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MUON STORAGE RINGS�Alain BlondelLPNHE Eole Polytehnique91128 Palaiseau, Frane(Reeived April 12, 1999)Muon storage rings are reviewed in an introdutory manner. Thephysis opportunities are exiting. The tehnial di�ulties are onsid-erable, but an be spread over three step senario. First a neutrino fatorywould make de�nitive experiments on neutrino osillations; then severalgenerations of preision muon olliders ould explore the spetrum of par-tiles assoiated with eletroweak symmetry breaking or supersymmetry;�nally high energy lepton ollisions ould be envisaged.PACS numbers: 29.20.Dh 1. IntrodutionThe onept of muon olliders was introdued by Budker [1, 2℄, and de-veloped further by Skrinsky et al. [3�10℄ and Neu�er [11�14℄. The study ofmuon ollider design has been underway in the U.S. sine 1992, and, througha onsiderable amount of ingenuity and novel ideas, has led to a plausibledesign philosophy and sets of parameters for muon olliders. The Muon Col-lider Collaboration beame a formal entity in May of 1997. It omprises morethan 100 physiists from 20 institutions, with a small ontribution by threeCERN aelerator physiists. The goal of the ollaboration is to ompletewithin a few years the R&D needed to determine whether a muon ollideris tehnially feasible, and, if it is, to design the First Muon Collider [15℄.On this side of the Atlanti, the European ommunity is blessed by theexistene of a solid and ambitious projet, LHC, able to explore e�etivelyparton-parton entre-of-mass energies up to 1�2 TeV. Future options forCERN beyond the LHC, investigated in [16℄, inlude the muon ollider asan interesting possibility. Beause the muon ollider is so original, in both itsaelerator physis aspets and its physis apabilities, it seemed neessary� Presented at the Craow Epiphany Conferene on Eletron�Positron Colliders,Craow, Poland, January 5�10, 1999.(1851)



1852 A. Blondelto study it in more detail. A prospetive study group, enouraged by ECFA,began its investigations in June 1998, and is presently produing a detailedreport [17℄.The physis programme is extremely rih and the aelerator hallengeswould be onsiderable, if addressed all at the same time for trying to buildright-away a high energy ollider. Following also the physis questions oftoday, the european study group has proposed a three-step senario, withmahines of gradually inreasing tehnial di�ulty, eah step being justi�edon physis grounds in its own right.1. Neutrino fatoryThis �rst step involves a high-intensity proton soure, a �rst design of a muonolletor, aeleration to an energy of about 20 GeV, and a muon storage ringfor neutrino prodution. These neutrino beams are unique in intensity andquality, allowing de�nitive experiments in neutrino osillations and neutrino-nuleon sattering. The intense muon soure also opens opportunities inmuon physis.2. Preision muon ollidersA generation of muon olliders with entre-of-mass energy in the rangeps=100�1000 GeV an be envisaged, one the important question of muonooling has been answered, so as to allow high luminosities to be obtained.These mahines are very ompat and attrative. Muon olliders an doall the physis of lepton olliders in this energy range, but they o�er more.Their superior energy resolution and alibration, as well as the diret muonoupling to the Higgs boson(s), make them a tool of hoie for preisionstudies of new partiles in this mass range, if the LHC should reveal theirexistene.3. The high-energy frontierThe maximum energy that one an envisage for muon olliders using theexisting CERN infrastruture is about 7 TeV in the entre of mass. This in-volves a more or less straightforward extrapolation of the design of the lower-energy olliders, and again o�ers the physis potential of a eletron-positronollider, though with superior energy resolution and some possible advan-tages assoiated with �avour-non-universal ouplings. At energies above 3TeV, and with the present designs, the radiation indued by neutrinos atthe loations where they emerge from the earth is too severe. Therefore,in the present state of understanding, the high-energy step is limited there.For the moment, progress ould ome from better-quality muon beams, orareful arrangements of the site and of the loations of straight setions.The development over time of these three steps would o�er an extremelyrih programme of physis experiments for many years, and allow for the on-tinuous improvement of the various tehnologies neessary to handle high-intensity muon beams.



Muon Storage Rings 18532. Overview of muon mahinesThe overall sketh of a muon mahine is represented in Fig. 1, taken fromthe 1996 snowmass study [18℄. Its main elements are the following.

