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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 arev,— v, and/orv,— vy, determine thev,— v, content of atmospheric neutrino oscillations,
and measure,— v, appearance. Depending on the oscillation parameters, they may be able to detect Earth
matter andC P violation effects and to determine the ordering of some of the mass eigenstates.

PACS numbgs): 14.60.Pq, 13.15:g, 13.35.Bv, 07.77.Ka

[. INTRODUCTION squared differences and the mixing matrix that relates
neutrino-flavor eigenstates to neutrino-mass eigenstates will
In recent years solar-neutrino and atmospheric-neutrinalmost certainly require a further generation of experiments
measurements have provided a growing body of evidence fagxploiting higher intensity and/or higher quality neutrino
the existence of neutrino oscillatiofis]. The observed solar beams than currently availabl20—22. Other goals of such
neutrino deficit{2,3] can be interpreted as evidence for the experiments might béi) to determine whether the atmo-
oscillation of electron neutrinos{) into neutrinos of a dif-  spheric neutrino oscillations aig,— v, v,— vs, Or a mix-
ferent flavor. The recent atmospheric-neutrino results fromure of both[23,24], (ii) to detect Earth matter effects on
the Super-Kamiokande Collaborati¢d], along with other neutrino oscillationg 25,26, (i) when matter effects are
experimentg 5], suggest the oscillation of muon neutrinos present, to determine the ordering of the neutrino mass
(v,) into neutrinos of a different flavor, which are domi- eigenstates responsible for the oscillation being measured
nantly either tau neutrinosv() or sterile neutrinos ). [26—28, and(iv) to detectCP andT violation if it exists in
Taken together, these results suggest the mixing of at leagie lepton sectof21,29-32.
three different neutrino typg$—9]. In addition, the Liquid It has been suggesté@0] that higher intensity and higher
Scintillation Neutrino Detecto(LSND) Collaboration has quality neutrino beams could be made by exploiting the very
reported[10] results fromu* decays at rest that could be intense muon sources that are currently being developed as a
interpreted as the first evidence fof— v, oscillations in an  part of ongoing muon collidef33] feasibility studies. The
accelerator based experiment. LSND has also repdfted  muons would be accelerated up to the desired energy, and
results from measurements of decays in flight that could injected into a storage ring consisting of two long straight
be the first evidence for,— v, oscillations. If all of the sections joined together by two arcs. Muons that decay in the
above reported effects survive, including the energy deperstraight sections would form neutrino beams consisting of
dence of the solar data, then oscillations to a sterile neutrin60% v, and 5_0%7e if negative muons are stored, and 50%
are required, since there would then be three distinct mass,, and 50%v,, if positive muons are stored. A compact
squared differencem?) values[12]. If some of the experi- muon storage ring neutrino source could be tilted downwards
mental constraints are relaxed, then three-neutrino oscillaat a large angle to enable neutrino beams to be directed
tions are sufficienf13]. through the Earth. If the muons from a muon collider muon
The solar-neutrino, atmospheric-neutrino, and LSND resource are accelerated to energiessdf0 GeV and injected
sults have generated much interest in future acceleratointo a suitable storage ring, it has been shown that the neu-
based neutrino oscillation experiments. We can anticipaté&ino fluxes are sufficient to detect hundreds of neutrino
that an extensive experimental program will be needed teharged currenfCC) interactions per year in a reasonable
firmly establish the existence of neutrino oscillations and tcsize detector on the other side of the E428].
precisely determine all the parameters relevant to the phe- The muon storage ring neutrino source idea has led to
nomenon. The upcoming accelerator-based experimentsveral recent workshopg34,35. A number of papers
[14,15 will firmly ground the existence of neutrino oscilla- [20,21,36,37 have discussed the physics potential of this
tions, and measure some of the associated parameters. Alsmsw type of neutrino facility. In addition, a preliminary
reactor experiments will tightly constrain, disappearance muon storage ring neutrino source design study has been
[16-19; a sensitivity down to 10° eV? is expected in  made[38], and further studies are planned. The evolution of
Kamland. However, precise measurements of neutrino masghe existing accelerator complexes at Fermilap,40 and
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CERN [41] towards a muon collider with a muon storage tor cycle, contained within 12 bunches with rms lengihs
ring neutrino source has also been considered. Much furthet2 m, a mean muon energy of 230 MeV, and an energy
work will be required to develop a realistic design before thespread given byog/E~0.2. Hence, there would be 8.1
first muon storage ring neutrino source can be proposed. x10?° cooled muons per operational year.

In this paper we consider the physics potential of muon (iv) An acceleration system that captures the muons from
storage ring neutrino sources that are being considered igach long bunch exiting the cooling channel into 16 short
explicit upgrade scenarios for the Fermilab accelerator combunches witho,~0.9 cm and accelerates the muons to 10
plex. Two different geometries are consider@dla neutrino  GeV. About 60% of the muons survive the capture and ac-
source at Fermilab pointing toward the Soudan mine in Minceleration stage. Hence, about 50°° muons are accelerated
nesota [ =732 km and (ii) a neutrino source at Fermilab to 10 GeV per operational year.
pointing toward the Gran Sasso underground laboratory in (v) A muon storage ring with two long straight sections.
Italy (baseline length. =7332 km). The circumference of the ring is 448 m, and the length of the

