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Long baseline neutrino physics with a muon storage ring neutrino source
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We examine the physics capabilities of known flavor neutrino beams from intense muon sources. We find
that long-baseline neutrino experiments based on such beams can provide precise measurements of neutrino
oscillation mass and mixing parameters. Furthermore, they can test whether the dominant atmospheric neutrino
oscillations arenm→nt and/ornm→ns , determine thenm→ne content of atmospheric neutrino oscillations,
and measurene→nt appearance. Depending on the oscillation parameters, they may be able to detect Earth
matter andCP violation effects and to determine the ordering of some of the mass eigenstates.

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

In recent years solar-neutrino and atmospheric-neut
measurements have provided a growing body of evidence
the existence of neutrino oscillations@1#. The observed sola
neutrino deficit@2,3# can be interpreted as evidence for t
oscillation of electron neutrinos (ne) into neutrinos of a dif-
ferent flavor. The recent atmospheric-neutrino results fr
the Super-Kamiokande Collaboration@4#, along with other
experiments@5#, suggest the oscillation of muon neutrino
(nm) into neutrinos of a different flavor, which are dom
nantly either tau neutrinos (nt) or sterile neutrinos (ns).
Taken together, these results suggest the mixing of at l
three different neutrino types@6–9#. In addition, the Liquid
Scintillation Neutrino Detector~LSND! Collaboration has
reported@10# results fromm1 decays at rest that could b
interpreted as the first evidence forn̄m→ n̄e oscillations in an
accelerator based experiment. LSND has also reported@11#
results from measurements ofp1 decays in flight that could
be the first evidence fornm→ne oscillations. If all of the
above reported effects survive, including the energy dep
dence of the solar data, then oscillations to a sterile neut
are required, since there would then be three distinct m
squared difference (Dm2) values@12#. If some of the experi-
mental constraints are relaxed, then three-neutrino osc
tions are sufficient@13#.

The solar-neutrino, atmospheric-neutrino, and LSND
sults have generated much interest in future accelera
based neutrino oscillation experiments. We can anticip
that an extensive experimental program will be needed
firmly establish the existence of neutrino oscillations and
precisely determine all the parameters relevant to the p
nomenon. The upcoming accelerator-based experim
@14,15# will firmly ground the existence of neutrino oscilla
tions, and measure some of the associated parameters.
reactor experiments will tightly constrainne disappearance
@16–19#; a sensitivity down to 1025 eV2 is expected in
Kamland. However, precise measurements of neutrino m
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squared differences and the mixing matrix that rela
neutrino-flavor eigenstates to neutrino-mass eigenstates
almost certainly require a further generation of experime
exploiting higher intensity and/or higher quality neutrin
beams than currently available@20–22#. Other goals of such
experiments might be~i! to determine whether the atmo
spheric neutrino oscillations arenm→nt , nm→ns , or a mix-
ture of both @23,24#, ~ii ! to detect Earth matter effects o
neutrino oscillations@25,26#, ~iii ! when matter effects are
present, to determine the ordering of the neutrino m
eigenstates responsible for the oscillation being measu
@26–28#, and~iv! to detectCP andT violation if it exists in
the lepton sector@21,29–32#.

It has been suggested@20# that higher intensity and highe
quality neutrino beams could be made by exploiting the v
intense muon sources that are currently being developed
part of ongoing muon collider@33# feasibility studies. The
muons would be accelerated up to the desired energy,
injected into a storage ring consisting of two long straig
sections joined together by two arcs. Muons that decay in
straight sections would form neutrino beams consisting
50% nm and 50%n̄e if negative muons are stored, and 50
ne and 50% n̄m if positive muons are stored. A compa
muon storage ring neutrino source could be tilted downwa
at a large angle to enable neutrino beams to be dire
through the Earth. If the muons from a muon collider mu
source are accelerated to energies of>10 GeV and injected
into a suitable storage ring, it has been shown that the n
trino fluxes are sufficient to detect hundreds of neutr
charged current~CC! interactions per year in a reasonab
size detector on the other side of the Earth@20#.

The muon storage ring neutrino source idea has led
several recent workshops@34,35#. A number of papers
@20,21,36,37# have discussed the physics potential of th
new type of neutrino facility. In addition, a preliminar
muon storage ring neutrino source design study has b
made@38#, and further studies are planned. The evolution
the existing accelerator complexes at Fermilab@39,40# and
©2000 The American Physical Society04-1
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V. BARGER, S. GEER, AND K. WHISNANT PHYSICAL REVIEW D61 053004
CERN @41# towards a muon collider with a muon storag
ring neutrino source has also been considered. Much fur
work will be required to develop a realistic design before
first muon storage ring neutrino source can be proposed

In this paper we consider the physics potential of mu
storage ring neutrino sources that are being considere
explicit upgrade scenarios for the Fermilab accelerator c
plex. Two different geometries are considered:~i! a neutrino
source at Fermilab pointing toward the Soudan mine in M
nesota (L5732 km! and ~ii ! a neutrino source at Fermila
pointing toward the Gran Sasso underground laboratory
Italy ~baseline lengthL57332 km!.

The paper is organized as follows. In Sec. II the char
teristics of neutrino beams from muon storage ring sour
are discussed and the basic oscillation formulas are
sented. The role of muon storage ring neutrino source
exploring the parameters associated withnm→nt and nm
→ns oscillations is considered in Sec. III. Section IV di
cussesne→nm oscillations, including matter effects and th
possibility of detectingCP violation. In Sec. V we discuss
ne→nt oscillations. Finally, a summary is given in Sec. V

II. NEUTRINO BEAMS FROM A MUON STORAGE RING

The neutrino fluxes and interaction rates at a given lo
tion downstream of a muon storage ring neutrino source
pend upon the number of stored muons, the beam diverg
within the neutrino-beam forming straight section, and
energies and polarization of the decaying muons. In this s
tion we describe the storage ring parameters, discuss
muon decay kinematics, present the calculated neut
fluxes and interaction rates atL5732 km and 7332 km, and
discuss the matter effects forne→nm , ne→nt , and nm
→ns oscillations.

A. Storage ring parameters

A preliminary design study for a muon storage ring ne
trino source at Fermilab is described in Ref.@38#. The neu-
trino source consists of:

~i! An upgraded high-intensity proton source@39# that
cycles at 15 Hz and delivers 12 bunches per cycle, e
containing 2.531012 protons at 16 GeV.

~ii ! A pion production target, pion collection system, a
decay channel. The 16 GeV protons interact in the targe
produce per incident proton approximately 0.6 charged pi
of each sign captured within the decay channel. At the en
a 50 m long decay channel on average 0.2 muons of e
charge are produced for each proton incident on the prod
tion target. Hence there would be about 631012 muons of
the desired charge at the end of the decay channel per a
erator cycle and, therefore, 931020 muons per operationa
year (107 sec!.

~iii ! A muon cooling channel that captures the muons
iting the decay channel into bunches with rms lengthssz
51.5 m and a normalized transverse emittanceeN;0.017
m rad. The cooling channel reduces the emittance toeN
;0.005 m rad. At the end of the cooling channel there wo
be about 5.431012 muons of the desired charge per accele
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tor cycle, contained within 12 bunches with rms lengthssz
52 m, a mean muon energy of 230 MeV, and an ene
spread given bysE /E;0.2. Hence, there would be 8.
31020 cooled muons per operational year.

~iv! An acceleration system that captures the muons fr
each long bunch exiting the cooling channel into 16 sh
bunches withsz;0.9 cm and accelerates the muons to
GeV. About 60% of the muons survive the capture and
celeration stage. Hence, about 531020 muons are accelerate
to 10 GeV per operational year.

~v! A muon storage ring with two long straight section
The circumference of the ring is 448 m, and the length of
neutrino beam-forming straight section is 150 m. Hen
about 33% of the muon decays contribute to the neutr
beam, and there are 1.631020 neutrinos and 1.631020 an-
tineutrinos in the beam per operational year.

