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Neutrino beams from muon storage rings: Characteristics and physics potential

S. Geer
Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510

~Received 4 December 1997; published 13 April 1998!

High-intensity high-energy neutrino beams could be produced by exploiting a very intense future muon
source, and allowing the muons to decay in a storage ring containing a long straight section. Taking the
parameters of muon source designs that are currently under study, the characteristics of the neutrino beams that
could be produced are discussed and some examples of their physics potential given. It is shown that the
neutrino and antineutrino beam intensities may be sufficient to produce hundreds of charged current interac-
tions per year in a detector on the far side of the Earth.@S0556-2821~98!01011-X#

PACS number~s!: 14.60.Pq, 07.77.Ka, 13.15.1g, 13.35.Bv
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I. INTRODUCTION

High-energy neutrino beams have played an import
role in the development of particle physics. Experiments
ing neutrino and antineutrino beams produced from char
meson decays have, for example, demonstrated that m
neutrinos are different from electron neutrinos, discove
neutral currents, provided measurements of the structur
the nucleon via deep inelastic scattering, made precision
of the standard model of electroweak interactions via m
surements of charged and neutral current interactions,
provided increasingly sensitive searches for neutrino osc
tions in short- and long-baseline experiments.

Recent results from atmospheric neutrino, solar neutr
and short-baseline accelerator neutrino experiments indi
that neutrino oscillations may occur at rates which are wit
reach of the next generation of accelerator based exp
ments. It therefore seems certain that experiments utiliz
neutrino and antineutrino beams will continue to make i
portant contributions to particle physics, initially by clarify
ing whether the existing results are indeed indications
neutrinos oscillate, and perhaps eventually by making p
cise measurements of the oscillations. In addition, there c
tinues to be interest in using neutrino beams to further pr
the structure of the nucleon.

The long-term future of the experimental program at n
trino beam facilities will require the continued improveme
of the intensity and/or quality of the beams. The pres
generation of high-energy neutrino beams are made by
lowing charged pions and kaons to decay in-flight in a lo
decay channel. This paper describes how a new type of
trino beam could be made by exploiting a very high intens
muon source of the type that is currently being designed
part of the effort to develop the technology for a hig
luminosity muon collider@1,2#. The muons would be store
and allowed to decay in a ring containing a long straig
section that points in the desired direction. The advantage
producing a neutrino beam using muon decays are discu
in Sec. II. The method of producing a neutrino beam fro
decaying muons is described in Sec. III. The resulting ca
lated fluxes, which are sufficient to provide significant inte
action rates in a detector on the far side of the Earth,
described in Sec. IV for short-, long-, and very-long-basel
neutrino experiments. We note that geophysical applicati
570556-2821/98/57~11!/6989~9!/$15.00
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of a facility that can shoot neutrino beams through the Ea
have been discussed in Ref.@3#. Some examples of how th
neutrino beams from a high intensity muon storage r
might be used to search for or measure neutrino oscillati
are given in Sec. V, and conclusions are summarized in S
VI.

II. MESON DECAYS VERSUS MUON DECAYS

Presently operating high-energy neutrino beams are m
by allowing charged pions and kaons to decay in a lo
decay channel. Shielding downstream of the decay cha
removes the undecayed mesons, but transmits the we
interacting neutrinos to form a ‘‘pure’’ neutrino beam.
positively charged pions and kaons have been selected
the decay channel, the resulting beam downstream of
shielding will contain mostly muon neutrinos produced
the two-body decaysp1→m1nm and K1→m1nm . The
neutrino beam will also contain a small component of el
tron neutrinos produced in the three-body decaysK1

→e1p0ne . In addition, if the primary proton energy is su
ficiently high, the beam will contain a smallnt component
coming predominantly from prompt tauonic decays ofDs
mesons. Antineutrino beams can be made by using a n
tively charged meson beam.

Thus, present neutrino~antineutrino! beams consist
mostly of muon neutrinos~antineutrinos! with a small
O~1%! mixture of electron neutrinos~antineutrinos!, and if
the beam energy is high enough, a small component of
neutrinos~antineutrinos!. In general, this beam compositio
is not ideal for neutrino experiments. In particular,~i! the
finite precisions with which thene and nm fluxes can be
determined are important sources of systematic uncerta
for many neutrino experiments,~ii ! the smallne contamina-
tion in the otherwise purenm beam is a nuisance for exper
ments searching forne-nm oscillations,~iii ! the smallness of
the ne flux makesne-nt oscillation searches difficult, and
~iv! the smallnt contamination in the beam will eventuall
become a nuisance for experiments searching fornm-nt os-
cillations.