The paper is organized as follows. In Sec. Il the characneutrino beam-forming straight section is 150 m. Hence
teristics of neutrino beams from muon storage ring sourceabout 33% of the muon decays contribute to the neutrino
are discussed and the basic oscillation formulas are préseam, and there are X@0%° neutrinos and 1.6 10?° an-
sented. The role of muon storage ring neutrino sources ifineutrinos in the beam per operational year.
exploring the parameters associated with— v, and v, Note that in the scenario described above the proton
— vy oscillations is considered in Sec. lll. Section IV dis- source provides approximately one-third of the beam power
cussesv,— v, oscillations, including matter effects and the of the source required for a muon collider. The fluxes and
possibility of detectingCP violation. In Sec. V we discuss interaction rates discussed in the following sections should
ve— v, OScCillations. Finally, a summary is given in Sec. VI. be multiplied by a factor of 3.3 to obtain the results that

would correspond to a muon storage ring neutrino source
L. NEUTRINO BEAMS FROM A MUON STORAGE RING that utilizes the full muon collider muon source.

The neutrino fluxes and interaction rates at a given loca- B. Fluxes and interaction rates

tion downstream of a muon storage ring neutrino source de-

pend upon the number of stored muons, the beam divergen?(aeumnos (neutrinos from the decayu®—e*+ v, (vy)

within the neutrino-beam forming straight section, and the e, (v,) of polarized muons is given by the expression
energies and polarization of the decaying muons. In this se ]“ ®

tion we describe the storage ring parameters, discuss the

In the muon rest frame the distribution of muon an-

muon decay kinematics, present the calculated neutrino d?N, o2
fluxes and interaction rates lat=732 km and 7332 km, and —[(3—2x)¥(1—2x)cosd], )
discuss the matter effects fare—v,, ve—v,, and v, dXdQ 4m

— vg Oscillations. ) ,
wherex=2E,/m,, @ is the angle between the neutrino mo-

_ mentum vector and the muon spin direction, ang is the
A. Storage ring parameters muon rest mass. The corresponding expression describing
A pre”minary design Study for a muon Storage ring neu_the distribution of electron neutrindantineutrin0$ is
trino source at Fermilab is described in Rd8]. The neu-

trino source consists of: dsze B 12x? _

(i) An upgraded high-intensity proton sourgg9] that dxdQ _ 4n [(1=x)*(1—x)cos6]. @
cycles at 15 Hz and delivers 12 bunches per cycle, each
containing 2.5 10' protons at 16 GeV. Thus, the neutrino and antineutrino energy and angular dis-

(i) A pion production target, pion collection system, and tributions depend upon the parent muon energy, the decay
decay channel. The 16 GeV protons interact in the target tangle, and the direction of the muon spin vector. For an
produce per incident proton approximately 0.6 charged piongnsemble of muons we must average over the polarization of

of each sign captured within the decay channel. At the end ofhe initial state muons, and the distributions become
a 50 m long decay channel on average 0.2 muons of each

charge are produced for each proton incident on the produc- dZN 2x2
tion target. Hence there would be abouk 60'2 muons of

——[(83=2x)+(1—-2x)P cosd] 3

the desired charge at the end of the decay channel per accel- dXdQ 4
erator cycle and, therefore,x10?° muons per operational
year (10 seg. and
(i) A muon cooling channel that captures the muons ex- d2N, 5
iting the decay channel into bunches with rms lengths 12X 2 [(1-x)F (1-x)P,cosf] 4
=1.5 m and a normalized transverse emittaage-0.017 dde A m '

mrad. The cooling channel reduces the emittanceego
~0.005 mrad. At the end of the cooling channel there wouldvhereP , is the average muon polarization along the chosen
be about 5.% 10" muons of the desired charge per acceleraquantlzatlon axis, which in this case is the beam direction.
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FIG. 2. Total neutrino flux of a given flavor versus perpendicu-

0.01 0_'1 1 0 lar distance from the beam axis @ L =0.3 km, (b) 732 km, and
o (degrees) (c) 7332 km (dotted ling for E,=10 GeV (solid ling), 20 GeV
(dashed ling 50 GeV(dotted ling, and 250 Ge\Mdot-dashed ling
FIG. 1. Total neutrino flux of a given flavor versus angle at theassuming 1.8 10?° neutrinos in the beam per operational year. A
source from the beamline &t=732 km for E,=10 GeV (solid Gaussian muon beam divergence of 1 mr has been folded in. The
line), 20 GeV (dashed ling 50 GeV (dotted ling, and 250 GeV total antineutrino flux is the same.
(dot-dashed ling assuming 1.8 10?° neutrinos in the beam per
operational year. A Gaussian muon beam divergence of 1 mr hassing the approximation that, in the laboratory franxe,

been folded in. The total antineutrino flux is the same. —E,/E, for forward neutrinos from high energy muon de-
_ cays €E,>m,). The calculated, andv, spectra are shown
Using Eqs(3) and(4), the calculated’,,, v, v, , andve  in Fig. 3. Note that the, spectrum peaks at the stored muon

fluxes at a muon storage rlng neutrino Source Were present%am energy, Whereas thgspectrum peaks at two-thirds of
in Ref. [20] as a function ofL, P, and the energy of the {he stored muon beam energy. Also, sinbecE? and o
stored muonsk,). For unpolarlzed muons, these results caan the total event rate is proportional K}
), -
be summarized by the formula The CC neutrino and antineutrino interaction rates can be
42N n calculated using the approximate expressions for the cross
v 0