Note that in the scenario described above the pro
source provides approximately one-third of the beam po
of the source required for a muon collider. The fluxes a
interaction rates discussed in the following sections sho
be multiplied by a factor of 3.3 to obtain the results th
would correspond to a muon storage ring neutrino sou
that utilizes the full muon collider muon source.

B. Fluxes and interaction rates

In the muon rest frame the distribution of muon a
tineutrinos ~neutrinos! from the decaym6→e61ne ( n̄e)
1 n̄m (nm) of polarized muons is given by the expressi
@42#

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!Pmcosu# ~3!

and

d2Nne

dxdV
}

12x2

4p
@~12x!7~12x!Pmcosu#, ~4!

wherePm is the average muon polarization along the chos
quantization axis, which in this case is the beam directio
4-2
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Using Eqs.~3! and~4!, the calculatednm , ne , n̄m , andn̄e
fluxes at a muon storage ring neutrino source were prese
in Ref. @20# as a function ofL, Pm , and the energy of the
stored muons (Em). For unpolarized muons, these results c
be summarized by the formula

F[
d2Nn

dAdt
5

n0

4pL2g2~12b cosa!2 , ~5!

wheren0 is the number of neutrinos~or antineutrinos! per
unit time in a given beam,g5Em /mm , b5pm /Em , a is the
angle between the beam axis and the direction of inter
anddA is the differential area at the detector. In practice
muon beam within the storage ring will have a finite dive
gence which must be taken into account. Current des
studies suggest a typical divergence of;1 mr within the
beam-forming straight section. The neutrino flux atL5732
km is shown versusa in Fig. 1 for several muon energies. I
Fig. 2 the neutrino flux is shown versus the perpendicu
distance from the beam axis for several values ofL andEm .
As Fig. 2 shows, the flux is fairly uniform near the axis, an
provided 1/g.1 mr, begins to fall off only for distances o
orderL/g away from the beam. In the extreme forward d
rection cosa.1, and using the approximationb.1
21/(2g2), the neutrino flux may be approximated as

F.
n0g2

pL2 . ~6!

These calculated fluxes are summarized in Table I for
baseline lengthsL5732 km andL57332 km, and the stor
age ring parameters described Sec. II A.

Equations~3! and ~4! can also be used to calculate th
distribution dNn /dEn of nm and ne energies in the beam

FIG. 1. Total neutrino flux of a given flavor versus angle at t
source from the beamline atL5732 km for Em510 GeV ~solid
line!, 20 GeV ~dashed line!, 50 GeV ~dotted line!, and 250 GeV
~dot-dashed line!, assuming 1.631020 neutrinos in the beam pe
operational year. A Gaussian muon beam divergence of 1 mr
been folded in. The total antineutrino flux is the same.
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using the approximation that, in the laboratory frame,x
→En /Em for forward neutrinos from high energy muon d
cays (Em@mm). The calculatednm andne spectra are shown
in Fig. 3. Note that thenm spectrum peaks at the stored mu
beam energy, whereas thene spectrum peaks at two-thirds o
the stored muon beam energy. Also, sinceF}Em

2 and s
}Em , the total event rate is proportional toEm

3 .
The CC neutrino and antineutrino interaction rates can

calculated using the approximate expressions for the c
sections:

snN;0.67310238 cm23En ~GeV! ~7!

and

TABLE I. Neutrino and antineutrino fluxes calculated for th
baseline lengthsL57332 km ~Fermilab → Gran Sasso! and L
5732 km ~Fermilab → Soudan!. In the calculation the neutrino
fluxes have been averaged over a circular area with radius 1 km~0.1
km! for L57332 km~732 km!. This averaging provides an approx
mate model for theO~10%! reduction in the neutrino fluxes at th
far site due to the finite divergence of the parent muon beam in
straight section of the storage ring.

Parent Em ~GeV! 10 20 50 250

Fermilab→ Soudan
m2 nm (1012 m22 yr21) 0.79 3.3 21 460
m2 n̄e (1012 m22 yr21) 0.79 3.3 21 470
m1 ne (1012 m22 yr21) 0.85 3.3 21 470
m1 n̄m (1012 m22 yr21) 0.84 3.3 21 470

Fermilab→ Gran Sasso
m2 nm (1010 m22 yr21) 0.79 3.3 21 470
m2 n̄e (1010 m22 yr21) 0.79 3.3 21 470
m1 ne (1010 m22 yr21) 0.83 3.3 21 470
m1 n̄m (1010 m22 yr21) 0.85 3.3 21 470

as

FIG. 2. Total neutrino flux of a given flavor versus perpendic
lar distance from the beam axis at~a! L50.3 km, ~b! 732 km, and
~c! 7332 km ~dotted line! for Em510 GeV ~solid line!, 20 GeV
~dashed line!, 50 GeV~dotted line!, and 250 GeV~dot-dashed line!,
assuming 1.631020 neutrinos in the beam per operational year.
Gaussian muon beam divergence of 1 mr has been folded in.
total antineutrino flux is the same.
4-3
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sn̄N;0.34310238 cm23En̄ ~GeV!. ~8!

The modification in the linear energy dependence due to
W propagator can be neglected for the neutrino energies
consider. Using Eqs.~7! and ~8!, and assuming no neutrin
oscillations, the CC interaction rates corresponding to
fluxes in Table I are shown in Table II. Given the distrib
tion of neutrino and antineutrino energies in the beam~Fig.
3! and the linear dependence of the CC cross sections
energy@Eqs.~7! and ~8!#, the predicted energy distribution
for the resulting CC interactions are shown in Fig. 4. No
that thenm CC event energies peak at the stored muon be

FIG. 3. Neutrino and antineutrino spectra for muon-type neu
nos ~top! and electron-type neutrinos~bottom! in the beam down-
stream of a muon storage ring neutrino source containing unpo
ized muons.
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energy, whereas thene event energies peak at about thre
quarters of the stored muon beam energy. Fornt and n̄t CC
cross sections, we use the ratiossCC(ntN)/sCC(nmN) and
sCC( n̄tN)/sCC( n̄mN) given in Ref.@43#, multiplied by the
cross sections in Eqs.~7! and ~8!. If the nt cross sections
from Ref. @44# are used, the predicted event rates are 2
30 % higher; we use the more conservative values
Ref. @43#.

Event rates for MINOS are compared to those for a F
milab to Soudan experiment using a muon storage ring
Table III. Since for a muon storage ring neutrino source
total event rate increases asEm

3 , increasing the muon energ
dramatically improves the usefulness of such a mach
From this comparison we conclude,~i! for electron neutrino

i-

r-

FIG. 4. Event energy distributions for the CC interactions
muon-type neutrinos~top! and electron-type neutrinos~bottom!
downstream of a muon storage ring neutrino source containing
polarized muons.
or the

ction of
TABLE II. Neutrino and antineutrino CC interaction rates in the absence of oscillations, calculated f
baseline lengthsL57332 km ~Fermilab → Gran Sasso! and L5732 km ~Fermilab → Soudan!. In the
calculation the neutrino fluxes have been averaged over a circular area with radius 1 km~0.1 km! for L
57332 km ~732 km!. This averaging provides an approximate model for theO~10%! reduction in the
neutrino fluxes at the far site due to the finite divergence of the parent muon beam in the straight se
the storage ring.

Parent Em ~GeV! 10 20 50 250

Fermilab→ Soudan
m2 nm ~per kt yr! 2.23103 1.93104 2.93105 3.13107

m2 n̄e ~per kt yr! 9.63102 8.03103 1.33105 1.43107

m1 ne ~per kt yr! 1.93103 1.63104 2.43105 2.73107

m1 n̄m ~per kt yr! 1.23103 9.53103 1.53105 1.63107

Fermilab→ Gran Sasso
m2 nm ~per kt yr! 22 1.93102 2.93103 3.13105

m2 n̄e ~per kt yr! 9.5 80 1.33103 1.43105

m1 ne ~per kt yr! 20 1.63102 2.43103 2.73105

m1 n̄m ~per kt yr! 12 94 1.53103 1.63105
4-4
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beams, even a very low energy muon storage ring migh
interesting, and~ii ! for muon neutrino beams, rates becom
quite large compared to conventional neutrino beams
Em>20 GeV.