Fig. 1. General sketh of a muon ollider



1854 A. Blondel2.1. Muon soureMuons are produed from the deay of pions. To produe a large numberof these, a high intensity proton driver is needed. The number of pionsprodued per proton in a dense target is more or less proportional to protonbeam energy, so at the end the total number of pions is proportional to theproton beam power. The proton energy is a parameter that an be used tomaximise the apture e�ieny of pions and their deay muons in reasonabletime bukets neessary for their aeleration in an RF system. The beampower that is disussed now ranges from 4 to 20 MW, 1015 to 6. 1016 protonsper seond, imposing extremely strong design onstraints on the target.The amerian designs typially all for protons of 8�32 GeV produedby synhrotrons. This imposes a time struture of one bunh of muonsevery 15 Hz. At CERN, one is presently investigating the possibility tooperate with a very high intensity lina at lower energy. This allows ahigher repetition rate, up to 350 MHz (the frequeny of LEP avities) ormore. This high frequeny imposes a bunhing system at a later stage, atleast for muon olliders, and the low energy might make ature muh moredi�ult. These are open problems at the moment.2.2. Muon olletionThe greater abundane of pions, and their deay muons, is in the energyrange of a few hundred MeV, with transverse momenta of the same orderof magnitude. They an be trapped if a strong solenoidal �eld is appplied.Solenoids providing up to 20 Tesla are onsidered around the target [19℄.In this ase a diameter of 10 m would be su�ient to trap all pions oftransverse momentum below 150 MeV. The pions trapped this way deayinto muons in typially 50 meters, and the deay muons have very similarveloities.Unfortunately the produed muons have a large spetrum of longitu-dinal veloities and quily spread out in spae. It is neessary at thispoint to envisage a trapping in time (or longitudinal veloities), by a sys-tem alled �bunh rotation�. This is typially an aelerating devie whihwill slow down the faster partiles and aelerate the slower ones, reduingthe longitudinal momentum spetrum from a bite of 200�500 MeV downto 350�10 MeV. The design of this setion is ritial for the overal perfor-mane of the system. It must also be imbedded in a strong magneti �eld,the oexistene of whih with RF avities (espeially superonduting ones)is deliate.



Muon Storage Rings 18552.3. Muon oolingOne the muons are olleted in a reasonable range of longitudinal mo-menta one an start to try to make them into a small bunh, i.e. to reduethe transverse momentum. This an be done by ionisation ooling. Thepriniple is similar to radiation damping in a irular eletron storage ring.Partiles loose energy due to� synhrotron radiation in the ars of an eletron ring� energy loss in ionisation material for muonsand this redues their momentum in all three spae diretions. RF avitiesthen give the same amount of energy bak, but of ourse this inreases onlythe longitudinal momentum, so that the net e�et is to redue the transversemomentum.This is the priniple, but dE=dx is aompanied with multiple sattering,whih itself reates transverse momentum, and straggling, whih reatesagain energy spread. These e�ets are minimized if the dE=dx material isloated at plaes with strong fousing, i.e. high magneti �eld, whih is seenagain to play a very important role.Best ooling is provided at small energies, probably just above mini-mum ionization at about 300 MeV. It involves a sequene of strong mag-neti �elds and strong aelerating avities. The deay lifetime of the muon(2.2 � s, �=660 m) imposes these strong �elds, as the proess must takeplae quikly. Systems involving long drift spaes, suh as damping rings,lead to poor performane. More ooling is obtained by using more suhelements and stronger magneti �elds.At this point a beam of muons is available at 200�300 MeV, with hope-fully a few 1014 muons per seond, is available. Muh more ooling is re-quired for muon olliders, where the luminosity is inversely proportionnal tothe beam size, than for the neutrino fatory storage ring, where transversemomenta have to be ompared with the 30 MeV transverse momentum inmuon deay. 2.4. Energy oolingFurther redution in energy spread an be obtained by dE=dx. If muonsof di�erent energies an be separated in spae (in a magneti spetrometer,for instane) then their energy spread an be redued by having them gothrough variable amounts of material, the higher energy partiles losingmore energy and the lower energy partiles losing less energy. It has beenalulated that energy spread as low as 3 10�5 ould be ahieved this wayfor 50 GeV muon beams. This is an important feature of the Higgs fatories.