= = sections:
® dAdt 4mL?y?*(1— Bcosa)?’ ®)

_ _ , , o,n~0.67X10" 8 cn? X E, (GeV) (7
whereng is the number of neutrinor antineutrinos per

unit time in a given beamy=g,/m,, g=p,/E,, aisthe  ang

angle between the beam axis and the direction of interest,

anddA is the differential area at the detector. In practice the TABLE 1. Neutrino and antineutrino fluxes calculated for the
muon beam within the storage ring will have a finite diver- baseline lengthd =7332 km (Fermilab — Gran Sasspand L
gence which must be taken into account. Current desiga-732 km (Fermilab — Soudai. In the calculation the neutrino
studies suggest a typical divergence-efl mr within the fluxes have been averaged over a circular area with radius(©Km
beam-forming straight section. The neutrino fluxLat 732  km) for L=7332 km(732 km. This averaging provides an approxi-
km is shown versug in Fig. 1 for several muon energies. In mate model for the&(10%) reduction in the neutrino fluxes at the
Fig. 2 the neutrino flux is shown versus the perpendiculafaf site due to the finite divergence of the parent muon beam in the
distance from the beam axis for several valuet ahdE,.  Straight section of the storage ring.

As Fig. 2 shows, the flux is fairly uniform near the aX|s and

provided 14>1 mr, begins to fall off only for distances of Parent E. (GeV) 10 20 50 250

orderL/y away from the beam. In the extreme forward di- Fermilab— Soudan
rection 2c0$uzl, and using the approximatog=1 - v, (102m2 yr?) 079 33 21 460
—1/(2y7), the neutrino flux may be approximated as o Do (102m~2 yr 1) 079 33 21 470
Ny? p,i Ve (10122m:22 yr:ll) 0.85 33 21 470
O= 7 6) M v, (10%m=2yr ) 0.84 33 21 470

Fermilab— Gran Sasso

These calculated fluxes are summarized in Table | for the,~ v, (10°m=2 yr 1) 079 33 21 470
baseline lengtht =732 km andL = 7332 km, and the stor- .~ Ve (101°m 2 yr 079 33 21 470
age ring parameters described Sec. Il A. ut Ve (10°°m=2 yr 4 0.83 33 21 470
Equations(3) and (4) can also be used to calculate the ,+ v, (10°m=2 yrt) 085 33 21 470

distribution dN,,/dE, of v, and v, energies in the beam
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FIG. 3. Neutrino and antineutrino spectra for muon-type neutri-pg|arized muons.

nos (top) and electron-type neutrindgottom in the beam down-

stream of a muon storage ring neutrino source containing unpolar- )
ized muons. energy, whereas the, event energies peak at about three-

quarters of the stored muon beam energy. ¥oand v, CC
o~ 0.34x 10738 cnX E; (GeV). (8) cross sections, we use the ratiegc(v.N)/occ(v,N) and
occ(v,N)/occ(v,N) given in Ref.[43], multiplied by the
The modification in the linear energy dependence due to theross sections in Eq¢7) and (8). If the v, cross sections
W propagator can be neglected for the neutrino energies wigom Ref. [44] are used, the predicted event rates are 20—
consider. Using EqY7) and (8), and assuming no neutrino 30% higher; we use the more conservative values of
oscillations, the CC interaction rates corresponding to théRef.[43].
fluxes in Table | are shown in Table Il. Given the distribu- Event rates for MINOS are compared to those for a Fer-
tion of neutrino and antineutrino energies in the be@ig.  milab to Soudan experiment using a muon storage ring in
3) and the linear dependence of the CC cross sections withable lll. Since for a muon storage ring neutrino source the
energy[Egs.(7) and(8)], the predicted energy distributions total event rate increases 5%, increasing the muon energy
for the resulting CC interactions are shown in Fig. 4. Notedramatically improves the usefulness of such a machine.
that thev,, CC event energies peak at the stored muon bearfirom this comparison we concludg) for electron neutrino

TABLE Il. Neutrino and antineutrino CC interaction rates in the absence of oscillations, calculated for the
baseline lengthd. =7332 km (Fermilab — Gran Sasspand L=732 km (Fermilab — Soudan. In the
calculation the neutrino fluxes have been averaged over a circular area with radiugQ.1kkm for L
=7332 km (732 km. This averaging provides an approximate model for ¢¥d&0%) reduction in the
neutrino fluxes at the far site due to the finite divergence of the parent muon beam in the straight section of
the storage ring.

Parent E, (GeV) 10 20 50 250
Fermilab— Soudan
wo v, (per ktyn 2.2x10° 1.9x10* 2.9x10° 3.1x 10’
wo Ve (per ktyn 9.6X 10 8.0x 10° 1.3x10° 1.4x 10
ut ve (per ktyn 1.9x 10° 1.6x 10" 2.4x10° 2.7X 10
ut v, (per ktyn 1.2x10° 9.5x 10° 1.5x10° 1.6x 10
Fermilab— Gran Sasso
o v, (per ktyn 22 1.9< 107 2.9x10° 3.1x10°
w e (per ktyn 9.5 80 1.%10° 1.4x10°
ut ve (per ktyn 20 1.6x 107 2.4x10° 2.7X10°
ut v, (per ktyn 12 94 1.5¢10° 1.6X10°
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TABLE lIl. Muon neutrino and electron antineutrino CC inter- At high energies (*y)=z/x. Integrating Eq.(12) over x,
action rates in the absence of oscillations, calculated for baselinghe charged lepton energy spectrum is given by
length L=732 km (Fermilab — Souda, for MINOS using the