We next consider the distribution of energies of t
charged leptons produced in the neutrino and antineut
CC interactions downstream of a muon storage ring neut
source. It is useful to define the scaling variable

y[12El /En , ~9!

whereEl is the energy of a charged lepton produced the
interaction. The differential neutrino and antineutrino cro
sections are given approximately by

dsn

dy
}EnF11

~12y!2

5 G ~10!

and

dsn̄

dy
}En̄F ~12y!21

1

5G . ~11!

These formulas neglect theQ2 dependence of the structur
functions. If unpolarizedpositive muons are stored in th
muon storage ring neutrino source, then̄m CC interaction
rate in a distant detector is described by the doubly differ
tial distribution obtained from Eqs.~1! and ~11!:

d2Nn̄m

CC

dxdy
}x3~322x!F ~12y!21

1

5G , ~12!

where, for a high energy muon storage ring,x→En /Em in
the laboratory frame. It is convenient to define the norm
ized charged lepton energy

z[El /Em . ~13!

TABLE III. Muon neutrino and electron antineutrino CC inte
action rates in the absence of oscillations, calculated for base
length L5732 km ~Fermilab → Soudan!, for MINOS using the
wideband beam and a muon storage ring withEm510, 20, 50, and
250 GeV.

^Enm
& ^En̄e

& N(nm CC! N( n̄e CC
Experiment ~GeV! ~GeV! ~per kt yr! ~per kt yr!

MINOS Beam

Low energy 3 – 458 1.3
Medium energy 6 – 1439 0.9

High energy 12 – 3207 0.9

Muon ring Em ~GeV!

10 7 6 2200 960
20 14 12 19000 8000
50 35 30 2.93105 1.33105

250 175 150 3.13107 1.43107
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At high energies (12y).z/x. Integrating Eq.~12! over x,
the charged lepton energy spectrum is given by

dNm1

dz
}E

z

1

dxx2~322x!F S z

xD 2

1
1

5G , ~14!

yielding

dNm1

dz
}1120z2232z3111z4. ~15!

The corresponding expression for the electron energy s
trum arising from the CCne interactions is

dNe2

dz
}516z2232z3121z4. ~16!

The expressions for them2 and e1 spectra resulting from
CC interactions when unpolarized negative muons are sto
in the muon storage ring neutrino source are, respective

dNm2

dz
}514z2216z317z4 ~17!

and

dNe1

dz
}1130z2264z3133z4. ~18!

The charged lepton spectra computed from Eqs.~15!–~18!
are shown in Fig. 5.

C. Interaction rates with neutrino oscillations

For a given neutrino flavor, neutrino oscillations w
modify the neutrino flux at a distant detector and, hence,
associated charged current interaction rates. Within
framework of two-flavor vacuum oscillations, the flavo
eigenstatesna andnb are related to the mass eigenstatesn i
andn j by

na5n icosu2n jsinu, ~19!

nb5n isinu1n jcosu, ~20!

whereu is the mixing angle. The probability that, while tra
versing a distanceL in vacuum, a neutrino of typea oscil-
lates into a neutrino of typeb is given by

P~na→nb!5sin2~2u!sin2~1.267Dmji
2 L/En!, ~21!

whereDmji
2 [mj

22mi
2 is measured in eV2/c4, L in km, and

the neutrino energyEn is in GeV. The neutrino oscillation
length in vacuumLV is given by

LV5
2.48En

Dmji
2

. ~22!

The first maximum in the oscillation probability occurs whe
L5LV/2. The values ofDmji

2 that correspond to this oscilla
tion maximum are shown in Fig. 6 as a function ofEn for

ne
4-5
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three baseline lengths. Note that ifDmji
2 is small, short base

line lengths require low neutrino energies to probe the os
lation maximum. It is useful to define

h[
Dmji

2 L

Em
5

Dmji
2 L

En
x. ~23!

The first maximum in the oscillation probability occurs wh
h51.24x. The modulation of thene andnm CC interaction
spectra for neutrinos originating from a muon storage r

FIG. 5. Lepton energy spectra for CCn̄m ~top left!, nm ~top
right!, ne ~bottom left!, and n̄e ~bottom right! interactions.
t
-
,

05300
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g

neutrino source is shown in Fig. 7 as a function ofh. The
distributions of thena CC interaction energies exhibit peak
whose locations are very sensitive toh ~and henceDmji

2 )
providedh;1.

If there are three neutrino types, then the flavor eig
states are related to the mass eigenstates by a 333 unitary
matrix @45#

FIG. 6. TheDm2 in Eq. ~17! that yields a maximum vacuum
oscillation probability, shown versus the neutrino energy for th
baseline lengths:~i! Fermilab→ Soudan~solid line!, ~ii ! Fermilab
→ Gran Sasso~dashed line!, and~iii ! Fermilab→ Kamioka Mine
~dotted line!.
S ne

nm

nt

D 5S c12c13 s12c13 s13e
2 id

2s12c232c12s23s13e
id c12c232s12s23s13e

id s23c13

s12s232c12c23s13e
id 2c12s232s12c23s13e

id c23c13
D S n1

n2

n3

D , ~24!
uum
-
the

he

or
whereci j 5cosuij andsi j 5sinuij . If the neutrinos are Majo-
rana, there are two extra phases, but these do not affec
cillations @46#. If Dm21

2 is responsible for solar neutrino os
cillations andDm32

2 for atmospheric neutrino oscillations
then uDm21

2 u!uDm32
2 u. The resulting vacuum oscillation

probabilities for the leading oscillation (1.267uDm21
2 uL/En

!1), appropriate for long-baseline experiments, are@47#

P~ne→nm!5sin2u23sin22u13sin2~1.267Dm32
2 L/En!,

~25!

P~ne→nt!5cos2u23sin22u13sin2~1.267Dm32
2 L/En!,

~26!
os-
P~nm→nt!5cos4u13sin22u23sin2~1.267Dm32

2 L/En!.
~27!

These expressions are analogous to the two-flavor vac
oscillation probability in Eq.~21!, except that each oscilla
tion channel has a distinct amplitude that depends on
neutrino mixing parameters.

D. Matter effects

Electron neutrinos can elastically forward scatter off t
electrons in matter via the charged current interaction@25#.
When ne oscillates into eithernm or nt , this introduces an
additional term in the diagonal element of the neutrino flav
4-6
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LONG BASELINE NEUTRINO PHYSICS WITH A MUON . . . PHYSICAL REVIEW D61 053004
evolution matrix corresponding tone→ne . It is useful to
define the characteristic matter oscillation lengthL0 as the
distance over which the phase of thene wavefunction
changes by 2p @26#:

L05
2p

A2GFNe

'
1.633104

r~g cm23!Z/A
km, ~28!

whereNe5rN0Z/A is the electron density in matter of den
sity r, Z/A is the average charge to mass ratio for the el
trically neutral matter, andN0 is Avogadro’s number. Note
that, unlike the vacuum oscillation lengthLV , the character-
istic matter oscillation lengthL0 is independent ofEn . For
ordinary rock (r;3 g cm23 and Z/A50.5) L0'104 km.
Matter effects are negligible whenL0@L or L0@LV . How-
ever, matter effects can be appreciable for trans-Earth exp
ments, whereL;L0, providedL0&LV which is satisfied if
Dm2(eV2/c4)& E(GeV)/3000. In practice, for a trans-Ear
experiment, ifEm is greater than a few tens of GeV, th

FIG. 7. Neutrino and antineutrino charged current interact
spectra for muon-type neutrinos~top! and electron-type neutrino
~bottom! downstream of a muon storage ring neutrino source c
taining unpolarized muons. The differential distributions are sho
as a function of the parameterh[Dm2L/Em for h50.5 ~dashed
curves!, h51 ~dotted curves!, andh51.5 ~dot-dashed curves!. The
solid curves show the spectra in the absence of oscillations.
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muon storage ring becomes too large to have it tilted a
large angle while preserving relatively long straight sectio
between the arcs. Hence, matter effects will only be imp
tant for a trans-Earth experiment ifDm2<O(1022) eV2/c4.
The tilt angle, distance, and average electron density
some representative long-baseline experiments from the
milab site are given in Table IV. For distances longer th
about 10000 km the path goes through part of the core~the
core diameter is 6960 km and the Earth’s diameter is 12
km!.