1856 A. Blondel2.5. Muon aelerationHere again, aeleration must be very fast, although the dilated muondeay time helps more and more. At least the �rst stages must be donein linear aelerating strutures, possibly with reyling as in CEBAF. TheCERN group envisages steps of 5 GeV followed by a series of ars, so thatfour steps lead to a 20 GeV muon beam. Although it is probably the mostexpensive part in the 2.6. Muon storageStorage of the muons in the storage rings is a non-issue at low repetitionrates, sine the preeeding bunh has ompetely deayed by the time thenext one omes. The low repetition rate (10�1000 Hz) is the only possiblesenario for muon olliders. At high repetition rate, possible for a neutrinofatory ring, this is no longer the ase; then (i) several bunhes of muonsmust ohabitate in the storage ring; or even (ii) staking might be required.2.7. Layout on the CERN siteA possible layout of a muon omplex on the CERN site is shown in�gure 2. It seems that the three senarios would �t on the CERN site withonly a reasonable amount of ivil engeneering.
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Fig. 2. Possible layout of a muon omplex on the CERN site.



Muon Storage Rings 18573. Neutrino fatoryThe layout of a Neutrino fatory is given in Fig. 3. Muons are stored ina ring with long straight setions, so that most of the deays happen on thestraight setions, 40% in eah diretion. A pioneering study was performedby Geer [20℄.
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Fig. 4. Neutrino �uxes at 730 km from an Neutrino fatory, and lepton spetra inneutrino interations for a 10 GeV muon beam.With a beam of few 1014 muons per seond one gets twie as manyneutrinos from muon deay: �+ ! e+�e���



1858 A. Blondelor the harge symmetri ombination for a �� beam. The �ux is alulableexatly, and peaks at the muon momentum, as shown in �gure 4. Theintensity in muon neutrinos produed by a 30 GeV muon ring would besimilar to 100 times that of the NUMI or NGS beams.The existene of eletron neutrinos is a unique feature of these neutrinobeams from muon deay. The eletron neutrinos have a di�erent leptoniharge from the muon neutrinos.3.1. Neutrino osillationsHigh intensity, tunable energy, extremely well known spetrum, the sym-metry between �� and �+, and the existene of eletron neutrinos with adi�erent leptoni harge from the muon neutrinos are the main advantagesof these neutrino beams. They should allow de�nitive experiments to deter-mine the oe�ients of the neutrino mixing matrix, a physis programmethat is likely to keep us busy for the next 20�30 years.Osillations an be observed by the appearane of leptons of wrong signand �avour. Assuming a �+ driven neutrino beam the appearane of neu-trino interations with� high energy �� signals �e ! �� osillation;� high energy �� signals �e ! �� osillation;� high energy e+ signals ��� ! ��e osillation;� high energy �+ signals ��� ! ��� osillation.The analysis of three family mixing �1; �2; �3 $ �e; ��; �� and resultingosillations has been performed by, among others, De Rujúla et al. [21℄, withemphasis on the region of mixing angles and mass di�ferenes indiated byreent results on solar neutrinos and atmospheri neutrinos. Aeleratorexperiments with baselines ommensurate with the earth are sensitive tothe large mass di�erene osillations. They depend on three parameters:1) the large mass di�erene �m213 ' �m223 sine �m212, whih governs solarneutrino osillations is presumably very small;2) the mixing angle between the heavy states �2; �3, �23, to whih atmo-spheri neutrino osillations are presently sensitive;3) the mixing angle between the light and heavy states �1; �3, �23, whihan be uniquely probed by �e ! �� and �e ! �� osillations.These authors have imagined a neutrino fatory with 2 � 1020 deaysof E� = 20 GeV ��'s and a 10 kt detetor situated in the Gran SassoLaboratory. The detetor is assumed to identify and measure the hargeand momentum of muons � not of eletrons. The sensitivity reah, given



Muon Storage Rings 1859

Fig. 5. Sensitivity reah in the plane [sin2 �23;�m223℄ at 90% on�dene, for ourreferene set-up, a ��-deay beam and L = 732 km. Matter e�ets are taken intoaount. The disontinuous lines orrespond to the appearane observable N [�+℄(at �13 = 40; 13; 50) and the full lines orrespond to the disappearane observableN� at �13 = 0; 400. The retangle is the approximate domain allowed by SuperKdata.in Fig. 5, and Fig. 6, show learly that a preision measurement ould bemade of these three parameters.In priniple, a 3� 3 mixing matrix ould have a omplex phase, leadingto the possibility of CP or T violation. This is also disussed in [21℄. Beauseof neutrino osillations in matter, whih is not harge symmetri, the CPasymmetry ACP = P (�e ! ��)� P (��e ! ���)P (�e ! ��) + P (��e ! ���)is non zero even in absene of a phase in the mixing matrix. However theT-odd asymmetry, AT = P (�e ! ��)� P (�� ! �e)P (�e ! ��) + P (�� ! �e)is leaner sine a non sero value is an unambiguous signal for a phase inthe mixing matrix. The estimates in [21℄ indiate that the e�et ould bemarginally seen, at a statistial level of two standard deviations. With more