wideband beam and a muon storage ring vith= 10, 20, 50, and dN,,+ 1 z\?2 1
250 GeV. e dXX2(3_2X) - + = (14
dz 2 X 5
(E,) (B3 N(».CO N(veCC yielding
Experiment (GeV) (GeV) (per ktyn (per ktyn
dN,+
MINOS Beam i7" 1+20z2—322°+112%. (15)
z
Low energy 3 - 458 1.3 ) )
Medium energy 6 _ 1439 0.9 The corresponding expression for the electron energy spec-
High energy 12 _ 3207 0.9 trum arising from the CG, interactions is
Muonring E, (Ge dNe-
9 E.(GeY o5+ 627~ 323+ 212" (16)
10 7 6 2200 960 z
20 14 12 19002 8002 The expressions for the™ ande™ spectra resulting from
50 3% 30 2-9<107 1-3><107 CC interactions when unpolarized negative muons are stored
250 175 150 3.%¥10° 1.4x10 in the muon storage ring neutrino source are, respectively,
. . dN,- 2 3 4
beams, even a very low energy muon storage ring might be g, CotAr-ler+iz 17
interesting, andii) for muon neutrino beams, rates become
quite large compared to conventional neutrino beams foand
E,.=20 GeV.
We next consider the distribution of energies of the dNe+ 2 3 4
charged leptons produced in the neutrino and antineutrino dz *1+30z°— 642"+ 337", (18)
CC interactions downstream of a muon storage ring neutrino
source. It is useful to define the scaling variable The charged lepton spectra computed from H45)—(18)

are shown in Fig. 5.
y=1-E/E,, €)
C. Interaction rates with neutrino oscillations
whereE, is the energy of a charged lepton produced the CC

interaction. The differential neutrino and antineutrino cross For a given neutrino flavor, neutrino oscillations will
. Co . modify the neutrino flux at a distant detector and, hence, the
sections are given approximately by

associated charged current interaction rates. Within the
framework of two-flavor vacuum oscillations, the flavor

_\v\2
dUVocEV 1 1y } (10) eigenstates’, and v, are related to the mass eigenstates
dy S andv; by
and Vv, = V;COSH— v;Sin g, (19
vg=v;Sin 0+ v;Ccos¥, (20

do, ,. 1
dyoc (1—y)+§. (11

These formulas neglect th@? dependence of the structure
functions. If unpolarizedpositive muons are stored in the

where 6 is the mixing angle. The probability that, while tra-
versing a distancé in vacuum, a neutrino of type oscil-
lates into a neutrino of typ@ is given by

muon storage ring neutrino source, thg CC interaction P(v,— v, =sirA(260)sirf(1.26AM2L/E,), (21
rate in a distant detector is described by the doubly differen- «p ! !
tial distribution obtained from Eqg1) and (11): whereAm? =m?—m¢ is measured in e¥/c*, L in km, and
5 e the neutrino energ¥, is in GeV. The neutrino oscillation
d°Ng 1 length in vacuurrL,, is given by
Td’;ocx%—zx) (1—y)2+g , (12)
2.48&,
. . . Lv= > (22)
where, for a high energy muon storage ring;»E, /E,, in Am;;
the laboratory frame. It is convenient to define the normal-
ized charged lepton energy The first maximum in the oscillation probability occurs when
L=L,/2. The values of&mjzi that correspond to this oscilla-
Zz=E|/E,. (13)  tion maximum are shown in Fig. 6 as a function Bf for
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FIG. 5. Lepton energy spectra for Cg, (top left, v, (top
right), v, (bottom lef), and v, (bottom righ} interactions.

three baseline lengths. Note thaﬂifnjzi is small, short base-
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FIG. 6. TheAm? in Eq. (17) that yields a maximum vacuum
oscillation probability, shown versus the neutrino energy for three
baseline lengthsii) Fermilab— Soudan(solid line), (ii) Fermilab
— Gran Sassgdashed ling and(iii) Fermilab— Kamioka Mine
(dotted ling.

line lengths require low neutrino energies to probe the oscil-

lation maximum. It is useful to define

_AmjziL AmjziL

i

The first maximum in the oscillation probability occurs when

n=1.24x. The modulation of thes, and v, CC interaction

neutrino source is shown in Fig. 7 as a functionspfThe
distributions of thev, CC interaction energies exhibit peaks
whose locations are very sensitive o (and henceﬁmjzi)
provided n~1.

If there are three neutrino types, then the flavor eigen-
states are related to the mass eigenstates by & Bnitary

spectra for neutrinos originating from a muon storage ringmatrix [45]

Ve C12C13
i
v |l=| S12C237 C12523513€
i
v, $12S237 C12C23513€

wherec;; = cosé; ands;; =sin ;. If the neutrinos are Majo-

rana, there are two extra phases, but these do not affect os-

—is
S12C13 S13€ v,
i
C12C23™ S12525513€ S23C13 v, |, (24)
i
—C128237 512C23513€ C23C13 Vs

P(v,— v,)=Cc0o¢ 058iM2 0,58ir(1.26 TAM3,L/E,,).
(27)

cillations [46]. If Am3, is responsible for solar neutrino os-

cillations andAm%2 for atmospheric neutrino oscillations, These expressions are analogous to the two-flavor vacuum
then |Am2,|<|AmZ,]. The resulting vacuum oscillation oscillation probability in Eq(21), except that each oscilla-
probabilities for the leading oscillation (1.2@vm3,|L/E,  tion (_:hann_el_ has a distinct amplitude that depends on the
<1), appropriate for long-baseline experiments, [@@ neutrino mixing parameters.

