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NEUTRINOS FROM MUON STORAGE RINGS�Rob Edge
o
kRutherford Appleton LaboratoryChilton, Did
ot OX110QX, United Kingdom(Re
eived May 8, 2000)The enthusiasm for building a muon storage ring as an intense sour
e ofneutrinos is growing rapidly world-wide. This paper will des
ribe how su
ha neutrino fa
ility, 
alled a neutrino fa
tory, might be built and outline thephysi
s that 
ould be done with it. The status of related R&D proje
ts inEurope and the US will also be dis
ussed.PACS numbers: 29.20.Dh, 14.60.Ef, 14.60.Pq1. Introdu
tionThe probable observation of neutrino os
illations from re
ent measure-ments of the �ux of neutrinos produ
ed in the atmosphere by the Su-perKamiokande experiment [1℄ is one of the most ex
iting parti
le physi
sresults of the last de
ade. This result will be 
he
ked in the near futureby long baseline neutrino experiments su
h as Minos [2℄, Opera [3℄ andICANOE [4℄, whi
h will use neutrinos produ
ed by the de
ay of pions at ana

elerator (see, for example, a des
ription of the Minos NUMI beam [5℄). Inthe 
ase of Minos, the beam 
omposition will be measured by two fun
tion-ally similar dete
tors, one at the a

elerator and the se
ond 730 km away.A di�eren
e between the two will be a signal for neutrino os
illations. How-ever, the sensitivity that 
an be a
hieved by these experiments is limited byun
ertainties in the beam 
omposition and energy spe
trum and the beamintensities, parti
ularly of �e. A systemati
 investigation of the os
illationsand a pre
ise determination of the os
illation parameters requires a dedi
atedfa
ility, a neutrino fa
tory, whi
h will produ
e an intense beam of neutrinosof pre
isely known 
omposition, intensity and energy spe
trum. Neutrinosfrom the de
ay of muons in a storage ring are ideal for this purpose.� Presented at the Cra
ow Epiphany Conferen
e on Neutrinos in Physi
s andAstrophysi
s, Cra
ow, Poland, January 6�9, 2000.(1329)
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o
kThis paper will des
ribe how su
h a neutrino fa
tory 
ould be built andgive more details of the physi
s it 
an do, 
on
entrating espe
ially on neu-trino os
illations. 2. The neutrino fa
toryA 
on
eptual design for a neutrino fa
tory [6℄, illustrating the 
ompo-nent parts, is shown in �gure 1. These 
onsist of a proton driver, a pionprodu
tion target and 
apture system, a 
omplex region for muon 
aptureand 
ooling, muon a

elerators and the muon storage ring. Ea
h of these isdis
ussed in more detail below.
Proton Driver

Target
Phase Rotate #1 (42 m rf)
Mini Cooling (3.5 m H2)

Drift (160 m)

Phase Rotate #2 (10 m rf)

Cooling (80 m)

Linac (2 GeV)

Recirc. Linac #1 (2-8 GeV)

Recirc. Linac #2 (8-50 GeV)

Storage Ring (50GeV 900m circ)

Neutrino BeamFig. 1. The main 
omponents of a neutrino fa
tory2.1. Proton driverThere are a number of 
riteria the proton driver must satisfy. The mostimportant is the neutrino intensity: it was de
ided at NuFa
t'99 in Lyon thatthe baseline for this is 1021 muons de
ays per year in the storage ring [7℄. Itis estimated that a proton beam power of 4 MW is required to a
hieve this.



Neutrinos from Muon Storage Rings 1331As shown in �gure 2, although this is a signi�
ant in
rease over existingma
hines, it is still 
omparable with other planned proton a

elerators. Itshould be noted, however, that the neutrino fa
tory lies in the region of thisplot o

upied by neutron and muon sour
es, rather than HEP ma
hines, andhen
e the experien
e of the designers of su
h ma
hines is of great value tothe neutrino fa
tory proje
t.
Operating
Planned