1860 A. Blondel

Fig. 6. Sensitivity reah in the plane [sin2 �13;�m223℄, at 90% on�dene, forthe same onditions as in Fig. 5. The ontinuous (dashed) lines orrespond to�23 = 450 (300). The lines overing the most (least) ground are for the appearane(disappearane) observable N [�+℄ (N�). The retangular domain is the approxi-mate region allowed by SuperK data.tons, more �ux more tehniques, the e�et might be measurable. This isompletely unique to the neutrino fatory and will ertainly be the soureof muh work.3.2. Other neutrino appliations of the neutrino fatoryAs disussed in [17℄, the neutrino beams are also available at a very shortdistane, with high intensities onentrated in a small spot, a few entimetersif one brings a detetor in the viinity of the end of the straight setionwhere muons deay. Statistis so far available in very massive neutrinodetetors would beome available for small target experiments. This shouldopen the possibility of so far unfeasible experiments, neutrino experimentshaving targets whih so far were reserved to muon or eletron satteringexperiments. Here are a few of the ideas that ome to mind: high granularitysilion telesope targets for a detailed study of harm prodution; polarisedhydrogen or deuterium targets for study of the spin struture funtions; thinheavy targets for preision studies of nulear e�ets; preision measurementof NC/CC ratio.



Muon Storage Rings 18613.3. Physis with stopped muonsThe availability of an unpreedented �ux of low-energy muons at the exitof the muon ooler would open opportunities for muon physis in its ownright [22℄.Violations of lepton �avour onservation, already indiated by the neu-trino osillations, are expeted at some level in muon physis. They alsoarise from slepton loops in supersymmetry as soon as sleptons have a non-degenerate spetrum [23℄.The physis of this programme ould over experiments suh as� searh for �! e and �! eee deays;� searh for the lepton �avour violating muon onversion �N ! eN ;� improved measurements of muon properties: muon lifetime, gyromag-neti anomaly g�� 2, Mihel parameters, and eletri dipole moment;� study of muoni atoms and of muon apture.Other possible appliations of low-energy muons, suh as atalysed muonfusion, would also be worth investigating.4. Preision muon ollidersTaking advantage of the experiene gained running intense muon andneutrino fatories, the ommunity ould envisage the onstrution of muonolliders, starting with intermediate energy olliders of limited dimensionsaimed at preision measurements. It is impossible at this moment to de�nethe exat parameters and goals of these preision mahines, sine they willdepend to a large extent on the physis panorama. Should a light Higgsboson (up to MH = 140 GeV) be disovered at LEP, Tevatron or LHC, thestudy of its properties at a muon ollider would be ideal, and readiness todesign and build that mahine will be preious. The heavier Higgses H andA of supersymmetry would o�er a natural sale as well, should they exist.4.1. Mahine parametersParameters of the muon olliders are given in Table 4.1, from Ref. [15℄.They orrespond to the spei� hoies of the proton soure, a 16 GeV syn-hrotron operating at 15 Hz. With respet to the muon beam of a neutrinofatory, the muon ollider di�ers by three important elements.