These difficulties can be overcome if the neutrino beam
produced by allowing muons to decay in the straight sect
of a storage ring. This would produce a beam with a p
cisely known mixture of neutrino types; namely, 50% mu
6989 © 1998 The American Physical Society
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6990 57S. GEER
neutrinos and 50% electron antineutrinos if am2 beam is
stored, and 50% muon antineutrinos and 50% electron n
trinos if a m1 beam is used.

In the muon rest frame the distribution of muon a
tineutrinos ~neutrinos! from the decaym6→e61ne( n̄e)
1 n̄m(nm) is given by the expression@4#

d2Nnm

dxdV
5

2x2

4p
@~322x!7~122x!cosu#, ~1!

wherex[2En /mm , u is the angle between the neutrino m
mentum vector and the muon spin direction, andmm is the
muon rest mass. The corresponding expression descri
the distribution of electron neutrinos~antineutrinos! is

d2Nne

dxdV
5

12x2

4p
@~12x!7~12x!cosu#. ~2!

Thus, the neutrino and antineutrino energy and angular
tributions depend upon the parent muon energy, the de
angle, and the direction of the muon spin vector. For
ensemble of muons we must average over the polarizatio
the initial state muons, and the distributions become

d2Nnm

dxdV
}

2x2

4p
@~322x!7~122x!Pm cosu#, ~3!

and

d2Nne

dxdV
}

12x2

4p
@~12x!7~12x!Pm cosu#, ~4!

wherePm is the average muon polarization along the cho
quantization axis, which in this case is the beam directio

The advantages of producing a neutrino beam using m
decays rather than meson decays are, therefore,~a! the abso-
lute neutrino fluxes can be easily and precisely calcula
provided the stored muon current, momentum, and polar
tion are carefully measured, and~b! only one type of neu-
trino and one type of antineutrino are present in the be
and these types can be chosen by selecting the charge o
stored muons. Thus precisene , nm , n̄e , and n̄m measure-
ments can be made.

In addition, the muons can be polarized and the time
pendence of the precessing muon spin vectors monito
enabling measurements to be made as the differential sp
of the neutrinos and antineutrinos in the beam vary in
precisely known way.

III. USING A MUON STORAGE RING

The muon lifetime is about 100 times longer than t
corresponding charged pion lifetime. For example, 20 GeVc
muons have a decay lengthgct5126 km. Thus, a linear
decay channel of the type used to produce conventional
trino beams would in practice be too short to use efficien
as a muon decay channel. This problem can be overcom
using a muon storage ring with a straight section point
towards the desired experimental area. For simplicity we w
consider a storage ring that consists of two parallel stra
sections connected together by two arcs. If the straight
u-
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tions are long compared to the arc lengths, the circulat
muons spend approaching 50% of their time traveling in
straight section pointing towards the experiment. In pract
there is an advantage in keeping the size of the storage
small. Therefore, in the following we will assume that th
straight sections are equal in length to the arcs, and that 2
of the injected muons decay as they circulate in the r
whilst they are in the straight section pointing at the expe
ment.

To understand how a muon storage ring designed fo
given muon momentum might be used as a neutrino sou
and calculate the parameters of the resulting neutrino bea
we must understand some of the basic parameters of
muon source and storage ring, namely, the divergence o
beam in the straight sections, the size of the ring, and
number of muons available from the source.

If the ring lattice is properly designed, a beam divergen
ub<O(1024) should be achievable@5# in the straight sec-
tion. Thus, if the circulating muons have momentump/mm
!104 ~corresponding top!1000 GeV/c! the angular diver-
gence of the neutrino beam produced from decays in
straight sections will be dominated by the decay kinemat

In the scheme we are considering, the size of the stor
ring is determined by the length of the arcs. The circumf
ence of the ring in meters (L) designed to store muons o
momentump(GeV/c) is given by

L5
4pp

0.3f B
, ~5!

whereB is the field of the arc dipole magnets~T! and the
‘‘packing fraction’’ f is the fraction of the arc lengths occu
pied by the dipoles. As an example, choosing the reason
valuesf 50.7 andB58 T to store 20 GeV/c muons we ob-
tain an estimate of 37 m for the arc lengths and 150 m for
ring circumference. The estimate we are using for the
lengths has been confirmed by a study@6# of storage ring
lattices for rings designed to store muons with mome
from 10 up to 250 GeV/c.