Tevatron

SPS
KEK

CERN PS

AGS

Minos

JHF Phase 1

TRIUMF
ISIS

PSI

SNS
ESS

JHF Phase 2

NF

Fig. 2. The beam 
urrents and energies are plotted for various existing and planneda

elerators world-wide. Shown dashed are lines of 
onstant power, the lower 
or-responding to 0.1 MW and the upper to 1 MW. A 4 MW neutrino fa
tory is shownfor a range of beam energies.Although a beam power of 4 MW is not a parti
ularly di�
ult problem,the resulting power density in the pion produ
tion target is! The highestpower densities of existing proton ma
hines are a
hieved in the absorptiontargets of neutron sour
es. Currently, these are in the range 300-400 W
m�3
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o
k(peak) and lead to the failure of the target after 9 months to a year. Neutrontargets tend to be large, while that for a neutrino fa
tory will have to bemu
h smaller to fa
ilitate pion 
apture. This results in a power density(peak) for the latter that 
ould ex
eed the former by a fa
tor of 250!The se
ond 
riterion the proton sour
e has to satisfy is a bun
h lengthof 1ns. This is required by the pion and muon 
apture and the muon a

el-eration systems. This is probably the most di�
ult 
riterion to a
hieve asit ne
essitates squeezing very intense bun
hes into a short spa
e.The third requirement is frequen
y: the rf used to 
apture the pionshas to be normally 
ondu
ting (see the next se
tion). As a result, it takesunrealisti
 power levels to run it at high frequen
y, leading to a maximumof about 100 Hz.
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(schematic and not to scale!)

R=32.5m

R=65m

Kam
iok

a
Gran Sasso

H-
Source

0.15 GeV

linac

1.2 GeV
RCS

5 GeV
Rapid cycling
synchrotron

4 MW
target +

pion capture
and decay

Muon phase
rotation and

cooling

1.7 GeV
muon linac

Re-circulating
linac

1.7 - 7.5 GeV

Re-circ.
linac

7.5 -
50 GeV

Muon storage ring

Neutrino factory at RAL

Fig. 3. A s
hemati
 layout for a neutrino fa
tory at RAL. For the proton driverthis uses a 5 GeV rapid 
y
ling syn
hrotron option, running at 50 Hz.Various designs to satisfy these requirements exist. Most (Brookhaven,Fermilab, KEK and RAL) use rapid 
y
ling syn
hrotrons (RCS) with varyingbeam energies and powers (see �gure 3 for the RAL design). CERN, on theother hand, has a design using a super
ondu
ting lina
 at 2 GeV [8℄. Toa
hieve a 4 MW beam power, this runs at a frequen
y mu
h higher than100 Hz and a 
ir
ular a

umulator is required to redu
e the frequen
y anda bun
h 
ompressor to get 
lose to the required 1 ns bun
h length.



Neutrinos from Muon Storage Rings 13332.2. Target and pion 
aptureA possible layout for the target and pion 
apture region is shown in �g-ure 4. The target is surrounded by a 20T solenoid 
onsisting of a normally-
ondu
ting inner 
ore and a super
ondu
ting outer 
ore. This a
ts to fo
usthe pions produ
ed through a magneti
 
hannel into rf 
avities whi
h 
ap-ture them. The super
ondu
ting magnets must be shielded be
ause mostof the beam power ends up as pions and the whole region is bathed in theresulting radiation. One of the R&D a
tivities being performed in Europeis to test that rf 
avities will work under these 
onditions.

Fig. 4. A s
hemati
 layout for a possible neutrino fa
tory target and pion 
aptureregion.As mentioned in the previous se
tion, the major problem for the targetis the enormous power density it will be subje
t to. This will result in thetarget be
oming thermally and radioa
tively hot. In addition, as the beamwill arrive in short bun
hes at low frequen
y, the target will be subje
t to alarge me
hani
al sho
k. A number of ideas are being 
onsidered for targetsthat will survive this, in parti
ular liquid metal jets and rotating solid bands.Mu
h R&D is required to show these will work. In addition, R&D is beingdone in Europe and the US to measure the rate of pion produ
tion and totest the pion 
apture system.
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o
k2.3. Muon phase rotation and 
oolingFollowing the de
ay of the 
aptured pions, the resulting muon bun
hesare short, �1�2 m, but have a large spread in momentum, �100�300 MeV/
.This momentum spread is a problem for the muon a