The effectivene oscillation length in matterLm depends
on L0 and LV . Defining the ratioRm[Lm /LV , it can be
shown that@26,48#

Rm[
Lm

LV
5F11S LV

L0
D 2

2
2LV

L0
cos2uG21/2

~29!

and

P~ne→nx!5Rm
2 sin2~2u!sin2F1.267Dmji

2

Rm

L

En
G . ~30!

For antineutrinos,Ne in Eq. ~28! changes sign; hence matte
effects are different for neutrinos and antineutrinos
cos 2uÞ0. If cos 2uDmji

2.0 ~i.e., ne is more closely associ
ated with n i than n j ), oscillations ofne are enhanced and
oscillations of n̄e are suppressed whenLV;L0; if
cos 2uDmji

2,0, the situation is reversed. Therefore, mat
effects may distinguish between the two different mass
derings when cos 2uÞ0.

If LV /L05cos 2u, the oscillations in matter have maxima
mixing @26#. Figure 8 shows the values ofDm2/En versus
sin22u that give maximal mixing in the mantle and core
the Earth; similarly, Fig. 9 shows values ofEn versus sin22u
that give maximal mixing in the Earth forDm253.5
31023 eV2/c4, the value favored by the Super-Kamiokan
atmospheric 708-day data@49#.

Note that both the oscillation amplitude and the oscil
tion length depend onRm , and hence on the densityr. For-
tunately, outside of the core the density profile of the Earth
well known, and is described by the preliminary referen
Earth model @50#. Density profiles along a selection o
chords passing through the Earth are shown in Fig. 10.
L5732 km most of the path length is in rock withr;2.5
g cm23. ForL57332 km most of the path length is in highe
density matter withr.4 g cm23. In some early studies
@26,51# matter effects were computed using the average d

n

-
n

utrino
TABLE IV. Tilt angle, distance, and average electron density for long-baseline experiments with ne
source at Fermilab.

Detector Tilt angle L ^Ne& Lcore ^Ne&mantle ^Ne&core

site ~deg! ~km! (N0/cm3) ~km! (N0/cm3) (N0/cm3)

Soudan 3.3 732 1.67 0 1.67 –
Gran Sasso 35 7332 2.09 0 2.09 –
Kamioka 46 9160 2.26 0 2.26 –
South Pole 67 11700 3.39 4640 2.33 4.99
4-7



b
ro
-

al

s
is

ion

7.

e
es
ion

n

the

ter
ugh
ters

V. BARGER, S. GEER, AND K. WHISNANT PHYSICAL REVIEW D61 053004
sity rav along the traversed path. This gives a reasona
estimate in many cases, but can introduce significant er
in the calculation ofP(ne→nx) in some regions of param
eter space. To illustrate this, Fig. 11 showsP(ne→nx), for
x5m or t, versusr calculated using Eq.~30! for 10 GeV
neutrinos propagating 7332 km. The calculation assum
sin22u51, and the results are shown for three different v
ues of Dm2. For L57332 km the average density israv
54.2 g/cm3. Consider theDm250.001 eV2/c4 curve, for
which LV524800 km. If rav is used, we obtainL057810
km and Rm50.30. The resulting oscillation probability i
P(rav)50.002. However, nearly all of the path length

FIG. 8. Regions ofDm2/En versus sin22u which have maximal
mixing in matter in the Earth. The range ofDm2/En values is due to
the variation of the density in the mantle and the core.

FIG. 9. Regions ofEn versus sin22u which have maximal mix-
ing in matter in the Earth forDm253.531023 eV2/c4. The range
of En values is due to the variation of the density in the mantle a
the core.
05300
le
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through matter with densities that correspond to oscillat
probabilities significantly higher thanP(rav). If the true
density profile is used instead ofrav , we obtainP50.014.
Thus, in this example, usingrav leads to a result which
underestimates the oscillation probability by a factor of
Therefore, in the following sections we do not userav to
calculateP(ne→nx), but integrate using the density profil
given by the preliminary Earth model. Extensive analys
have been made of oscillation effects involving transmiss

d

FIG. 10. Density profiles along a selection of chords of lengthL
passing through the Earth; the horizontal axis is the fraction of
total path length.

FIG. 11. Electron neutrino disappearance probabilityP(ne

→nx) for x5m or t, shown as a function of the assumed mat
density for 10 GeV electron neutrinos propagating 7332 km thro
the Earth. The curves correspond to the oscillation parame
sin22u51 andDm2 as indicated.
4-8
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LONG BASELINE NEUTRINO PHYSICS WITH A MUON . . . PHYSICAL REVIEW D61 053004
through the Earth’s mantle and core@28,52–55#.
For nm oscillations tont , there are no matter effects fo

simple two-flavor oscillations~although there may be sma
matter effects onnm→nt for three flavors@56#!. For nm
→ns oscillations, however, muon neutrinos elastically fo
ward scatter off the quarks and electrons in matter via
neutral current interaction, whereas sterile neutrinos do
The matter oscillation length in this case can be found
replacingNe in Eq. ~28! by 2Nn/2 ~by Nn/2 for n̄m→ n̄s
oscillations! @57#; Z in Eq. ~28! is then replaced byZ2A
(A2Z). If the mixing of atmosphericnm is nearly maximal
~as suggested by atmospheric neutrino data!, then Eqs.~29!
and ~30! imply that the amplitude ofnm→ns and n̄m→ n̄s
oscillations will both be suppressed by matter effects ifLV
*L0 and by the same amount since cos 2u.0.

III. nµ\nt AND nµ\ns OSCILLATIONS

The currently favored explanation for the Supe
Kamiokande atmospheric neutrino results is that muon n
trinos are oscillating primarily into either tau neutrinos
sterile neutrinos, with the oscillation parameters given
sin22u;1 and Dm2 in the approximate range 0.002–0.00
eV2/c4 @4,49#. Searches for neutrino oscillations at accele
tors are based on either the disappearance of the initial
trino flavor or the appearance of a neutrino flavor not ori
nally within the neutrino beam. If the current interpretati
of the Super-Kamiokande data is correct, the next genera
of approved long baseline accelerator experiments@14,15#
should confirm the existence of neutrino oscillations a
make the first laboratory measurements of the oscillation
rameters. This will happen in the period before a first mu
storage ring neutrino source could be built. It is likely the
fore that the main atmospheric neutrino oscillation phys
goals in the muon storage ring neutrino source era would
to make very precise measurements of the oscillation par
eters, and determine whether there is a smallnm→ns (nm
→nt) component in a dominantlynm→nt (nm→ns) signal.
CC measurements can distinguish betweennm→nt and nm
→ns oscillations in two ways:~i! direct appearance of tau
for nm→nt @58# and ~ii ! a differentnm→ns transition prob-
ability due to matter effects when compared tonm→nt .
Neutral current~NC!/CC measurements ofp0 production
can also distinguishnm→ns from nm→nt @59#.