The direction of the muon beam must be carefully mo
tored within the straight section to avoid significant syste
atic uncertainties on the calculated neutrino fluxes at the
periment. This can be done by placing beam posit
monitors ~for example, wire chambers! within the muon
beam at either ends of the straight section. The angular
cision that would be achieved (su) would depend upon the
spatial resolution of the beam position monitors (sx), and
the distance between the monitors (L/4). Using Eq.~5! to
relateL to the stored muon momentum we obtain

su;
0.3f B

pp
&sx , ~6!

where sx is in meters. Hence, forB54 T, f 50.8, and
choosingsx5100mm we obtain forp520 GeV/c the esti-
matesu52 mr , which is small compared to the anticipate
divergence of the muon beam within the straight secti
Thus, for muons in this momentum range, it would app
that the required storage ring would be sufficiently compa
and the beam direction could be monitored with sufficie
precision, to contemplate building the ring in a plane tilted
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57 6991NEUTRINO BEAMS FROM MUON STORAGE RINGS: . . .
a large angle with respect to the horizon. This would ena
the neutrino beams to be directed through the Earth fo
very-long-baseline neutrino oscillation experiment.

The rate at which muons are stored in the ring, and the
fore the average neutrino beam intensity, will be determin
by the performance of the muon source. In the following
will assume a muon source of the type being developed
part of an ongoing effort to determine the feasibility of buil
ing a high-luminosity muon collider@1,2#. The muon source
consists of a proton accelerator, charged pion production
get and collection system, pion decay channel, and m
cooling channel. Details of the proton accelerator design
given in Ref.@7#, and descriptions of the other componen
are given in Ref.@1#. For completeness, a brief overview
the muon source and its assumed performance is given in
following paragraph.

In the muon collider front-end design that we are taki
as an example, the muon source receives protons from
accelerator complex that accelerates bunches containin
31013 particles to energies of 16 GeV. The protons inter
in a target to produce approximately 331013 charged pions
of each sign per proton bunch. These pions are produ
with only a very limited component of momentum transve
to the incident proton direction. The charged pions can the
fore be confined within a beam channel using, for exampl
20 T coaxial solenoid with an inner radius of 7.5 cm. T
collect as many pions as possible within a useful ene
interval, it is proposed to use rf cavities to accelerate
lower-energy particles and decelerate the higher-energy
ticles. Muons are produced by allowing the pions to dec
At the end of a 20 m long decay channel, consisting of a 7 T
solenoid with a radius of 25 cm, on average 0.2 muons
each charge would be produced for each proton inciden
the pion production target. With two proton bunches ev
accelerator cycle, the first used to make and collect posi
muons and the second to make and collect negative mu
there would be about 131013 muons of each charge avai
able at the end of the decay channel per accelerator cyc
the proton accelerator is cycling at 15 Hz, in an operatio
year (107 sec) about 1.531021 positive and negative muon
would have been produced in the decay channel and
lected. The muons exiting the decay channel populate a
diffuse phase space. The next step is to ‘‘cool’’ the mu
bunch, i.e., to turn the diffuse muon cloud into a very brig
bunch with small dimensions in six-dimensional pha
space, suitable for accelerating and injecting into a mu
storage ring. The proposed method of cooling the muon
to use ionization cooling@8#. At the end of the ionization
cooling channel each muon bunch is expected to con
about 531012 muons with a momentum of orde
100 MeV/c. We will assume that the losses in accelerat
the muons to modest energies~up to a few310 GeV or less!
are small, and therefore that 7.531020 muons of the desired
charge are injected into the storage ring each operati
year. In the scheme we are considering, 25% of the mu
will decay in the straight section pointing at the experimen
area, and the resulting neutrino beam will contain 231020

neutrinos per year and 231020 antineutrinos per year, with
energy and angular distributions described by Eqs.~1! and
~2!.
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IV. FLUXES AND INTERACTION RATES

In the following we will consider three scenarios, name
~i! a very-long-baseline experiment in which the neutri
beam passes through the Earth,~ii ! a long-baseline experi
ment in which the neutrino beam dips down a few degr
with respect to the horizon, and~iii ! a ‘‘near’’ experiment
which is 1 km from the neutrino source.