1862 A. Blondel� Both �+ and �� must be used at the same time, preferably in equalor nearly equal numbers. Prodution of a large number of �� hasled the authors of Ref. [15℄ to envisage their prodution by ratherhigh energy protons on heavy targets. A possible alternative, whihwould be an interesting line of study, would be to use deutons or alphapartiles as projetiles, ensuring isospin symmetry by onstrution,and avoiding the need of high energy protons and/or heavy targets.This might have pratial advantages for the design of the driver andof the target. The lower energy beams produe as many or even morepions per unit of driving beam power, and in a more restrited phasespae. However, the feasibility of e�ient partile olletion at theselow momenta remains to be demonstrated.� The muon beams must have a small emmittane. This requires ool-ing to a muh larger extent than for the neutrino beam appliation.Ionization ooling is onsidered the most likely method. It involvesa suession of dE=dX light material absorbers imbedded in strongfousing magneti �elds and of aelerating RF setions. Althoughtooling rests on the rather well-known properties of muon interationswith matter, the feasibility and performane of an atual implementa-tion remain to be demonstrated.� The muon beams must have a large bunh population to ensure ade-quate luminosity. This requires aumulating partiles in a fewbunhes, hene the relatively low repetition rate. The omparisonof the repetition rate to the muon lifetime (see Table I) shows that,espeially for the low energy muon olliders, their is a large amount offreedom in the repetition rate, from a few Hz up to almost 1 KHz fora 100 GeV entre-of-mass ollider.At least for the �rst olliders, the size is rather limited, as an be seenin Fig. 7
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Muon Storage Rings 1863energy spread. This an be ahieved by introduing an absorber of ade-quately designed variable thikness in a dispersive setion. This leads to apossibly very small energy spread, a preious quality for study of narrowresonanes, and a mandatory property for the possible operation with po-larised beams. Of ourse this is ahieved at the expense of luminosity (seeTable I). TABLE IBaseline parameters for high- and low-energy muon olliders. Baseline parametersfor high- and low-energy muon olliders. Higgs/year assumes a ross setion � =5 � 104 fb; a Higgs width � = 2:7 MeV; 1 year = 107 s. From the muon olliderollaboration [15℄.CoM energy (TeV) 3 0.4 0.1p energy (GeV) 16 16 16p's/bunh 2:5 1013 2:5 1013 5 1013Bunhes/�ll 4 4 2Rep. rate (Hz) 15 15 151=�� (Hz) 32 240 960p power (MW) 4 4 4�/bunh 2 1012 2 1012 4 1012� power (MW) 28 4 1Wall power (MW) 204 120 81Collider irum. (m) 6000 1000 350hBi (T) 5.2 4.7 3�E=E(%) 0.16 0.14 0.12 0.01 0.003�n (� mm-mrad) 50 50 85 195 290�� (m) 0.3 2.6 4.1 9.4 14.1�z (m) 0.3 2.6 4.1 9.4 14.1�r spot (�m) 3.2 26 86 196 294�� IP (mrad) 1.1 1.0 2.1 2.1 2.1Tune shift 0.044 0.044 0.051 0.022 0.015ne�etiveturns 785 700 450 450 450Luminosity (m�2/s) 7 1034 1033 1:2 1032 2:2 1031 1031Higgs/year 1900 4000 3900