A. Fermilab \ Gran Sasso

Consider first a 10 GeV muon storage ring at Fermi
with the neutrino beam-forming straight section pointing
Gran Sasso (L57332 km!. The predicted CC event rates a
listed as a function ofEm andDm2 in Table V. The predicted
nt appearance event rates arising fromnm→nt oscillations
with sin22u51 and Dm2 in the range 0.002–0.006 eV2/c4

are only of order of 1 event per kt yr. This event rate is t
low to enable a precisent appearance measurement in, f
example, a 1 kt hybrid emulsion detector. However, an o
cillation measurement could be made by anm disappearance
experiment. In the absence of oscillations about 220nm CC
events would be expected per year in a 10 kt detector, w
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an event energy distribution peaking at;10 GeV. In the
presence of oscillations the predictednm CC event rate
~Table V! and the corresponding event energy distributi
~Fig. 12! are both sensitive toDm2 ~providedh;1). How-
ever in general, for a givenDm2, the average oscillation
probability will depend on whethernm→nt or nm→ns or a
mixture of the two oscillations is being observed. Hence,
avoid a large uncertainty in the extracted value ofDm2 due
to an uncertainty in which the oscillation mode is being o
served, it is desirable that a trans-Earth baseline experim
be sensitive to bothnm disappearance andnt appearance. We
conclude that the muon storage ring beam energy needs
higher than 10 GeV to facilitate ant appearance measure
ment. Consider next a 20 GeV muon storage ring at Ferm
with the neutrino beam-forming straight section pointing
Gran Sasso (L57332 km!. Thent CC rate corresponding to
the favored region ofnm→nt parameter space is now suffi
ciently large to facilitate ant appearance measurement.
the absence of oscillations about 1900nm CC events would
be expected per year in a 10 kt detector. In the presenc
nm→nt oscillations with sin22u51 andDm250.002 eV2/c4

~0.006 eV2/c4) only 370 ~1300! nm CC events per 10 kt yr
would be expected, together with 43~14! nt CC events per
year in a 1 kt detector. The corresponding event rates
nm→ns oscillations are 1400~1200! nm CC events per 10
kt yr and nont CC events. With these trans-Earth event ra
at a 20 GeV storage ring anm disappearance measureme
would enable the oscillation probability to be measured w
a precision of a few percent and, for a known mixture
nm→nt and nm→ns oscillations, would enableDm2 to be
determined with a statistical precision of a few percent.
addition, ant appearance measurement would enable
nm→nt oscillation probability to be measured with a stat
tical precision which depends onDm2, but is typically about
20%. Finally, a comparison of the appearance and disapp
ance results would enable anm→ns contribution at the few
times 10% level to be observed in a predominantlynm→nt
signal or an approximately 10%nm→nt contribution to be
measured in a predominantlynm→ns signal.

B. Fermilab \ Soudan

Consider a 10 GeV muon storage ring at Fermilab w
the neutrino beam-forming straight section pointing
Soudan (L5732 km!. Predicted event rates are listed
Table V. In the absence of oscillations about 22200nm CC
events would be expected per year in a 10 kt detector. In
presence of eithernm→nt or nm→ns oscillations with
sin22u51 and Dm250.002 eV2/c4 ~0.006 eV2/c4) only
20500~11700! nm CC events per 10 kt yr would be expecte
In addition, fornm→nt oscillations 20~150! nt CC events
per year would be expected in a 1 ktdetector. Note that the
shape of thent CC interaction energy distribution~Fig. 13!
exhibits some dependence onDm2, although a detector with
good energy resolution would be needed to exploit this
pendence. We conclude that a storage ring with a beam
ergy as low as 10 GeV might be of interest for a Fermilab→
Soudan experiment, particularly ifDm2 is at the upper end o
the currently favored region. In this case the average os
4-9
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TABLE V. Muon neutrino CC interaction rates calculated for a distanceL downstream of a storage rin
containing unpolarized negative muons. The event rates assumenm→nt oscillations with sin22u51. Results
for nm→ns oscillations are shown in parentheses forL57332 km; forL5732 km matter effects are sma
and the results fornm→nt andnm→ns are very similar. Also shown are the tau neutrino CC interaction ra
due tonm→nt oscillations.

Em L Dm2 ^P& N(nm CC! Significance B(nt CC!

~GeV! ~km! ~eV2/c4) nm→nt (nm→ns) ~per 10 kt yr! ~per kt yr!

10 7332 0 0~0! 220 ~220! 0 ~0! 0

10 7332 0.002 0.53~0.18! 100 ~180! 12s(3.0s) 1.9

10 7332 0.003 0.29~0.36! 160 ~140! 5.2s(6.7s) 0.7

10 7332 0.004 0.63~0.64! 80 ~ 80! 15s(16s) 2.1

10 7332 0.005 0.56~0.48! 100 ~120! 12s(9.9s) 1.9

10 7332 0.006 0.38~0.37! 140 ~140! 7.1s(7.0s) 1.2

20 7332 0 0~0! 1900 ~1900! 0 ~0! 0

20 7332 0.002 0.80~0.27! 370 ~1370! 78s(14s) 43

20 7332 0.003 0.81~0.25! 360 ~1400! 80s(12s) 46

20 7332 0.004 0.53~0.18! 880 ~1530! 34s(8.6s) 30

20 7332 0.005 0.30~0.21! 1310 ~1480! 15s(10s) 15

20 7332 0.006 0.29~0.36! 1320 ~1190! 15s(20s) 14

50 7332 0 0~0! 28800~28800! 0 ~0! 0

50 7332 0.002 0.26~0.10! 21300~25900! 52s ~18s) 350

50 7332 0.003 0.48~0.18! 15000~23700! 110s ~33s) 660

50 7332 0.004 0.67~0.24! 9500 ~22000! 200s ~46s) 950

50 7332 0.005 0.80~0.27! 5700 ~21000! 310s ~54s) 1160

50 7332 0.006 0.86~0.28! 4200 ~20800! 380s ~55s) 1260

10 732 0 0 22200 0 0

10 732 0.002 0.08 20500 12s 20

10 732 0.003 0.16 18700 26s 43

10 732 0.004 0.26 16500 45s 74

10 732 0.005 0.37 14100 69s 110

10 732 0.006 0.47 11700 98s 150

20 732 0 0 185000 0 0

20 732 0.002 0.020 181000 8.6s 89

20 732 0.003 0.044 177000 19s 200

20 732 0.004 0.076 171000 34s 350

20 732 0.005 0.11 164000 52s 530

20 732 0.006 0.16 156000 74s 750

50 732 0 0 2.883106 0 0

50 732 0.002 3.331023 2.883106 5.6s 410

50 732 0.003 7.431023 2.863106 13s 910

50 732 0.004 0.013 2.843106 22s 1600

50 732 0.005 0.020 2.833106 35s 2500

50 732 0.006 0.029 2.813106 50s 3600

250 732 0 0 3.113108 0 0

250 732 0.002 1.431024 3.113108 2.5s 3000

250 732 0.003 3.231024 3.113108 5.7s 6800

250 732 0.004 5.831024 3.113108 10s 12100

250 732 0.005 9.031024 3.113108 16s 18900

250 732 0.006 1.331023 3.113108 23s 27200
053004-10
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LONG BASELINE NEUTRINO PHYSICS WITH A MUON . . . PHYSICAL REVIEW D61 053004
lation probability could be measured with a statistical pre
sion of better than 1% from the disappearance measurem
and the resultingDm2 be determined with a precision o
;1%. Note that, since matter effects are small, there is
additional uncertainty onDm2 arising from an imprecise
knowledge of the oscillation mode (nm→nt or nm→ns). Fi-
nally, with Dm250.006 eV2/c4, a comparison of thenm dis-

FIG. 12. Modifiednm CC interaction spectra for a 10 GeV muo
storage ring neutrino source located at FNAL and a detector a
Gran Sasso underground laboratory, shown for several values o
oscillation parameterDm2, assuming sin22u51. In each of the four
panels the upper curves show the unmodulated spectrum an
lower curves the modulated spectrum corresponding to the i
catedDm2.

FIG. 13. Predictednt appearance CC interaction spectra for a
GeV muon storage ring neutrino source located at Fermilab an
detector at the Soudan mine, shown for several values of the o
lation parameterDm2, assuming sin22u51. The curves correspon
to Dm250.02 eV2/c4 ~dotted line!, 0.015 eV2/c4 ~solid line!, 0.01
eV2/c4 ~dashed line!, and 0.005 eV2/c4 ~dot-dashed line!.
05300
-
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appearance andnt appearance measurements would enab
few percent contribution fromnm→nt oscillations to be
measured in a predominantlynm→ns signal or a few times
10%nm→ns contribution to be measured in a predominan
nm→nt signal.