A. Very-long-baseline experiment

Consider a geometry in which the plane of the stora
ring dips at an angle of;50° to the horizon, and the resul
ing neutrino beam exits the Earth at the ‘‘far site’’ aft
traversing 10 000 km. This geometry would correspond t
storage ring sited at the Fermi National Accelerator Labo
tory in the United States with the far site in Japan.

The calculated neutrino and antineutrino fluxes at the
site are shown in Fig. 1 as a function of the energy a
average polarization of the muons decaying in the stra
section of the storage ring. The fluxes have been avera
over a 1 kmradius ‘‘spot’’ at the far site. The electron neu
trino and antineutrino fluxes are very sensitive to the mu
spin direction. The reason for this can be understood by
amining Eq.~2! which shows that form1 (m2) decays the
ne ( n̄e) flux→0 for all neutrino energies as cosu→11
(21).

As an example we will consider in more detail neutrin
beams from unpolarized positive muons stored w
momentap520 GeV/c (50 GeV/c) which, in the absence
of neutrino oscillations, produce at the far si
2.231010(1.431011) n̄m m22 year21 and 2.231010

(1.431011) ne m22 year21. These results assume that th
neutrino beam is pointing exactly in the direction of the f
site. The differential distributionsdNn /dEn are shown in
Fig. 2 as a function of the angleDu between the neutrino
beam direction and the direction of the far site. AsDu in-
creases, both the maximum neutrino energy and the neu

FIG. 1. Calculated neutrino and antineutrino fluxes at a far
located 10 000 km from a muon storage ring neutrino source.
parameters of the muon storage ring are described in the text.
fluxes are shown as a function of the energy of the stored muon
negative muons~top plots! and positive muons~bottom plots!, and
for three muon polarizations as indicated.
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6992 57S. GEER
flux decrease. However, if, as expected, the beam direc
can be monitored with a precisionsu!1 mr, the systematic
uncertainty on the predicted neutrino and antineutrino flu
and differential distributions at the far site should be mode

The charged current neutrino and antineutrino rates
detector at the far site can be calculated using the appr
mate expressions@10# for the cross sections:

snN;0.67310238 cm23En~GeV! ~7!

FIG. 3. Calculated neutrino and antineutrino charged curr
interaction rates in a detector located 10 000 km from a muon s
age ring neutrino source. The parameters of the muon storage
are described in the text. The rates are shown as a function o
energy of the stored muons for negative muons~top plots! and
positive muons~bottom plots!, and for three muon polarizations a
indicated.

FIG. 2. Calculated neutrino and antineutrino differential spec
at a far site located 10 000 km from a muon storage ring neut
source. The parameters of the muon storage ring are describ
the text. The spectra correspond to unpolarized positive muons
culating in the muon storage ring with momenta of 20 GeV/c ~left
plots! and 50 GeV/c ~right plots!. The solid curves are obtained b
averaging the fluxes over a central ‘‘spot’’ with opening angleDu
51 mr. The dashed and dotted curves are obtained by avera
over annuli centered on the beam axis and covering the ang
intervals 1,Du,2 mr and 2,Du,3 mr, respectively.
on

s
t.
a
i-

and

sn̄N;0.34310238 cm23En̄~GeV!. ~8!

The predicted charged current interaction rates are show
Fig. 3 as a function of the energy and average polarizatio
the decaying muons, and the associated charged-lepton
ergy distributions are shown in Fig. 4 as a function of t
angleDu between the beam direction and the direction of
far site. In the absence of neutrino oscillations, the numbe
charged current interactions in a 10 kT far site detec
(Du50) when unpolarized 20 GeV/c (50 GeV/c) positive
muons are stored in the ring are 610 (1.03104) n̄m interac-
tions per year and 13103 (1.63104) ne interactions per
year. We conclude that, for these particular examples, in
actions from neutrinos and antineutrinos should be rea
detectable at the far site. Note that the predicted char
current interaction rates and the shapes of the associated
ton energy spectra are both sensitive toDu. This could be
exploited by locating one or more satellite detectors at an
lar distancesDu5O(1 mr) from the main far site detector.