elerators and must beredu
ed. The pro
ess used to do this is 
alled phase rotation: rf 
avities areused to slow down the faster muons and to speed up the slower muons. Asthis happens over some distan
e, it results in a long bun
h, but with 75% ofthe muons in a high density 
ore in energy 
entred around 100 MeV/
2 andwith a width of 3%. In the plane of bun
h length versus energy, the bun
hhas been �rotated� and hen
e the name.In addition to phase rotation, the muon beam needs some transverse
ooling, i.e. a redu
tion in the transverse normalised emittan
e (see [6℄). Dueto the muon lifetime, any 
ooling used needs to be fast and this eliminatesmost of the methods employed to-date. The 
urrently favoured te
hnique isionisation 
ooling [9℄.In ionisation 
ooling, the muons are passed through an absorber madefrom a low Z material, su
h as liquid hydrogen. In this, they loose bothlongitudinal and transverse momentum by ionisation energy loss. If the lostlongitudinal momentum is restored after the absorber using rf, there will be anet redu
tion in transverse momentum and hen
e transverse 
ooling. A lowZ absorber is required to minimise a heating e�e
t 
oming from multiples
attering. To a
hieve the required level of 
ooling, a number of 
oolingstages are required, as shown in �gure 5.
            ��������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

Fig. 5. S
hemati
 of an ionisation 
ooling fa
ilityIonisation 
ooling is a 
ompletely unproven te
hnique and mu
h R&Dis required to test it. In parti
ular, in the US the MUCOOL 
ollaborationhas proposed a large R&D program to test all the 
riti
al 
omponents [9℄.In Europe, smaller proje
ts are being dis
ussed to 
he
k the prin
iples, inparti
ular a muon s
attering experiment and a mini-
ooling experiment.



Neutrinos from Muon Storage Rings 13352.4. Muon a

eleration and storageThe muon a

eleration system 
onsists of a lina
 and two re-
ir
ulatinglina
s, in whi
h the muons are passed through the same a

elerating se
tionsa number of times, (see �gure 1). The latter give the same momentumin
rease per pass and allow the �nal momentum to be varied in steps by
hanging the number of passes. The 
urrently proposed �nal momentum is50 GeV/
.On
e the muons have been a

elerated to the �nal momentum, they areinje
ted into a storage ring. As intense neutrino beams are produ
ed in thedire
tions of the straight se
tions of this ma
hine, the size of these relativeto the rest of the ma
hine must be maximised and they must be pointedin the dire
tions of the target experiments. To hit a number of di�erentexperiments, e.g. 2 or 3, the storage ring will need to be some sort of bowtieor triangular shape.In Europe, it is felt that the target experiments should be undergroundto redu
e the ba
kground from 
osmi
 muons. Table I shows the distan
esbetween the 5 
andidate a

elerator laboratories, Brookhaven, CERN, Fer-milab, KEK and RAL, and various underground laboratories. Re
ent worksuggests two baselines of about 3500 and 7000 km would be the best [10℄.The Canary Islands and SLAC are being 
onsidered as possible surfa
e ex-periment lo
ations. TABLE IThe baseline distan
es from the �ve main 
andidates lo
ations for a neutrino fa
toryto a number of underground laboratories. The distan
es are in km and are roundedto the nearest 50. BNL CERN FNAL KEK RALBaksan lab, Russia 8050 2950 8550 7300 3400Boulby mine, UK 5200 1050 6000 8500 350Gran Sasso lab, Italy 6550 750 7350 8800 1500Homestake mine, US 2550 7350 1300 8250 6700Kamioka lab, Japan 9600 8750 9100 250 8600Soudan mine, US 1700 6600 750 8550 5900Sudbury mine, Canada 900 6050 800 8900 5350Note that for the longer baselines, the neutrino fa
tory will have tobe built at a steep angle pointing into the ground, up to almost 50o fromhorizontal!
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o
k3. Physi
s possibilitiesThere are extensive physi
s possibilities at a neutrino fa
tory, falling intothree main 
ategories: (1) neutrino os
illations, (2) short baseline neutrinophysi
s and (3) �slow� muon physi
s. It should be noted that the primaryjusti�
ation for building su
h a fa
ility would be 
ategory (1) and most ofthe emphasis will be on this. However, if a neutrino fa
tory is built, theother 
ategories will also be done and the resulting physi
s will 
ome almostfree! 3.1. Neutrino os
illationsA neutrino fa
tory would be an ideal se
ond generation long baselineneutrino os
illation fa
ility. There are many advantages in produ
ing neu-trinos from muon de
ays, rather than the traditional a