In Fig. 14 singlent CC event per kt yr contours in th
(sin22u, Dm2) plane are shown forL5732 km as a function
of Em . The sensitivity of thent appearance measureme
increases with increasing muon storage ring beam ene
Consider the sensitivity for a 50 GeV muon storage ring. T
dependence of thent CC rates on sin22u andDm2 is shown
in Fig. 15. The predicted event rates range from several h
dred events per kt yr at the lower end of the Sup
Kamiokande allowed region of parameter space to sev
thousand events per kt yr at the upper end of the favo
region ~Table V!. Hence thenm→nt oscillation probability
could be measured with a precision of a few percent, co
sponding to a determination ofDm2 with a precision of a
few percent. However, the predicted oscillation probabilit
are small, and the statistical precision of the disappeara
measurement is less than the corresponding precision fo
Em510 GeV case. Note that about 23106 nm CC events
would be expected per year in a 10 kt detector. The sens
ity of the disappearance measurement may therefore be
ited by systematics. This needs further study. We concl
that, although the statistical sensistivity of thent appearance
measurement improves with increasingEm , the optimum
choice of muon beam energy depends upon whetherDm2 is
in the lower or upper part of the favored region of parame
space and at what level the higher energy experiments w
be limited by systematics.

C. LÄ7332 km versus 732 km

The relative performance of experiments at longL
5732 km! and very long (L57332 km! baselines depend

he
he

the
i-

a
il-

FIG. 14. Single event per kt yr contours calculated fornm→nt

appearance 732 km downstream of a muon storage ring neu
source. From left to right, the contours correspond to unpolari
muons with energiesEm5250, 50, 20, and 10 GeV. Theshaded
areas correspond to the Kamiokande and Super-Kamiokande
lowed region of parameter space. Also shown are the expecte
gions of sensitivity for the MINOS and K2K experiments~as
labelled!.
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V. BARGER, S. GEER, AND K. WHISNANT PHYSICAL REVIEW D61 053004
on both Dm2 and the oscillation mode (nm→nt or nm
→ns). Based on the results summarized in Table V we fi
that:

Case 1: 0.002,Dm2,0.004 eV2/c4 andnm→nt oscilla-
tions dominate. An L5732 km experiment withEm
510–20 GeV or anL57332 km experiment withEm
520 GeV both seem interesting. A higher energyL5732
km experiment~e.g.,Em550 GeV! would provide a higher
statistics measurement of thenm→nt oscillation probability,
but the oscillation probability is small and the measurem
precision may be dominated by systematics.

Case 2: 0.004,Dm2,0.006 eV2/c4 andnm→nt oscilla-
tions dominate. An L5732 km experiment withEm
510–20 GeV would provide a goodnm disapearance mea
surement and a goodnt appearance measurement. With
larger Em ~e.g., 50 GeV! the unoscillated neutrino CC rat
becomes large and the oscillation measurements may be
ited by systematics. The trans-Earth baseline option w
Em520 GeV yields less statistical precision than theL
5732 km option withEm520 GeV.

Case 3:nm→ns oscillations dominate. In this case a ve
sensitivenm disapearance measurement is important. A l
energy~10 GeV! storage ring pointing at Soudan seems
tractive, particularly ifDm2 is in the upper half of the fa-
vored region. AnL57332 km baseline experiment seems
be less attractive than anL5732 km baseline experiment fo
largeDm2, but is complementary to the shorter baseline
periment for smallDm2, and would enable matter effects
be measured.

IV. ne\nµ OSCILLATIONS

If confirmed, the LSND neutrino oscillation results nece
sarily imply the existence ofne→nm oscillations, with 0.3

FIG. 15. Contours of constantnt CC interaction event rate fo
nm→nt appearance 732 km downstream of a 50 GeV muon sto
ring neutrino source. From left to right, the contours correspond
event rates of 1, 10, 100, and 1000 per kt yr. The shaded a
correspond to the Kamiokande and Super-Kamiokande allowed
gion of parameter space. Also shown are the expected region
sensitivity for the MINOS and K2K experiments~as labelled!.
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,DmLSND
2 ,2.0 eV2/c4. Oscillation limits from the Karmen

experiment@60# are no longer in conflict with the LSND
effect. In addition, the solar neutrino results can also be
terpreted in terms ofne→nm and/orne→nt oscillations ei-
ther within the framework of the Mikheyev-Smirnov
Wolfenstein ~MSW! effect with Dmsun

2 ;531025 eV2/c4

and sin22u;0.8 ~large angle solution! or Dmsun
2 ;531026

eV2/c4 and sin22u;531023 ~small angle solution! @61–63#,
or within the framework of vacuum oscillations@64# with
Dmsun

2 ;0.6528.6310210 eV2/c4 @8,61#. In the context of
three neutrinos, although the primary oscillation of atm
spheric neutrinos isnm→nt , a smallnm→ne component is
not excluded. ForDmatm

2 ;3.531023 eV2/c4, a measure-
ment of ne→nm will place strong limits on sin2u23sin22u13
@see Eq.~25!# @6,8#.

The next generation of approved neutrino experiments
clude MiniBooNE@65# at Fermilab and KamLAND@18# at
the Kamioka Mine, Japan. MiniBooNE, which will consist o
a 445 ton fiducial volume liquid scintillator detector 500
downstream of anm source, withEn;0.75 GeV, should con-
firm or refute the neutrino oscillation interpretation of th
LSND results. KamLAND, which will consist of a 1 kt liq-
uid scintillator detector 140 km and 200 km from reactors
Japan, should observe ane disappearance signal if the sola
neutrino results are due to oscillations corresponding to
large angle MSW solution. Both MiniBooNE and Kam
LAND nominally begin operation in;2001. In the follow-
ing we consider thene→nm physics potential of a muon
storage ring neutrino source in the post-MiniBooN
KamLAND era.

A. Fermilab \ Soudan

Figure 16 shows single event per year contours in
(sin22u,Dm2) plane fornm CC interactions in a 10 kt detecto
732 km downstream of the muon storage ring neutr
source described in Sec. II A, where thenm arise fromne

ge
o
as
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of

FIG. 16. Single event per 10 kt yr contours calculated forne

→nm appearance 732 km downstream of a muon storage ring
trino source. From left to right, the contours correspond to unpo
ized muons with energiesEm5250, 50, 20, and 10 GeV. The re
gions favored by the LSND results and the MSW solar neutr
oscillation solutions are also shown.
4-12
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LONG BASELINE NEUTRINO PHYSICS WITH A MUON . . . PHYSICAL REVIEW D61 053004
→nm oscillations. The contours are shown for several val
of Em from 10 GeV up to 250 GeV. The upper part of th
MSW large mixing angle solution is within the single-eve
per year boundary forEm>10 GeV. The sensitivity improves
with increasing Em . The event rate is shown in th
sin22u-Dm2 plane in Fig. 17 forEm5250 GeV. To com-
pletely cover the parameter space corresponding to the M
large mixing angle solution would require larger muon be
currents than those of the scenario described in Sec. II A
should be noted that the full muon collider front end, d
scribed in Ref.@33#, would produce a factor of 3.3 mor
muons. The resulting neutrino flux would just about ena
the entire MSW large mixing angle solution to be covered
a 50 GeV storage ring and a few years of running with,
example, a 20 kt detector having a detection efficiency
50%, provided background rates are negligible. The sm
angle MSW solution is out of reach of a muon storage r
neutrino source, as currently envisioned. Hence,
KamLAND rules out the large angle solution, then solar ne
trino oscillations would provide little motivation for a Fe
milab → Soudanne→nm appearance experiment. On th
other hand, should KamLAND obtain a positive signal f
solar neutrino oscillations corresponding to the large an
MSW solution, a Fermilab→ Soudan muon storage rin
neutrino source experiment to search forne→nm appearance
might be feasible, but would clearly be challenging a
would probably require the full muon collider muon sour
for several years. If this becomes the only way to disco
whether the solar neutrino oscillations are due tone→nm or
due tone→nt or ns , then this experiment would certainly b
worthy of serious consideration.