B. Long-baseline experiment

Consider a long-baseline geometry in which the plane
the muon storage rings tilts at just a few degrees to the
rizon. To be explicit we will consider a far site that is 73

t
r-
ng
he

FIG. 4. Calculated lepton and antilepton differential spectra
particles produced in charged current interactions in a detecto
cated 10 000 km from a muon storage ring neutrino source.
parameters of the muon storage ring are described in the text.
spectra correspond to unpolarized positive muons circulating in
muon storage ring with momenta of 20 GeV/c ~left plots! and
50 GeV/c ~right plots!. The solid curves are obtained by averagi
the fluxes over a central ‘‘spot’’ with opening angleDu51 mr. The
dashed and dotted curves are obtained by averaging over a
centered on the beam axis and covering the angular interva
,Du,2 mr and 2,Du,3 mr, respectively.

a
o
in

ir-

ing
lar



re
c-
de

te
n
o

it

1.
.
n
te

a

3

1.

s
e

en
he
lo

de
o

s if
ered
ents

so

,
om

.0

and
her
ent
f
ed-
n

ble
the
ol-
are

ess

m-
ino
de-
e

rent
d

km
ic
ow

t
po

wn-
V/
rino
rged
tive

57 6993NEUTRINO BEAMS FROM MUON STORAGE RINGS: . . .
km from the neutrino source. This geometry would cor
spond@11# to a storage ring sited at the Fermi National A
celerator Laboratory and a far site at the Soudan un
ground Laboratory in Minnesota.

The neutrino fluxes and charged current interaction ra
at the far site can be obtained by scaling the results prese
in Figs. 1 and 3 by a factor of 187. Thus, in the absence
neutrino oscillations, unpolarized positive muons stored w
momentap520 GeV/c (50 GeV/c) will produce at the far
site 431012 (2.631013) n̄m and ne m22 year21. In a 10 kT
detector, these fluxes would result in 1.13105 (1.8
3106) n̄m charged current interactions per year and
3105 (2.93106) ne charged current interactions per year

Given these large interaction rates it is worthwhile co
sidering using a lower-energy muon storage ring. Predic
fluxes and spectra corresponding to using 10 GeV/c stored
muons are shown in Fig. 5. The calculated neutrino and
tineutrino fluxes are both;131012 m22 year21, and the
corresponding charged current interaction yields are
3103 m2 kT21 year21 and 1.43103e1 kT21 year21 when
negative muons are stored in the ring, and
3103 m1 kT21 year21 and 2.93103e2 kT21 year21 when
positive muons are stored in the ring. The mean energie
the charged leptons and antileptons produced in th
charged current interactions are, respectively,;3.5 and
;2 GeV. Thus, neutrino and antineutrino charged curr
interactions should be readily detectable at the far site w
the decaying muons in the storage ring have momenta as
as 10 GeV/c.

C. Near experiment

Next consider a short-baseline geometry in which the
tector is 1 km from the neutrino source. This geometry is

FIG. 5. Calculated fluxes and spectra in a detector 732
downstream of a muon storage ring neutrino source in wh
10 GeV/c unpolarized muons are circulating. The top plots sh
the neutrino and antineutrino spectra, and the bottom plots show
charged lepton spectra from charged current interactions when
tive muons~bottom left! and negative muons~bottom right! are
stored in the ring.
-
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interest to short-baseline neutrino oscillation experiment
the neutrino energies are much lower than those consid
so far, and of interest to deep inelastic scattering experim
if the neutrino energies are much higher than considered
far.

Consider first a 1.5 GeV/c muon storage ring. Averaging
the fluxes at the detector over a ‘‘spot’’ with a radius of 5 m
the predicted neutrino and antineutrino fluxes resulting fr
unpolarized muon decays are both 1.231016 m22 per year.
The corresponding charged current interaction rates in a 1 kT
detector yield 2.93106 m1 per year and 5.13106 e2 per
year if positive muons are stored in the ring, and 6
3106 m2 per year and 2.63106 e1 per year if negative
muons are stored in the ring. The calculated neutrino
antineutrino differential spectra are shown in Fig. 6 toget
with the charged lepton distributions from charged curr
interactions. A 1 kT detector would record millions o
charged current interactions per year with mean charg
lepton energies of;0.6 GeV and mean charged-antilepto
energies of;0.3 GeV.