elerator sour
e, pionde
ays. In parti
ular:1. The muon de
ay is �� ! e�����e.Thus, for a stored �� (�+) beam, a pure neutrino beam of equalnumbers of �� (���) and ��e (�e) will be produ
ed. This is the only sour
eof high energy �e, whi
h are vital for neutrino os
illation investigations,as des
ribed below.2. The muon momentum is well de�ned in a storage ring, so that the ��and ��e energy spe
tra are perfe
tly 
al
ulable if the beam polarisationis known.3. As mentioned above, the muon energy is tunable to the experimentalrequirements.4. The neutrino �uxes 
an be pre
isely 
al
ulated from the muon 
urrent,whi
h is straight forward to measure.5. Intense �uxes are possible, for example giving 3 or 4 orders of magni-tude more �� and 6 or 7 orders of magnitude more �e per year thanMinos.6. In prin
iple, all the os
illation 
hannels listed in Table II are available.Note that the appearan
e of a wrong sign lepton is proof of os
illations,but requires the dete
tor to be able to distinguish the 
harge of theleptons. This may be di�
ult for ele
trons and taus.The neutrino os
illation terminology used in this paper is the same asthat in [11℄.



Neutrinos from Muon Storage Rings 1337TABLE IIOs
illation 
hannels available at a neutrino fa
tory�� ! e� �� ��e��e ! ��e ! e+ disappearan
e��e ! ��� ! �+ appearan
e��e ! ��� ! �+ appearan
e�� ! �� ! �� disappearan
e�� ! �e ! e� appearan
e�� ! �� ! �� appearan
e3.1.1. Near-future experimentsAs it is very unlikely a neutrino fa
tory will be taking data in less than10 years, the status of experimental neutrino os
illation measurements willhave 
hanged 
onsiderably before this happens. In parti
ular, the LSND [12℄result will have been 
he
ked by (Mini)Boone [13℄, the atmospheri
 neu-trino os
illations will have been veri�ed by K2K [14℄, Minos and the CERNto Gran Sasso proje
t and the 
orre
t solar neutrino solution identi�ed bySNO [15℄, Borexino [16℄ and Kamland [17℄. In addition, the atmospheri
 os-
illation parameters, �m223 and sin2 2�23, will have been measured to about10%.As a result, the so-
alled �golden� measurements left for the neutrinofa
tory are:� �13, the link between the solar and atmospheri
 measurements,� the sign of �m223,� Æ, the CP-violation angle.However, the neutrino fa
tory will also be able to improve the measurementof the atmospheri
 parameters 
onsiderably and may have some impa
t inthe solar measurements. These will all be dis
ussed in the following subse
-tions.3.1.2. �m223 and sin2 �23The measurement of these parameters has been extensively studied. Inparti
ular, Barger et al. [18℄ have looked at �� ! �� os
illations using2-�avour mixing with a 50 GeV muon beam in a storage ring and a baseline of732 km, i.e. CERN to Gran Sasso or Fermilab to Soudan. They assume that2�1020 muons will de
ay in the straight-se
tion pointing at the experiment.Figure 6 shows 
ontours of the number of os
illated events per kT of dete
torper year. It should be noted that the dete
tor is likely to be > 10 kT and the
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o
kLyon workshop design intensity would give twi
e as many events per year,so the a
tual event numbers should be at least 10 times bigger than this. Inany 
ase, the SuperKamiokande prefered region is well 
overed and Bargeret al. predi
t that the atmospheri
 os
illation parameters will be measuredto about 1% within 1 to 2 years.

Fig. 6. The number of �� ! �� os
illations seen per kT per year at 732 km froma 50 GeV stored muon beam as a fun
tion of �m223 and sin2 2�23. The allowedregions from Kamiokande and SuperKamiokande are shown, along with expe
ted90% CL 
urves from K2K and Minos.3.1.3. �13The most promising 
hannel to measure this in is �e ! ��. This is simplybe
ause 
harge identi�
ation is easier for muons than for taus or ele
trons.A study of this 
hannel has been made by Gavela et al. in [11℄. They used a3-�avour analysis with a 10 kT dete
tor at a 732 km baseline and 2 � 1020muon de
ays per year in straight se
tion pointing at the dete
tor. Theirresults are shown in �gure 7, whi
h indi
ates that using the muon appearan
e
hannel above, a sensitivity of about 10�4 at 90% CL 
an be a
hieved for�13 in 1 year.If �13 is small, in parti
ular zero, then the �e ! �� 
hannel might besensitive to the solar os
illation parameters, �12 and �m212. This has alsobeen studied by Barger et al. [18℄. Figure 8 shows the single event 
ontours
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Fig. 7. Sensitivity rea
h in the plane [sin2 �13;�m223℄ at 90% 
on�den
e for a 10 kTdete
tor at 732 km using the muon appearan
e (N[�+℄) and disappearan
e (N�)
hannels. The 
ontinuous (dashed) lines 
orrespond to �23 = 45o (30o) and there
tangular domain is approximately the region allowed by the SuperKamiokandedata up to 1999.