Independent of the KamLAND results, a positiv
MiniBooNE result would motivate precise measurements
ne→nm oscillations to test whether or notP(ne→nm)
5P(nm→ne) ~T invariance!, test the oscillation phenom
enon with a very differentL and En , search for ane→ns
contribution, etc. A Fermilab→ Soudanne→nm experiment
would enable many thousands ofnm appearance CC interac

FIG. 17. Contours of constantnm CC interaction event rate fo
ne→nm appearance 732 km downstream of a 250 GeV muon s
age ring neutrino source. From left to right, the contours corresp
to event rates of 1, 10, 102, 103, 104, 105, and 106 per 10 kt yr. The
regions favored by the LSND results and the MSW solar neutr
oscillation solutions are also shown.
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tions ~due to LSND-scale oscillations! to be measured~see
Figs. 16 and 17!. Such measurements could also test
existence ofne→nm oscillations at the atmosphericDm2

scale (;3.531023 eV2/c4), which allows a precise determi
nation of the three-neutrino mixing paramet
cos2u23sin22u13.

B. Matter effects

Figure 18 shows single event per year contours in
(sin22u,Dm2) plane fornm CC interactions in a 10 kt detecto
7332 km downstream of the muon storage ring neutr
source described in Sec. II A, where thenm arise fromne
→nm oscillations withDm2.0. The contours are shown fo
Em5 10, 20, 50, and 250 GeV. Figure 19 shows the cor
sponding contours forn̄e→ n̄m oscillations. Compared with

r-
d

o

FIG. 18. Single event per 10 kt yr contours calculated forne

→nm appearance 7332 km downstream of a muon storage
neutrino source, assumingDm2.0. From left to right, the contours
correspond to unpolarized muons with energiesEm5250, 50, 20,
and 10 GeV.

FIG. 19. ~a! Single event per 10 kt yr contours calculated f
n̄e→ n̄m appearance 7332 km downstream of a muon storage
neutrino source, assumingDm2.0. From left to right, the contours
correspond to unpolarized muons with energiesEm5250, 50, 20,
and 10 GeV.
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TABLE VI. Average ne→nm and n̄e→ n̄m oscillation probabilities, and muon neutrino and antineutr
CC interaction rates for a detectorL57332 km downstream of a storage ring containing unpolarized mu
The event rates assumene→nm oscillations with sin22u50.1. Also shown is the average oscillation pro
ability for ne→nm , assuming no matter effects; the probability forn̄e→ n̄m without matter effects is the sam
as forne→nm .

Em Dm2 N(nm CC! N( n̄m CC! No matter effects
~GeV! (eV2/c4) ^P(ne→nm)& ~per 10 kt yr! ^P( n̄e→ n̄m)& ~per 10 kt yr! ^P(ne→nm)&

10 0.002 0.46 90 0.015 1.4 0.041
10 0.003 0.53 110 0.019 1.8 0.042
10 0.004 0.27 55 0.032 3.0 0.061
10 0.005 0.10 20 0.031 2.9 0.047
10 0.006 0.087 18 0.030 2.9 0.046

20 0.002 0.11 170 0.011 8.8 0.082
20 0.003 0.29 460 0.016 13 0.069
20 0.004 0.46 730 0.015 12 0.041
20 0.005 0.55 870 0.014 11 0.032
20 0.006 0.53 840 0.019 15 0.042

50 0.002 0.0067 170 0.0016 21 0.033
50 0.003 0.025 630 0.0044 57 0.057
50 0.004 0.059 1480 0.0079 110 0.074
50 0.005 0.11 2750 0.011 140 0.082
50 0.006 0.18 4380 0.014 180 0.082
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the equivalent contours forL5732 km ~Fig. 16! the lower
event statistics suppresses the sensitivity at largeDm2 and
small sin22u, and matter effects@Eq. ~30!# suppress the sen
sitivity at small Dm2 and large sin22u. It is interesting to
consider whether the matter effects might be measured
trans-Earth muon storage ring neutrino sourcene→nm ex-
periment searching for wrong-sign muons.

Note that if MiniBooNE confirms the LSND evidence fo
oscillations, thenDm2 will be too large to result in a signifi-
cant modification of the oscillation probability due to matt
effects. However, if KamLAND obtains a positivene disap-
pearance result corresponding to the large mixing an
MSW solution for solar neutrino oscillations, then theDm2

will be in the right range to produce a significant modific
tion of the oscillation probability due to matter. As an e
ample, consider a storage ring withEm520 GeV, and as-
sume that sin22u51. Then, ifDm25131024 eV2/c4, in the
absence of matter effects;11 wrong sign muons~from ne
→nm oscillations! would be expectected per 10 kt yr. Wit
matter effects, the number of wrong sign muons is reduce
;0.6 per 10 kt yr. Hence, an experiment to measure ma
effects, by comparing the wrong sign muon rates in a lo
baseline~e.g.,L5732 km! experiment with the correspond
ing rates in a trans-Earth~e.g., L57332 km! experiment,
might be feasible if the solar neutrino results are due tone
→nm oscillations with sin22u;1 andDm2 at the upper end
of the region of allowed parameter space for the MSW la
mixing angle solution. This experiment would clearly b
challenging, and would probably need a more intense n
trino source than described in Sec. II A~for example, the full
muon collider muon source utilized for several years with
20 kt detector!.
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If there is a smallnm→ne and n̄m→ n̄e component to at-
mospheric neutrino oscillations, thenne→nm and n̄e→ n̄m

oscillations are also expected; a trans-Earth experiment c
test for different matter effects acting on these two osci
tion channels. Table VI shows, for a Fermilab→ Gran Sasso
experiment (L57332 km!, the ne→nm and n̄e→ n̄m oscilla-
tion probabilities, the predicted numbers ofnm and n̄m CC
appearance events, and the average probability forne→nm

assuming no matter effects. The predictions are tabulated
sin22u50.1 with variousEm and values ofDm2.0 sug-
gested by the atmospheric neutrino data. IfDm2,0 ~i.e., the
lower mass eigenstate is more closely associated withnm and
not ne), then the oscillation probabilities for neutrinos an
antineutrinos in Table VI are reversed. Thus the sign ofDm2

may be determined from these measurements if matter
fects are present@26,28#.

In this paper we have assumed that the neutrino mix
conservesCP; the apparent violation ofCP in the ne→nm

and n̄e→ n̄m channels would be due to matter effects. Me
suringnm→ne and n̄m→ n̄e oscillations as well~through an
electron appearance experiment! would provide important
cross-checks and help distinguish between matter effects
CP violation. For example,CPT conservation for vacuum
oscillations impliesP(ne→nm)5P( n̄m→ n̄e), whetherCP
is violated or not, so that a difference between these
oscillation probabilities would be unambiguous evidence
matter effects. Similarly, matter effects are the same forne
→nm andnm→ne oscillations, so that a difference betwee
these oscillation channels is due toT violation, which in turn
implies CP violation under the plausible assumption th
CPT is conserved.
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TABLE VII. Electron neutrino CC interaction rates calculated for a distanceL downstream of a storage
ring containing unpolarized positive muons assumingne→nt oscillations with sin22u50.1. Also shown are
the tau neutrino CC interaction rates due to oscillations.

Em L Dm2 ^P& N(ne CC! Significance N(nt CC!

~GeV! ~km! (eV2/c4) ~per 10 kt yr! ~per kt yr!