P(ve— v,) =S 038inf2 0, 58ir(1.26 AMZ,L/E, ), D. Matter effects

(25 Electron neutrinos can elastically forward scatter off the

electrons in matter via the charged current interacfif.
When v, oscillates into eithew, or v., this introduces an
additional term in the diagonal element of the neutrino flavor

P(ve— v,)=C0S 0,35iP2 0, 58iMP(1.26 AM3,L/E,),
(26)
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T T T muon storage ring becomes too large to have it tilted at a
large angle while preserving relatively long straight sections
between the arcs. Hence, matter effects will only be impor-
tant for a trans-Earth experimentAim?<0(10 2) eV?/c*.
The tilt angle, distance, and average electron density for
some representative long-baseline experiments from the Fer-
milab site are given in Table IV. For distances longer than
about 10000 km the path goes through part of the ¢tre
core diameter is 6960 km and the Earth’s diameter is 12742
km).

The effectiver, oscillation length in mattet ,, depends
on Ly andLy. Defining the ratioR,=L,,/Ly, it can be
shown tha{ 26,48

0.8

0.4

0.8L

dN,/dx (arbitrary units)
o

-1/2

0.4 L Ly\? 2Ly
I Rm=L—V— 1+(L—O) — L—OCOSZH (29
0 and
1.267Am% L
P = R2sir?(20)sir| ——— =—|. (30
FIG. 7. Neutrino and antineutrino charged current interaction (ve— vy mSIM(26)si R E, (30

spectra for muon-type neutrindtop) and electron-type neutrinos

(bottom downstream of a muon storage ring neutrino source confor antineutrinosN, in Eg. (28) changes sign; hence matter
taining unpolarized muons. The differential distributions are showneffects are different for neutrinos and antineutrinos if
as a function of the parametej=Am?L/E, for »=0.5 (dashed  cos %+0. If cos 26Amﬁ>0 (i.e., v, is more closely associ-
curves, »=1 (dotted curve and»= 1.5 (dot-dashed curvesThe  ateqd with »; than »;), oscillations of v, are enhanced and
solid curves show the spectra in the absence of oscillations. oscillations of v, are suppressed wherLy~Ly; if

cos 29Amﬁ<0, the situation is reversed. Therefore, matter
effects may distinguish between the two different mass or-
derings when cos@#0.

If Ly, /Lo=cos 2, the oscillations in matter have maximal
mixing [26]. Figure 8 shows the values &fm?/E, versus
o 163x10¢ sinf26 that givg maximal mixing in the mantle and core of

Lo= ~— m, (28)  the Earth; similarly, Fig. 9 shows values 6f versus sif2g
J2GEN,  p(g cm®)z/A that give maximal mixing in the Earth fonm?=3.5
x 10" 2 eV?/c?, the value favored by the Super-Kamiokande
whereN¢=pNyZ/A is the electron density in matter of den- atmospheric 708-day daf49].
sity p, Z/A is the average charge to mass ratio for the elec- Note that both the oscillation amplitude and the oscilla-
trically neutral matter, and\, is Avogadro’s number. Note tion length depend oR,,, and hence on the densipy For-
that, unlike the vacuum oscillation lengtly,, the character- tunately, outside of the core the density profile of the Earth is
istic matter oscillation length., is independent oE,. For  well known, and is described by the preliminary reference
ordinary rock p~3 gcm 2 and Z/A=0.5) Lo~10* km. Earth model[50]. Density profiles along a selection of
Matter effects are negligible whdmy>L or Lo>L,,. How-  chords passing through the Earth are shown in Fig. 10. For
ever, matter effects can be appreciable for trans-Earth experi-= 732 km most of the path length is in rock wigh~2.5
ments, where. ~L,, providedL,=<L, which is satisfied if gcm 2. ForL=7332 km most of the path length is in higher
Am?(eV?/c*)= E(GeV)/3000. In practice, for a trans-Earth density matter withp>4 gcm 2. In some early studies
experiment, ifE, is greater than a few tens of GeV, the [26,51] matter effects were computed using the average den-

evolution matrix corresponding te,— v,. It is useful to
define the characteristic matter oscillation lengithas the
distance over which the phase of thg wavefunction
changes by 2 [26]:

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

Detector Tilt angle L <Ne> Lcore <Ne>mantle <Ne>core
site (deg (km) (Ng/cm®) (km) (No/enr) (Ng/cm®)
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
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FIG. 10. Density profiles along a selection of chords of lerigth
the variation of the density in the mantle and the core. yp g g

passing through the Earth; the horizontal axis is the fraction of the

. L total path length.
sity p,, along the traversed path. This gives a reasonable

estimate in many cases, but can introduce significant errofrough matter with densities that correspond to oscillation
in the calculation ofP(v.— v,) in some regions of param- nropapilities significantly higher thai®(p,,). If the true
eter space. To illustrate this, Fig. 11 shoR6v.—v,), for  gensity profile is used instead pf,,, we obtainP=0.014.
x=p or 7, versusp calculated using Eq30) for 10 GeV  Thys, ‘in this example, using,, leads to a result which
neutrinos propagating 7332 km. The calculation assumegngerestimates the oscillation probability by a factor of 7.
sirf26=1, and the results are shown for three different val-Therefore, in the following sections we do not ysg, to
ues of Am?. For L=7332 kmzthe average Sensny By calculateP(v,— vy), but integrate using the density profile
=4.2 glcn?. Consider theAm?=0.001 eVf/c* curve, for  given by the preliminary Earth model. Extensive analyses

which Ly =24800 km. Ifp,, is used, we obtainy=7810  have been made of oscillation effects involving transmission
km and R,,=0.30. The resulting oscillation probability is

P(pay) =0.002. However, nearly all of the path length is L= 7332 km, E, = 10 GeV, sin"28 = 1.0
T lv T T7

' ! 0.10L

mantle 0.08

E, (GeV)

LE 1 0.02
e AME = 0.002 evz/c'i
2 _ ;
) o - Am? = 0.001 e\ﬁ\;c ',
(Am? = 0035 eV Am® = 0.0005 ¢ /c N
, , 1 2 3 4 5 6
103 102 . 01 e (g/cm?)
sin“20

Resonance regions

FIG. 11. Electron neutrino disappearance probabilRyv,

FIG. 9. Regions oE, versus sif26 which have maximal mix- —wv,) for x=pu or 7, shown as a function of the assumed matter
ing in matter in the Earth foAm?=3.5x 10 2 eV?/c*. The range  density for 10 GeV electron neutrinos propagating 7332 km through
of E, values is due to the variation of the density in the mantle andhe Earth. The curves correspond to the oscillation parameters
the core. sirf26=1 andAm? as indicated.
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through the Earth’s mantle and cdr28,52—-53. an event energy distribution peaking atl0 GeV. In the

For v, oscillations tov,, there are no matter effects for presence of oscillations the predicted, CC event rate
simple two-flavor oscillationgalthough there may be small (Table V) and the corresponding event energy distribution
matter effects onwv,— v, for three flavors[56]). For v,  (Fig. 12 are both sensitive tdm? (provided 7~1). How-
— vy oscillations, however, muon neutrinos elastically for- ever in general, for a givehm?, the average oscillation
ward scatter off the quarks and electrons in matter via thgyropability will depend on whether,— v, or v,— v or a
neutral current interaction, whereas sterile neutrinos do Nofyixtyre of the two oscillations is being observed. Hence, to
The matter oscillation length in this case can be found by,yiq a large uncertainty in the extracted valueAofi? due
replacingN, in Eq. (28) by —Ny/2 (by Ny/2 for v,—vs  to an uncertainty in which the oscillation mode is being ob-
oscillationg [57]; Z in Eq. (28) is then replaced by —A  gepyed, it is desirable that a trans-Earth baseline experiment
(A=2). If the mixing of atmospheria, is nearly maximal  pe sensitive to bott,, disappearance ang. appearance. We
(as suggested by atmospheric neutrino dateen Eqs(29  conclude that the muon storage ring beam energy needs to be
and (30) imply that the amplitude ofv,—vs and v,—vs  higher than 10 GeV to facilitate a, appearance measure-
oscillations will both be suppressed by matter effectsJf  ment. Consider next a 20 GeV muon storage ring at Fermilab

=L, and by the same amount since c@s-D. with the neutrino beam-forming straight section pointing at
Gran Sassol(=7332 km. The v, CC rate corresponding to
l. »,—v, AND »,— v, OSCILLATIONS the favored region o¥,— v, parameter space is now suffi-

) ciently large to facilitate av, appearance measurement. In

The currently favored explanation for the Super-the absence of oscillations about 1999 CC events would
Kamiokande atmospheric neutrino results is that muon nethe expected per year in a 10 kt detector. In the presence of
trinos are oscillating primarily into either tau neutrinos or ,, — v, oscillations with siR26=1 andAm?=0.002 e\*/c*
sterile neutrinos, with the oscillation parameters given by(éL.OOG e\t/c*) only 370(1300 v, CC events per 10 ktyr
sirf26~1 and Am? in the approximate range 0.002-0.006 would be expected, together with 484) ». CC events per
eV?/c* [4,49. Searches for neutrino oscillations at accelerayear n a 1 ktdetector. The corresponding event rates for
tors are based on either the disappearance of the initial neL,|,-M_> v oscillations are 14001200 v, CC events per 10
trino flavor or the appearance of a neutrino flavor not origi-xtyr and nov, CC events. With these trans-Earth event rates
nally within the neutrino beam. If the current interpretation 3:"3 20 Gev storage ring &, disappearance measurement
of the Super-Kamiokande data is correct, the next generatiofyoy|d enable the oscillation probability to be measured with
of approved long baseline accelerator experim¢ts1y 5 precision of a few percent and, for a known mixture of
should confirm the existence of neutrino oscillations and,,MH v, and v, — v oscillations, would enablam? to be
make the first laboratory measurements of the oscillation pagetermined with a statistical precision of a few percent. In
rameters. This will happen in the period before a first muon,qgition, a», appearance measurement would enable the
storage ring neutrino source cpuld be_bunt. It.|s I|_ker ther.e—V v oscillation probability to be measured with a statis-
fore that the main atmospheric neutrino oscillation physmstié’“m precision which depends arm?, but is typically about
goals in the muon storage ring neutrino source era would bgoy Finally, a comparison of the appearance and disappear-
to make very precise measurements (_)f the oscillation paramy, e results would enableig, — v, contribution at the few
eters, and determine whether there is a smal>vs (v, (imes 10% level to be observed in a predominamtly- v,

—v,) component in a dominantly,— v, (v,—vs) signal.  gjgnal or an approximately 10%,— v, contribution to be
CC measurements can distinguish betwegr-v, and v, measured in a predominantly, — v, signal
/. .

