbnrbr! drthat, due to a statistial �utuation of the unosillated data, we mea-sure nt events or more when nb are expeted.For a 50 kton�year exposure, the results of a searh based on Evisibleare shown in Table VIII. We see that a ut on visible energy between 6and 7 GeV results in: (1) an overlap integrated probability between thetwo distributions amounting to 25�26%. (2) a Poisson probability thatthe measured exess (�� bottom�) orresponds to a statistial �utuation is0.6�0.8%.The searh for �� appearane an be improved taking advantage of thespeial harateristis of �� CC and the subsequent deay of the produed� lepton when ompared to CC and NC interations of �� and �e, i.e. bymaking use of ~Plepton and ~Phadron.The information related to the diretionality of the inoming neutrino(i.e. the beam diretion!) is missing. As a result, we have three kinematial



Long Baseline Aelerator Neutrino Experiments : : : 1307TABLE VIIINumber of NC and tau events as a funtion of the visible energy ut. The statistialsample used orresponds to an exposure of 50 kton�year.50 kton�year exposureEvisible ut � NC top � bottom P� (%) P� (%)> 1 GeV 327 22 55.0 10.8> 2 GeV 150 22 38.6 3.54> 3 GeV 95 21 30.6 1.6> 4 GeV 67 20 25.3 0.8> 5 GeV 51 17 27.3 0.9> 6 GeV 40 16 24.6 0.6> 7 GeV 33 14 26.6 0.8> 8 GeV 28 13 26.7 0.8> 9 GeV 23 12 26.2 0.7> 10 GeV 21 11 28.3 0.9independent variables in order to separate signal from bakground. After aareful evaluation of the performane of di�erent ombinations of variables,we deided to use: Evisible, ybj (the ratio between the total hadroni energyand Evisible), and QT (the transverse momentum of the � andidate withrespet to the total measured momentum) whih ontains the informationon the isolation of the tau andidate from the reoiling jet.The hosen variables are not independent one from another but show or-relations between them. These orrelations an be exploited to redue thebakground. In order to maximize the separation between signal and bak-ground, we use three dimensional likelihood funtions L(QT ; Evisible; ybj)where orrelations are taken into aount. The best sensitivity is ahievedfor the following set of uts: ln�� > 3, ln�� > 0:5 and ln�3� > 0. Theexpeted number of NC bakground events amounts to 12 (top) while 12+11= 23 (bottom) are expeted. This orresponds to a P� of 18.3%. In the asewe onsider Evisible as the unique disriminating variable, a similar numberof bakground events is obtained demanding Evisible > 14 GeV. With thisut, the expeted number of � events is 7 and the P� is 37%. Therefore, forthe same level of bakground, the approah using the ratio of three dimen-sional likelihood funtions enhanes the number of expeted signal eventsby approximately 50%.Finally, in �gure 8 we present the Poisson probability P� for the measuredexess of upward going events to be due to a statistial �utuation as afuntion of the exposure. The bottom urve orresponds to the ase whereno kinematial seletion has been applied and only a ut on Evisible > 6 GeV
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Fig. 8. Probability for the measured exess of upward going events to be due to astatistial �utuation of the data as a funtion of the exposure.is used. We see that for exposures around 30 kton�year, in ase we use thekinematial seletion algorithm, the observed exess orresponds to a 2.6�e�et. This e�et is larger than 3� for an exposure of 50 kton�year.5.11. Determination of the osillation matrixIn the most general ase, the 3� 3 unitary mixing an be parametrizedin analogy to the quark setorU = 0� 1213 s1213 s13e�iÆ�s1223 � 12s13s23eiÆ 1223 � s12s13s23eiÆ 13s23s12s23 � 12s1323eiÆ �12s23 � s12s1323eiÆ 1323 1A ; (2)where sij = sin �ij , ij = os �ij.In the one mass sale approximation, the osillation phenomena will bedetermined by the three parameters �m232, �23 and �13. These parametersan be determined by ombining the appearane and disappearane signa-tures together with atmospheri measurements.We report on �ts performed using the data that ICANOE ould ol-let in four years of running. We ombine the information oming fromCNGS appearane and disappearane data and atmospheri analyses: �2 =�2CNGS�e + �2CNGS�� + �2atm Large but onservative systemati errors have
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1310 A. Rubbiaregions at the 68%, 90% and 99% C.L. are drawn. We observe that by om-bining all the available data sets, the region of allowed values is redued toa small losed region of the parameter spae.6. ConlusionThe �� disappearane has been seen in atmospheri neutrino experi-ments. This has led to the �evidene for neutrino osillations�.The main problem in neutrino physis is to perform the right experi-ment(s) to eluidate in a omprehensive way the pattern of neutrino massesand mixings.The long baseline experiments will play a fundamental role at settlingde�nitively the question of �avor osillation and at measuring with goodpreision the full mixing matrix.Solving the most intriguing neutrino osillation phenomenology will def-initely represent a fundamental milestone in partile physis.I thank the organizers of the Epiphany onferene, and espeially Prof.M. Je»abek, for the exellent organization and the level of the stimulatingonferene. The help of A. Bueno, M. Campanelli, A. Ferrari and J. Rio isgreatly aknowledged. REFERENCES[1℄ K.S. Hirata et al. [KAMIOKANDE-II Collaboration℄, Phys. Lett. B205, 416(1988).[2℄ Y. Fukuda et al. [SuperKamiokande Collaboration℄, Phys. Rev. Lett. 81, 1562(1998), hep-ex/9807003.[3℄ W.W. Allison et al. [Soudan-2 Collaboration℄, Phys. Lett. B449, 137 (1999),hep-ex/9901024.[4℄ F. Ronga et al. [MACRO Collaboration℄, Neutrino Osillations at High En-ergy by MACRO, hep-ex/9905025. The MACRO Coll., M. Ambrosio et al.,Phys. Lett. B434, 451 (1998), hep-ex/9807005.[5℄ A. Para, Ata Phys. Pol. B31, 1313 (2000).[6℄ G. Aquistapae et al., CERN 98-02 and INFN/AE-98/05; R. Bailey et al.,CERN-SL/99-034(DI) and INFN/AE-99/05.[7℄ D. Kielzewska, Ata Phys. Pol. B31, 1181 (2000).[8℄ ICARUS and NOE Collaborations, ICANOE � a Proposal for a CERN��GS Long Baseline and Atmospheri Neutrino Osillation Experiment, LNGSP21/99, CERN/SPSC 99-25, SPSC/P314. Updated information is availableat http://pnometh4.ern.h.
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