Fig. 8. The single event per 10 kT per year 
ontours for �e ! �� at a number ofmuon beam energies. The LSND and the MSW large and small mixing angle solarallowed regions are also shown.
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o
kper 10 kT per year for �e ! �� for a number of muon beam energies. Notethat these 
ontours 
ut into the large mixing angle MSW solar solution.Barger et al. 
on
lude that at 50 GeV, with a useful muon intensity of7 � 1020 de
ays per year, a 20 kT dete
tor, a muon identi�
ation e�
ien
yof 50%, negligible ba
kground and a few years running, the entire LMAregion 
ould be 
overed.3.1.4. The sign of �m223Of the three neutrino spe
ies, only �e and ��e have 
harged 
urrent elasti
s
attering amplitudes on ele
trons. This indu
es �e�e
tive� masses � =�2p2GFneE� for �e and ��e, respe
tively, in matter, where GF is the Fermi
onstant, ne the ele
tron number density and E� the neutrino energy.This matter term modi�es the transition probability for 
hannels involv-ing ele
trons: P (�e ! ��) = sin2 2��m sin2�1:27�m223��E�� ; (1a)where sin2 2��m = sin2 2�sin2 2� + (x� 
os 2�)2 ; (1b)�� = L�qsin2 2� + (x� 
os 2�)2 ; (1
)x = 2p2GFnee��m2 : (1d)A few of notes:� For a positive �m2, there is a resonan
e in the transition probabilityfor �e when x = 
os 2� as sin2 ��m in (1b) will be 1. Using a 
onstantdensity of 3.6 g
m�3 for the Earth, this resonan
e will o

ur at aneutrino energy of Eres� = 3:7 � 104�m2. For �m2 in the range 10�3to 10�2, this 
orresponds to a neutrino energy between 3.7 and 37 GeV.Hen
e, this so-
alled MSW resonan
e would be observable in the Earthwith a neutrino fa
tory.� These matter e�e
ts are only important for long distan
es, > 3000 km.This 
an be seen as follows: for small ��, i.e. small L, the se
ond sinin (1a) 
an be expanded. Can
elling out then leaves the standard2-�avour os
illation probability in the absen
e of matter e�e
ts.� If �m223 < 0, the resonan
e o

urs for ��e rather than �e and hen
ematter e�e
ts 
an be used to determine the sign of �m223.



Neutrinos from Muon Storage Rings 1341A study of this has been made by Campanelli et al. [19℄. They haveperformed a 3-�avour analysis using a baseline of 6500 km, the distan
e fromBrookhaven to Gran Sasso. They 
lassify events as (a) ele
tron like (withno 
harge dis
rimination), (b) right-sign muon, i.e. the same as the muonsin the storage ring, (
) wrong-sign muon, i.e. 
oming from a �e os
illation,and (d) no leptons. They then determine what they would see in a dete
torusing 1021 de
ays of both ��, whi
h gives a ��e beam, and �+, whi
h givesa �e beam, with and without os
illations. The results are shown in �gure 9for �� and in �gure 10 for �+. The important plots are (
), the wrong-signmuons, where there are many more entries for the latter, as one would expe
tfrom the MSW resonan
e. The event numbers are 
learly large enough todetermine the sign of �m223 from this.
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illations, CP- and T-violation would lead to the followinginequalities in the transition probabilities for two neutrino �avours � and �:CP-violation : P (�� ! ��) 6= P (��� ! ���) ; (2a)T-violation : P (�� ! ��) 6= P (�� ! ��) : (2b)Experimentally, as 
harge dis
rimination is required, CP-violation is theeasier of these to do if � = e and � = �.To make the measurement the following CP-asymmetry is de�ned:ACP�� � P (�� ! ��)� P (��� ! ���)P (�� ! ��) + P (��� ! ���) : (3a)As the numerator has the same magnitude for all neutrino �avours, theasymmetry ACPe� is the largest from 
urrent experimental 
onstraints on thetransition probabilities. However, for this asymmetry there is a ba
kground