Finally we consider a higher-energy storage ring suita
for deep inelastic scattering experiments. This might be
last recirculating linear accelerator ring in a future muon c
lider accelerator complex. We will assume the muons
unpolarized and choose 250 GeV/c for the stored muon mo-
mentum. After 1 km the neutrino beam has a radius of l
than 1 m. Hence nearly all of theO(1020) neutrinos and
antineutrinos per year will pass through a reasonably co
pact detector. This, together with the very large neutr
flux, would make possible a small detector incorporating
tailed tracking and particle identification. If, for example, th
fiducial mass is 10 kg, then the estimated charged cur
interaction rate is 83105 neutrino interactions per year an
53105 antineutrino interactions per year.

h

he
si-

FIG. 6. Calculated fluxes and spectra in a detector 1 km do
stream of a muon storage ring neutrino source in which 1.5 Gec
unpolarized muons are circulating. The top plots show the neut
and antineutrino spectra, and the bottom plots show the cha
lepton spectra from charged current interactions when posi
muons~bottom left! and negative muons~bottom right! are stored in
the ring.
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TABLE I. Summary of the neutrino oscillation experimental configurations considered in the text. The number ofne charged current
interactions per year and the mean energies of the interacting neutrinos are listed for a detector of massmDET a distanceL from a storage
ring in which 7.531020 unpolarized positive muons per year are injected with momentapm , and 25% of the muons decay in the straig
section pointing at the experiment.

pm

(GeV/c) mDET

L
~km!

^En&
~GeV!

L/^En&
~km/GeV!

neCC
interaction/yr

20 10 kT 10 000 13 744 13103

10 10 kT 732 6.6 111 33104

20 10 kT 732 13 57 23105

1.5 20 T 1 1 1 13105
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V. EXAMPLES

To illustrate the physics potential of the muon stora
ring neutrino sources discussed in the previous section,
sider the sensitivity of an experiment searching forne-nm or
ne-nt oscillations performed by searching for charged c
rent interactions producing ‘‘wrong-sign’’ muons. For e
ample, if positive muons are stored at the neutrino sou
unoscillated muon-antineutrino and electron-neutr
charged current interactions will producem1 and e2, re-
spectively. However, if thene transforms itself into anm
during its passage to the detector the charged current in
action will produce am2. Similarly, if the ne transforms
itself into ant and the neutrino energy is sufficiently larg
the charged current interaction will produce at2 which, with
a branching ratio of 17%@9#, will decay to produce am2.

Within the framework of two-flavor vacuum oscillation
the probability that, whilst traversing a distanceL, a neutrino
of type 1~massm1! oscillates into a neutrino of type 2~mass
m2! is given by@4#

P~n1→n2!5sin2~2u!sin2~1.27Dm2L/E!, ~9!

whereu is the mixing angle, andDm2[m2
22m1

2 is measured
in eV2/c4, L in km, and the neutrino energyE is in GeV.
Hence, in the absence of backgrounds or systematic un
tainties, a neutrino oscillation experiment can be charac
ized by the total number of neutrino interactions observ
@and hence the minimum observableP(n1→n2)# and the
averageL/E for the interacting neutrinos. These paramet
are summarized in Table I for the experimental configu
tions discussed in the previous section. In the following
consider the very-long-, long-, and short-baseline configu
tions for a ne-nm oscillation search, and then consider t
long- and very-long-baseline configurations for ane-nt os-
cillation search.

A. Very-long-baseline experiment

Consider first the very-long-baseline experiment. T
mean value ofL/E for the interactingne downstream of a
20 GeV/c muon storage ring is 744 km/GeV, and the e
pected number ofne charged current interactions per year
a 10 kT detector is;103. In the absence of background, th
minimum observableP(ne→nm) is thereforeO(1023). To
eliminate background from charge misidentification the
periment must be designed to provide a good measurem
of the sign of the muon charge. Consider a detector desig
the type being developed for the MINOS experiment@11#,
e
n-
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e
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e
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-
nt
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namely, a detector constructed from 600 iron plates that a
cm thick and are magnetized toroidally with a field streng
of 1.5 T. The iron plates provide the target for neutrino
teractions, and tracking is provided by planes of stream
tubes placed between the iron plates with a 1 cmpitch. The
curvature resolution for muons produced in neutrino inter
tions has been calculated for this detector, and is descr
by a Gaussian resolution function with an rms width giv
by @11#

sk /k;0.18/pm10.06, ~10!

for muons with momentumpm (GeV/c) in the range 1
,pm,20 GeV/c. The non-Gaussian tails of the curvatu
resolution function resulting from hard interactions and fro
the non-Gaussian tails of the multiple scattering distribut
have also been calculated, and are at the 4 – 531025 level.
This non-Gaussian component dominates the calcula
charge misidentification probability forpm.1.3 GeV/c.
However, measurements populating the tails of the res
tion function can be suppressed by using the measured m
range to confirm the momentum determination, and he
reject large fluctuations in the curvature measurement.
anticipate that combined measurements of range and cu
ture should provide reliable charge determination with
misidentification probability,1025 for muons with mo-
menta.1 GeV/c. This would be adequate for the very-lon
baseline experiment provided most of the muons to be m
sured have momentapm.1 GeV/c. This is seen to be the
case in Fig. 7 which shows the predicted charged currente2

andm2 spectra for sin2(2u)51 and four choices ofDm2 in
the range 531024,Dm2,431023 eV2/c4. The spectra
are clearly sensitive to values of the oscillation parame
within this range.