10 7332 0 0 200 0 0

10 7332 0.002 0.46 110 8.9s 1.1

10 7332 0.003 0.53 95 11s 1.6

10 7332 0.004 0.27 150 4.5s 0.9

10 7332 0.005 0.10 180 1.5s 0.3

10 7332 0.006 0.087 180 1.3s 0.2

20 7332 0 0 1580 0 0

20 7332 0.002 0.11 1410 4.5s 7.2

20 7332 0.003 0.29 1120 14s 14

20 7332 0.004 0.46 850 25s 17

20 7332 0.005 0.55 710 33s 16

20 7332 0.006 0.53 740 31s 16

50 7332 0 0 24100 0 0

50 7332 0.002 0.007 24000 1.0s 4.2

50 7332 0.003 0.026 23000 3.9s 19

50 7332 0.004 0.062 22100 9.8s 51

50 7332 0.005 0.12 20900 19s 100

50 7332 0.006 0.18 19300 31s 170

10 732 0 0 19400 0 0

10 732 0.002 0.010 19200 1.4s 1.7

10 732 0.003 0.021 19000 3.0s 3.7

10 732 0.004 0.033 18800 4.7s 6.3

10 732 0.005 0.045 18500 6.4s 9.2

10 732 0.006 0.057 18300 8.2s 12

20 732 0 0 156000 0 0

20 732 0.002 0.0028 156000 1.1s 8.8

20 732 0.003 0.0060 155000 2.4s 20

20 732 0.004 0.010 154000 4.0s 34

20 732 0.005 0.015 154000 6.0s 52

20 732 0.006 0.021 153000 8.3s 73

50 732 0 0 2.373106 0 0

50 732 0.002 531024 2.373106 0.7s 42

50 732 0.003 131023 2.373106 1.6s 95

50 732 0.004 231023 2.373106 2.8s 170

50 732 0.005 331023 2.363106 4.4s 260

50 732 0.006 431023 2.363106 6.3s 380

250 732 0 0 2.733108 0 0

250 732 0.002 231025 2.733108 0.3s 360

250 732 0.003 531025 2.733108 0.8s 810

250 732 0.004 831025 2.733108 1.3s 1400

250 732 0.005 131024 2.733108 2.1s 2300

250 732 0.006 231024 2.733108 3.0s 3200
053004-15
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V. ne\nt OSCILLATIONS

If the atmospheric neutrino results are due tonm→nt os-
cillations with aDm2;3.531023 eV2/c4, and the solar neu
trino results are due tone→nm and/or ne→nt oscillations
with a Dm2<O(1025) eV2/c4, it is tempting to conclude
that ne→nt oscillations should exist with an associat
Dm25O(1023) eV2/c4, but with unknown effective sin22u.
For Dm2.231023 eV2/c4, ne→nt oscillations with
sin22u.0.2 are already excluded by the CHOOZ reactorne
disappearance experiment, although there is no limit
Dm2,1023 eV2/c4. In a three-neutrino scenario, measu
ments of atmospheric neutrinos indicate sin22u23.0.8 and
exclude sin22u13. 0.33 for all atmosphericDm2 @7#; ne
→nt oscillations may be detectable ifu13 is not too small.
Hence, the region of parameter space that would be inte
ing to cover in futurene→nt oscillation searches is given b
Dm2;3.531023 eV2/c4 and effective sin22u,0.3.

Consider first ane→nt appearance experiment. Eve
rates are summarized in Table VII for the neutrino sou
described in Sec. II A and sin22u50.1. For a baseline lengt
of 732 km matter effects are small, and hence the oscilla
rates for sin22u,0.1 can be obtained by multiplying the rate
in the table with the value of sin22u/0.1. For a baseline
length of 7332 km matter effects are large and enhance
nt appearance rate forDm2;531023 eV2/c4, although the
numbers of events are not large. On the other hand, the
responding rates for a 1 kt detector 732 km downstream
yield morent appearance events in the region of interest, a
for Em550 GeV could yield up to a few events per year w
sin22u as small as 1022 ~see Fig. 20!. Single-event per kt yr
sensitivity contours in the (sin22u, Dm2) plane are shown
versus the stored muon energy in Fig. 21. Decreasing
storage ring energy from 50 GeV to 20 GeV would increa
the minimum sin22u that could be probed by a factor of
few.

In a three-neutrino scenario, a 1 ktdetector 732 km down-

FIG. 20. Contours of constantnt CC interaction event rate fo
ne→nt appearance 732 km downstream of a 50 GeV muon sto
ring neutrino source. From left to right, the contours correspond
event rates of 0.1, 1, 10, and 100 per kt yr. The shaded area
excluded by Bugey-Choozne disappearance null results; the ho
zontal band indicates the range ofDm2 suggested by atmospher
neutrino oscillations.
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stream could probe cos2u23sin22u13 to very low values; when
combined withne→nm measurements~see Sec. IV! and with
future atmospheric neutrino results, a precise determina
of u23, u13, andDm2 should be possible.

VI. SUMMARY

In this paper we have made a comprehensive study
possible neutrino oscillation measurements in long-base
experiments with an intense neutrino beam from a mu
storage ring. Our results can be summarized as follows:

~i! A neutrino beam from a muon storage ring provid
much larger electron neutrino interaction rates than conv
tional neutrino beams, and much larger muon neutrino in
action rates ifEm>20 GeV.

~ii ! If the Dm2 associated with the atmospheric neutri
results is in the lower part of the allowed Super-Kamiokan
parameter space (Dm2,431023 eV2/c4), a Fermilab→
Gran Sasso trans-Earth experiment with anEm520 GeV
muon storage ring neutrino source would enablenm disap-
pearance to be established in an accelerator-based ex
ment andDm2 to be measured with a precision of a fe
percent. Matter effects may also allow the differentiation
nm→nt andnm→ns oscillations.

~iii ! If the Dm2 associated with the atmospheric neutri
results is in the upper part of the allowed Supe
Kamiokande/Kamiokande parameter space (Dm2.431023

eV2/c4), a Fermilab→ Soudan~or CERN → Gran Sasso!
nm disappearance experiment would allowDm2 to be mea-
sured with a precision of a few percent; ant appearance
experiment would enable a search for a small contribut
from nm→ns within a dominantlynm→nt signal or, con-
versely, a small contribution fromnm→nt within a domi-
nantly nm→ns signal.

~iv! If the LSND nm→ne oscillation results are confirme
by MiniBooNE, a Fermilab→ Soudanne→nm experiment

ge
o
are

FIG. 21. Single event per kt yr contours calculated forne→nt

appearance 732 km downstream of a muon storage ring neu
source. From left to right, the contours correspond to unpolari
muons with energiesEm5250, 50, 20, and 10 GeV. The shade
areas are excluded by Bugey-Choozne disappearance null results
the horizontal band indicates the range ofDm2 suggested by atmo
spheric neutrino oscillations.
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would enable many thousands of wrong-sign muons to
measured, facilitate a precise confirmation and measurem
of the oscillation parameters, and enableP(nm→ne) to be
compared withP(ne→nm) for a test ofT invariance.

~v! If KamLAND observesne disappearance with a rat
corresponding to the large angle MSW solar neutrino so
tion, then a measurement ofne→nm appearance might b
concievable for a Fermilab→ Soudan experiment if the ful
muon source needed for a muon collider were available
several years of running with a muon storage ring neutr
source. It might also be possible to measure matter effec
the electron neutrinos traverse the Earth. These meas
ments are however challenging and need further consi
ation to assess their viability.

~vi! If there is a small but non-negligible component
nm↔ne oscillations in atmospheric neutrinos, a Fermilab→
Gran Sasso measurement ofne→nm and n̄e→ n̄m could per-
haps detect matter effects in the oscillation, which show
as apparentCP violation. Matter effects and trueCP viola-
tion can be distinguished by also measuringnm→ne and
n̄m→ n̄e oscillations: a nonzeroP(ne→nm)2P(nm→ne)
signals T ~and henceCP) violation, and a nonzeroP(ne
→nm)2P( n̄m→ n̄e) signals matter effects, while a nonze
P(ne→nm)2P( n̄e→ n̄m) can occur due to either matter o
CP violation. If oscillations of neutrinos are enhanced a
antineutrinos suppressed, thenDm2.0; for the reverse situ-
ation,Dm2,0.

~vii ! A ne→nt appearance search sensitive toDm2
n-
er

v

hy

.

D
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O(1023) eV2/c4 and sin22u down to about 1022 seems pos-
sible with a Fermilab→ Soudan experiment using a>20
GeV muon storage ring. Higher energies are more desira
for nt appearance experiments.

~viii ! In a three-neutrino scenario with differentDm2

scales for the solar and atmospheric oscillations, meas
ments of ne→nm and ne→nt should provide an accurat
determination of the two mixing angles associated with
leading oscillation. When combined with solar neutrino me
surements, the three-neutrino mixing parameters would
completely determined, except for a possibleCP violating
phase.
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