— v, oscillations in two ways(i) direct appearance of taus
for v,— v, [58] and(ii) a differenty ,— v transition prob-
ability due to matter effects when compared itg— v, . _ . . .
Neutral current(NC)/CC measurements of° production Consider a 10 GeV muon storage ring at Fermilab with
can also distinguistv,— v from v, — v, [59]. the neutrino beam-forming straight section pointing at
Soudan (=732 km). Predicted event rates are listed in
Table V. In the absence of oscillations about 22200CC
events would be expected per year in a 10 kt detector. In the
Consider first a 10 GeV muon storage ring at Fermilabpresence of eithew,—v, or v,—wvs oscillations with
with the neutrino beam-forming straight section pointing atsir’26=1 and Am?=0.002 e\f/c* (0.006 e\*/c*) only
Gran Sassol(=7332 km). The predicted CC event rates are 20500(11700 v,, CC events per 10 kt yr would be expected.
listed as a function oE , andA m? in Table V. The predicted In addition, for v,— v, oscillations 20(150 v, CC events
v, appearance event rates arising frem— v, oscillations  per year would be expected & 1 ktdetector. Note that the
with sir26=1 and Am? in the range 0.002—-0.006 é\*  shape of thev. CC interaction energy distributiofFig. 13
are only of order of 1 event per ktyr. This event rate is tooexhibits some dependence Am?, although a detector with
low to enable a precise, appearance measurement in, for good energy resolution would be needed to exploit this de-
example a 1 kthybrid emulsion detector. However, an os- pendence. We conclude that a storage ring with a beam en-
cillation measurement could be made by adisappearance ergy as low as 10 GeV might be of interest for a Fermilab
experiment. In the absence of oscillations about 220CC  Soudan experiment, particularlyAfm? is at the upper end of
events would be expected per year in a 10 kt detector, witlthe currently favored region. In this case the average oscil-

B. Fermilab — Soudan

A. Fermilab — Gran Sasso
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TABLE V. Muon neutrino CC interaction rates calculated for a distancl®wnstream of a storage ring
containing unpolarized negative muons. The event rates assyme . oscillations with siA26=1. Results
for v,— v, oscillations are shown in parentheses lfor 7332 km; forL =732 km matter effects are small
and the results for,,— v, andv,— v are very similar. Also shown are the tau neutrino CC interaction rates
due tov,— v, oscillations.

E, L Am? (P) N(v, CO) Significance B¢, CC)
(GeV) (km)  (eV3cH v,— v, (v,—ve) (per 10 ktyp (per ktyn
10 7332 0 00) 220(220 0 (0) 0
10 7332 0.002 0.580.18 100 (180 120(3.00) 1.9
10 7332 0.003 0.290.36) 160 (140 5.20(6.70) 0.7
10 7332 0.004 0.680.64) 80 ( 80) 150-(160) 2.1
10 7332 0.005 0.560.48 100 (120 125(9.90) 1.9
10 7332 0.006 0.380.37) 140 (140 7.10(7.00) 1.2
20 7332 0 00) 1900(1900 0(0) 0
20 7332 0.002 0.800.27) 370(1370 780 (140) 43
20 7332 0.003 0.810.25 360 (1400 800(120) 46
20 7332 0.004 0.580.18 880 (1530 340(8.60) 30
20 7332 0.005 0.300.21) 1310(1480 15¢(100) 15
20 7332 0.006 0.290.36) 1320(1190 150(200) 14
50 7332 0 00) 28800(28800 0(0) 0
50 7332 0.002 0.260.10 21300(25900 520 (18) 350
50 7332 0.003 0.480.18 1500023700 1100 (330) 660
50 7332 0.004 0.670.29 9500 (22000 2000 (460) 950
50 7332 0.005 0.800.27) 5700(21000 3100 (540) 1160
50 7332 0.006 0.860.29 4200(20800 3800 (550) 1260
10 732 0 0 22200 0 0
10 732 0.002 0.08 20500 a2 20
10 732 0.003 0.16 18700 26 43
10 732 0.004 0.26 16500 45 74
10 732 0.005 0.37 14100 69 110
10 732 0.006 0.47 11700 o8 150
20 732 0 0 185000 0 0
20 732 0.002 0.020 181000 &6 89
20 732 0.003 0.044 177000 &9 200
20 732 0.004 0.076 171000 34 350
20 732 0.005 0.11 164000 52 530
20 732 0.006 0.16 156000 #4 750
50 732 0 0 2.8& 10° 0 0
50 732 0.002 3.810°3 2.88x10° 5.60 410
50 732 0.003 741073 2.86x10° 130 910
50 732 0.004 0.013 2.8410° 220 1600
50 732 0.005 0.020 2.8810° 350 2500
50 732 0.006 0.029 2.8410° 500 3600
250 732 0 0 3.1x10° 0 0
250 732 0.002 14104 3.11x10° 2.50 3000
250 732 0.003 32104 3.11x10° 5.70 6800
250 732 0.004 58104 3.11x 10° 100 12100
250 732 0.005 9R 104 3.11x1¢° 160 18900
250 732 0.006 181073 3.11x10° 230 27200