1864 A. Blondel4.2. Overview of physis apabilitiesIn general a muon ollider an do everything that an e+e� ollider oulddo. On the negative side for the muon ollider, one �nds the di�ulty toprovide the very high luminosity. This is essentially onstrained by theproton power on the target, by the apability one has to ool the beamsfurther, and �nally by the eventual possibility to irumvent the beam-beamtune shift. The �gures given above represent the present understanding ofthe muon ollider performane and are typially a fator 10 or more lowerthan the orresponding ones for eletron olliders. An improvement wouldlearly be welome! In addition, the operating range of a muon ollideris rather narrower than that of an eletron linear ollider: In addition tothe usual saling law in E2, the luminosity of a muon ollider for a givenirumferene of the ollider ring inreases linearly with muon energy, dueto the dilatation of muon lifetime, leading to a saling law in E3. One isled to envisage more than one preision mahine, for example one Higgs andZ fatory, then one for top threshold or heavy higgses,et... Muh of theinfrastruture should remain the same, though.Muon olliders o�er, on the other hand, two major advantages withrespet to the eletron olliders.The �rst one is the almost in�nitely preise knowledge of the beam energyspetrum. This is disussed in more detail in Refs. [24, 25℄. Muon areunavoidably polarised in pion deay, and a polarisation of about 20% remainswhen they are injeted in the storage ring. The spin preession frequenyan then be used as a measure of the muon beam energy. The eletronspetrum in muon deay depends on the muon polarisation and an be usedon a turn-by-turn basis to monitor the muon spin preession. An exampleof suh a measurement is given in Fig. 8, whih shows the number of highenergy eletrons osillating from turn to turn. Statistis are almost in�niteand preision very high. The osillation amplitude is a measure of the beampolarisation, its frequeny a measure of the beam energy, and is dereasewith time, a measure of energy spread. Analyses of suh spetra show thatfor a 50 GeV beam with a beam energy spread of �E=E = 10�3 and 20%polarisation, these parameters an be determined for eah muon �ll with astatistial preision of:�E=E = 2 10�6, (�E = 100 KeV) for the energy�(�E)=E = 2 10�6 for the relative energy spread�P = 3 10�4 for the polarisation itself.For a beam energy spread of �E=E = 3 10�5 these numbers beome:�E=E = 10�7, (�E = 5 KeV) for the energy�(�E)=E = 5 10�7 for the relative energy spread10�4 for the polarisation itself.
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1866 A. Blondelalso re-measure very preisely the Z boson width and, thanks to the avail-ability of beam polarization for both e+ and e�, the left-right asymmetryALR.The other highlight of physis with muon olliders is the well known fatthat the Higgs boson(s) ouple to muons with a strength proportional to themuon mass squared, leading to usable ross-setion for �+�� ! H, as longas the lightest Higgs mass lies below the W pair threshold. Suh a san hasbeen studied by e.g. Murray [26℄, and is shown in �gure 9. The preisionahievable on the Higgs boson parameters is0.1 MeV on mh;0.5 MeV on �h;less than a perent on the peak ross-setion �(��! b�b).
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Muon Storage Rings 1867nature of these heavy Higgses is shown in Fig. 10. This physis would beamazing (if these partiles are ever to exist) in partiular if squarks were pro-dued in the deay of these Higgses [29℄, allowing a lear separation betweenthe CP-odd and CP-even state.
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Fig. 10. Prodution ross setion of H and A via �+�� ! H;A! b�b as a funtionof the entre-of-mass energy for mA = 300 GeV and tan� = 10, with a entre-of-mass energy relative spread of 3:10�5. The triangles with error bars represent asimulated six energy point san, with 25 pb�1 per point.Finally, the muons are simply di�erent from eletrons, and would oupleto di�erent partners if those existed, allowing powerful searhes for exitedmuons or salar muon-partners.This brief overview underlines the omplementarity between eletron andmuon olliders, and the extent of the loss to the physis ommunity, shouldmuon olliders not be built.5. The high energy frontierInreasing the energy of muon olliders is essentially an eonomi, ratherthan tehnologial, hallenge. As shown in Fig. 2, a ollider of entre-of-massenergy of at least 5 TeV ould �t in the CERN site. The major onstrainthere omes from neutrino radiation hazard.At �rst it might seem surprising that the major radiation issue in aomplex that involves 1015 to 6. 1016 proton interations and 1014 muon



1868 A. Blondeldeays per seond would be aused by neutrinos. A quik examination ofthe saling laws of interations of the neutrinos produed by muon deaysin the ollider ring leads, however to this onlusion:1. The neutrino ross-setion inreases like E;2. The number of partiles produed in a neutrino ollision and subsequentshowering thereof in matter also inreases like E;3. The neutrino beam opening angle, thus the lateral extension of the areahit by the beam of neutrinos, is inversely proportional to energy.Thus radiation inreases as E3. For the muon ollider parameters givenin table 4.1, radiation exeeds the CERN allowed limit for radiation outsideof its territory for a entre-of-mass energy of 3�4 TeV. This problem is learlysomewhat remote in the far future, and muh remains to be learned aboutthe operation of muon olliders. Nevertheless, the improvements point tomore or better ooling and lever arrangement of the site with respet tothe environment. 6. ConlusionsThe line of failities using muon beams seems extremely interesting, pro-viding a very rih physis programme for many years. The European partilephysis ommunity must take this option very seriously. Detailed simula-tions and design beome neessary, in the absene of whih the feasibility andompetitiveness of muon storage rings and olliders annot be asertained.A series of ECFA-sponsored workshops will now take plae to undertakethe detailed work that is neessary to design and evaluate more ompletelysuh a projet, with initial emphasis on the Neutrino Fatory. The designand even the onstrution of this line of mahines ould involve ompetenesthat are available in di�erent laboratories throughout Europe. A dediatedollaboration involving European laboratories is neessary in order to gofurther, and ould beome extremely e�etive.It is a pleasure to thank all my olleagues from the amerian muonollaboration and from the ECFA prospetive study group for enjoyable andfruitful (for me) ollaboration. I want to thank our hosts from Craow fortheir exeptional hospitality and friendliness, and hope very muh to omebak to Craow soon.
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