Neutrinos from Muon Storage Rings 1343from the matter e�e
t as �e and ��e intera
t di�erently with matter, as wehave just seen. The true CP-odd term, to leading order in �m212 isP6CP(�e ! ��) = �8
12
213
23s12s13s23 sin Æ��m212L4E� � sin2��m223L4E� � :(4a)Note that this depends on all the os
illation parameters and Æ, so if any ofthese are zero, there is no CP-violation. In addition, the magnitude dependsdire
tly on �m212 and it will be di�
ult to measure if this is small. Finally,the baseline at whi
h the violation is largest depends on �m223.CP-violation has been studied by Donini et al. [20℄. They have deter-mined the quantity jACPe� (�=2) �ACPe� (0)j�ACP (5a)as a fun
tion of baseline and neutrino energy, E� . This is essentially thenumber of sigma for the signal, though the error used, �ACP, is only statis-ti
al and they have assumed that the matter e�e
t, ACPe� (0), is known.
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Fig. 11. The CP-asymmetry signal over statisti
al un
ertainty as a fun
tion ofbaseline. The solid (dashed) lines 
orrespond to os
illations in matter (va
uum).In the left-hand plot, the lower and upper lines have E� = 10 and 20 GeV, with2 � 1020 useful muon de
ays per year. In the right-hand plot, the energies are 20and 50 GeV and the intensity is 2� 1021 de
ays per year.The results of these 
al
ulations are shown in �gure 11. The parametervalues used are:
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k� �m212 = 10�4 and �m223 = 2:8� 10�3 .� �23 = 45o, �13 = 13o and �12 = 22:5o .� For the left-hand plot, E� = 10 and 20 GeV, and there are 2 � 1020useful muon de
ays per year .� For the right-hand plot, E� = 20 and 50 GeV, and there are 2� 1021useful muon de
ays per year .Note that at 50 GeV, the signal peaks at a distan
e of about 5000 km. FromTable I, the 
losest baselines are Brookhaven to Boulby, RAL to Sudburyand RAL to Soudan. However, if the assumption that the matter e�e
t isknown is removed, the optimum baseline for measuring CP-violation movesdown to 3500 km [10℄, as matter e�e
ts be
ome larger at longer baselines.3.2. Short baseline neutrino physi
sAs already mentioned, a neutrino fa
tory would not be built to studyshort baseline neutrino physi
s. However, having built one to study neutrinoos
illations, it would 
ertainly be used for this purpose and the physi
s done
an be 
onsidered as a bonus.The idea is to pla
e a dete
tor as 
lose to the end of a straight se
tionof the neutrino fa
tory storage ring as possible, allowing for radiation, et
.In the study by M
Farland [21℄ (see �gure 12) this distan
e is 29 m. Atthis distan
e, with a 50 GeV beam, about 10% of the neutrinos would passthrough a dete
tor 10 
m radius. With 1021 muon de
ays per year, thiswould give about 2:5 � 107 
harged 
urrent neutrino intera
tions per kg ofdete
tor per year! This makes it possible to do high pre
ision physi
s withneutrinos in a small, �ne-grained dete
tor.There is an extensive amount of physi
s that 
an be done with su
h aneutrino sour
e, in the areas of� ele
troweak physi
s,� 
harm physi
s,� hadroni
 stru
ture,� rare neutrino physi
s,� measurements related to long baseline neutrino os
illation studies.In this report, only a few sele
ted examples of possible measurements willbe given.
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MagnetizedFig. 12. S
hemati
 layout of a possible short baseline neutrino physi
s dete
tor3.2.1. sin2 �WThis is measured from the neutral 
urrent to 
harged 
urrent event ratein inelasti
 neutrino�nu
leon intera
tions:R� � �(��N ! ��X)� �(���N ! ���X)�(��N ! ��X)� �(���N ! �+X) = 12 � sin2 �W : (6a)For example, NuTeV has measured [22℄sin2 �(on�shell)W = 0:2253 � 0:0019(stat) � 0:0010(syst) .Using the relation sin2 �W � 1� M2WM2Z (7a)this gives a value for the W mass ofMW = 80:26 � 0:10 � 0:05 GeV.The error on sin2 �W from a neutrino fa
tory is expe