Figure 8 compares thene-nm oscillation single-event sen
sitivity contour in the@Dm2, sin2(2u)# plane for the very-
long-baseline configuration with the corresponding conto
for the other configurations discussed in the following su
sections. The contour has been calculated using the ave
value of L/E for the neutrinos producing charged curre
interactions in the detector. The very-long-baseline sing
event contour for one year of data taking extends down
Dm2;331025 eV2/c4 for sin2(2u)51, with the ‘‘knee’’ in
the contour at sin2(2u);1023. Since the probability of re-
cording a background event due to charge misidentifica
would be small for a 10 kT yr data sample, in the absence
other significant sources of background, further data tak
and/or a larger fiducial mass would improve the sensitivity
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the experiment. Note that the next generation of lon
baseline neutrino oscillation experiments currently under
sign @11–20# are expected to probe down toDm2;1
31023 eV2/c4 for sin2(2u)51. Hence, the very-long
baseline experiment considered in this example would p
vide a significant improvement beyond the next genera
of experiments.

FIG. 7. Predicted charged lepton energy distributions in a de
tor 10 000 km from a ring in which 20 GeV/c unpolarized positive
muons are decaying. The predicted differential distributions fore2

~solid histograms! andm2 ~broken histograms! are shown assuming
ne-nm oscillations are occurring with sin2 2u51 andDm2 as indi-
cated on the four subplots.

FIG. 8. Contours of single-event sensitivity forne-nm oscilla-
tions for 1 year of running with the values ofL/E specified on the
figure, which correspond to the detector configurations summar
in Table I. The hatched and cross-hatched areas show the exp
regions that will be explored by, respectively, the MINOS expe
ment @11# after 2 years of running and the MiniBooNe experime
@12# after 1 year of running.
-
-

-
n

B. Long-baseline experiment

Now consider the long-baseline (Fermilab→Soudan) ex-
periment. Starting with neutrinos from a 10 GeV/c muon
storage ring, the mean value ofL/E for the interactingne is
111 km/GeV, and the expected number ofne charged current
interactions per year in a 10 kT detector is 33104. In the
absence of background, the minimum observa
P(ne→nm) is thereforeO(1024) in a 10 kT yr exposure.
Most of the muons to be measured have momentapm
.1 GeV/c ~Fig. 5!. Hence, a detector of the type describ
in the previous section could be used.

The calculated long-baselinene-nm oscillation single-
event contour is shown in Fig. 8, and extends down
Dm2;331025 eV2/c4 for sin2(2u)51, with the ‘‘knee’’ in
the contour at sin2(2u);331025. Hence, for a 10 kT yr ex-
posure, the long- and very-long-baseline experiments wo
have comparable sensitivity at large mixing angles. Ho
ever, with a significantly longer data taking period or a mu
larger fiducial mass the long-baseline experiment would
gin to record background events unless the charge misid
tification probability could be reduced well below the 1025

level. In fact it is believed@21# that a further large reduction
in the charge misidentification could be obtained by apply
reasonable goodness-of-fit criteria to the reconstructed tra
and/or using a detector design in which the tracking detec
are within a magnetic field and the curvature measureme
made in a region between the iron plates.

C. Near experiment

Next consider the short baseline~1 km! experiment at a
1.5 GeV/c muon storage ring. The mean value ofL/E for the
interactingne is 1 km/GeV. A detector of the type consid
ered in the previous sections for the long- and very-lon
baseline configurations is unsuitable for a very low-ene
near experiment in which the muons to be measured h
momentapm,1 GeV/c. A smaller detector with an active
target and an external momentum spectrometer would
more suitable. For example, a short-baseline experiment
been proposed@13# at CERN with a detector consisting of
2.4 ton emulsion target configured in six modules, with ea
module containing a tracker downstream of the emulsi
The modules are within a 0.7 T dipole field, and the expec
curvature resolution provided by the tracking system with
a single module has been estimated to be better than 1
The finite range of very low-energy muons will impose
effective cutoff in pm . The detailed module design for
low-energy oscillation experiment would therefore need
be optimized to minimize thispm cutoff while maintaining a
reasonably large fiducial mass and precise curvature m
surement.