ted to be 5 to 20 timesbetter than from NuTeV, leading to an error on the W mass whi
h wouldbe 
omparable or better than that a
hieved at LEP or the Tevatron.3.2.2. Charm produ
tionThe 
harm produ
tion at a neutrino fa
tory will be vast: about 108events per year in a 40 kg dete
tor. Approximately 10% of these will beeasy to tag through di-lepton produ
tion:�lN ! l�
�
X; 
! l+�l :
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kWith this, it will be possible to measure the CKM matrix element V
dfrom the di�eren
e in the produ
tion rate by � and �� with an error of about2%, 
omparable to that of Vus. This would provide a test of the unitarity ofthe CKM matrix.In addition, it will be possible to measure D0� �D0 mixing from the ratioof like-sign to unlike-sign di-lepton events. This would be a 
lean signaturefor new physi
s if seen above the 10�6 level.3.2.3. Nu
leon stru
tureThe di�erential 
ross-se
tion for the pro
ess��N ! �X
an be writtend2�dxdy = G2FMNE�� �xy2F1 +�1� y � MNxy2E� �F2 � y �1� y2� xF3� ;(8a)where F1, F2 and F3 des
ribe the stru
ture of nu
leon, x is the Bjorkens
aling variable, y the elasti
ity and �Q2 the square of the 4-momentumtransfer. A large number of related measurements 
an be made, in parti
ular1. �s, from the Q2 dependen
e of the parity violating stru
ture fun
tionxF3 or, better, from the Gross Llewellyn Smith sum rule [23℄:1Z0 xF3(x;Q2)dxx = 3 �1� �s� � a(nf )��s� �2 � b(nf )��s� �3� : (9a)CCFR have measured the following for this [24℄:Z xF3 dxx = 2:64 � 0:06leading to value of �s of�s(M2Z) = 0:114+0:009�0:012 :The neutrino fa
tory is expe
ted to measure this intergral with anerror of about 0.1%, leading the world best value for �s.2. S
attering from polarised targets. No deep inelasti
 neutrino s
atteringdata from polarised targets exists due to the problems of buildinga large enough target. For a neutrino fa
tory, large targets are notrequired and this be
omes a possibility. It will allow
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ture fun
tions g1 andg3 of the proton and neutron and hen
e will test the �spin 
risis�seen with muons;� the polarisation of all �avours of valen
e and sea quarks to bemeasured separately, to a pre
ision of � 1:5%.3.3. Slow muon physi
sA neutrino fa
tory will produ
e vast numbers of �slow� (<300 MeV/
)muons, of the order of 1015 per se
ond. If only a small fra
tion (e.g. 0.1%)
an be 
aptured (e.g. from ba
k-s
attered pion de
ays) the �ux will stillex
eed 
urrent sour
es by 4 orders of magnitude!The physi
s possibilities with these muons are extensive. However, asthey are beyond the s
ope of this 
onferen
e, a few are merely listed here:� Beyond the standard model: lepton �avour violation; the muon anoma-lous magneti
 moment, (g� � 2); the muon ele
tri
 dipole moment;sear
h for parity violation in muoni
 atoms; et
.� Standard model: the muon lifetime, ��; the Mi
hel parameters; manytests of QED using muoni
 atoms; et
.� Non-parti
le physi
s: muon 
atalysed fusion; muon 
apture; muSR.4. Con
lusionsEnthusiasm for a neutrino fa
tory is growing rapidly world-wide. In par-ti
ular, studies of both the ma
hine and physi
s are taking pla
e in Europe,Japan and the US and it is looking more likely that su
h a ma
hine willbe built on a times
ale of 10�15 years. However, most of the parameters ofthe ma
hine, in
luding the lo
ation, are still under investigation. The mostlikely sites are Brookhaven, CERN, Fermilab, KEK�JAERI and RAL.The physi
s possibilities are extensive and fall into three main 
ategories:1. Neutrino os
illations � depending on the values, measurement of allthe os
illation parameters 
ould be possible.2. Pre
ision neutrino physi
s � with studies in the areas of ele
troweakphysi
s, heavy �avour physi
s, QCD, hadroni
 stru
ture and newphysi
s.3. Slow muon physi
s � with measurements in the areas of ele
troweak,sear
hes and other bran
hes of s
ien
e.
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