An explicit detector design is beyond the scope of t
paper, but to illustrate the required design criteria for
experiment at a 1.5 GeV/c muon storage ring we will con-
sider the sensitivity of a detector having a 20 ton fiduc
mass, constructed from modules designed so that the cu
tures of muons with momentumpm.0.2 GeV/c are mea-
sured with a precisionsk /k,0.2. In the absence of back
ground there would be;13105 ne charged current
interactions within the fiducial mass per year, correspond
to a minimum observableP(ne→nm) of ;1025. Hence, it is
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desirable that the non-Gaussian tails of the curvature res
tion function be at the level of,1025. Assuming this is the
case, the predicted single-event contour for the near exp
ment is shown in Fig. 8. The sensitivity of this experiment
large mixing angles is comparable to the expected sensi
ties for the next generation of long-baseline experiments
small mixing angles and ‘‘large’’Dm2 the experiment would
be sensitive down to sin2(2u);1025, which is an order of
magnitude lower than the expected reach of the next gen
tion of neutrino oscillation experiments@11–20#.

We conclude that a very-low-energy near experim
would be of interest if a detector with a fiducial mass of
least 20 tons could be designed to measure muonspm
.0.2 GeV/c) with a charge misidentification probabilit
,1025, and with adequate suppression of other poten
sources of background from, for example, secondary prod
tion of neutrinos from interactions in the vicinity of the e
periment, or a component of neutrinos produced from
decays of ‘‘wrong-sign’’ muons produced in the accelera
complex upstream of the storage ring.

D. ne-nt oscillation search

Finally, we consider a search forne-nt oscillations, based
on a search for wrong-sign muons. We will restrict ourselv
to the long- and very-long-baseline configurations with
MINOS-type detector described previously. Since at low
ergies thent charged current cross section is suppressed
to threshold effects, and since only 17% of the decayint
leptons produce a muon, the sensitivity of thene-nt oscilla-
tion search will be less than the corresponding sensitivity
the ne-nm oscillation search. Consider an experiment
which 20 GeV/c unpolarized positive muons are stored
the muon storage ring. The average energies of the inte
ing tau neutrinos will depend upon the oscillation para
eters, but will be approximately 15 GeV, giving average v
ues ofL/E of 49 and 660 km/GeV for the long-and very
long-baseline configurations, respectively. Using th
values ofL/E, Fig. 9 shows the calculated single-event co
tours in the@Dm2, sin2(2u)# plane forne-nt oscillations. At
large mixing angles the long- and very-long-baseline exp
ments would be sensitive to values ofDm2 approaching
1024 eV/c2, an improvement beyond the sensitivities of pa
ne-nt oscillation searches@22,23# of several orders of mag
nitude.

VI. CONCLUSIONS

A very intense muon source of the type currently be
developed for a future high-luminosity muon collider wou
provide sufficient muons to make very intense neutrino a
antineutrino beams. IfO(1020) muons per year were allowe
2,
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to decay within a 20 GeV/c storage ring with a straight sec
tion pointing in the desired direction, the resulting bea
would produce hundreds of charged current neutrino inte
tions per year in a 10 kT detector on the other side of
Earth. High beam intensities, together with the purity of t
initial flavor content of the neutrinos and antineutrin
within the beam, would provide unique opportunities f
short-, long-, and very-long-baseline neutrino experimen
The physics program that can be pursued with muon stor
ring neutrino sources could begin with a short baseline
periment using relatively low-energy muons@O(1 GeV!# as
soon as an intense muon source became operational, an
extended to include higher-energy muon storage rings
longer-baseline experiments as higher-energy muon be
became available.
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FIG. 9. Contours of single-event sensitivity forne-nt oscilla-
tions based on searching for ‘‘wrong-sign’’ muons with the ver
long-baseline~solid contour! and long-baseline~dotted contour!
configurations discussed in the text and corresponding to the a
ageL/E values of, respectively, 660 and 49 km/GeV. The conto
correspond to a 10 kT year exposure with 20 GeV/c unpolarized
muons stored in the ring and the straight section pointing at de
tors 10 000 and 732 km from the ring.
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