053004-10



LONG BASELINE NEUTRINO PHYSICS WITH A MUON . .. PHYSICAL REVIEW D61 053004

P250

T T T T T T T T

0.0005 (eV/c*V ] 0.001 (eV/c?)?

i
< 107"}
(@]
g 107
3 )
= 10-3
= ~
Y 30 g
g 25’ 0.002 (eV/c?)? ] 0.004 (eV/c?)? 107
2 o Ve
: 1071 (= 732 km
) 151 E
%> 10 10-57 IIIIII\l 1 IIII\II‘ 1 IIIHH‘ [ AR - IIHIII‘ 1 IIIII\Il LI i
> 9 10 107 10™ 107 107 107" 1
© - Sin®28

0 2 4 6 8 0 2 4 6 8 10

E, (GeV) FIG. 14. Single event per ktyr contours calculated fgr v,
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FIG. 12. Modifiedr,, CC interaction spectra for a 10 GeV muon Source. From left to right, the contours correspond to unpolarized
storage ring neutrino source located at FNAL and a detector at thewons with energie€, =250, 50, 20, and 10 GeV. Thehaded
Gran Sasso underground laboratory, shown for several values of tfg€as correspond to the Kamiokande and Super-Kamiokande al-
oscillation parameteAm?, assuming sif26=1. In each of the four lowed region of parameter space. Also shown are the expected re-
panels the upper curves show the unmodulated spectrum and tigons of sensitivity for the MINOS and K2K experimentas
lower curves the modulated spectrum corresponding to the indilabelled.

catedAm?.
appearance angd, appearance measurements would enable a

lation probability could be measured with a statistical reci-]cew percent contribution fromv, —w, oscillations to be
b y P easured in a predominantly, — v¢ signal or a few times

sion of better than 1% from the di.sappeqrance mea;uremer%%v — vg contribution to be measured in a predominantly
and the resultingAm? be determined with a precision of 3 V“ sigrﬁal
—v, .

_ ; i 5 . . .
1%. Note that, since matter effects are small, there is no In Fig. 14 singler, CC event per ktyr contours in the

additional uncertainty omAm? arising from an imprecise (sir26, Am?) plane are shown for =732 km as a function

knowledge of the oscillation modes(— v, or v,—wvs). Fi-  of E . The sensitivity of thev, appearance measurement

nally, with Am*=0.006 e\f/c*, a comparison of the,, dis-  increases with increasing muon storage ring beam energy.
Consider the sensitivity for a 50 GeV muon storage ring. The

- T . dependence of the, CC rates on sit26 and Am? is shown

60L V. — v, Appearance in Fig. 15. The predicted event rates range from several hun-

dred events per ktyr at the lower end of the Super-

i 'E=_71302 g n:/ /e Kamiokande allowed region of parameter space to several
i sfnz_219 A 16 ¢ ] thousand events per ktyr at the upper end of the favored

_ 4 region (Table V). Hence thev,— v, oscillation probability
could be measured with a precision of a few percent, corre-
sponding to a determination @fm? with a precision of a
. few percent. However, the predicted oscillation probabilities
---- P are small, and the statistical precision of the disappearance
8 measurement is less than the corresponding precision for the
201 - i i E,=10 GeV case. Note that aboutx2.0? v, CC events
— i would be expected per year in a 10 kt detector. The sensitiv-
- F e ity of the disappearance measurement may therefore be lim-
1 ited by systematics. This needs further study. We conclude
- that, although the statistical sensistivity of theappearance
L v measurement improves with increasifyg,, the optimum
(GeV) choice of muon beam energy depends upon whetimet is
in the lower or upper part of the favored region of parameter

FIG. 13. Predicted , appearance CC interaction spectra for a 105pPace and at what level the higher energy experiments would

GeV muon storage ring neutrino source located at Fermilab and Qe limited by systematics.
de_tector at the Sougan mine, shc_)wn_for several values of the oscil- C. L=7332 km versus 732 km
lation parameteAm?, assuming sit2¢=1. The curves correspond

to Am?=0.02 eV¥/c* (dotted ling, 0.015 e\¥/c* (solid ling), 0.01 The relative performance of experiments at long (
eV?/c* (dashed ling and 0.005 e¥/c* (dot-dashed ling =732 km and very long [=7332 kn) baselines depends

401

dN/dE, (Events per 500 MeV per kt—yr)
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— v, appearance 732 km downstream of a muon storage ring neu-
FIG. 15. Contours of constant, CC interaction event rate for trino source. From left to right, the contours correspond to unpolar-

v,— v, appearance 732 km downstream of a 50 GeV muon storag#€d muons with energiel, =250, 50, 20, and 10 GeV. The re-
fing neutrino source. From left to right, the contours correspond tdioNS favored by the LSND results and the MSW solar neutrino
event rates of 1, 10, 100, and 1000 per ktyr. The shaded aref$cillation solutions are also shown.
correspond to the Kamiokande and Super-Kamiokande allowed re-
gion of parameter space. Also shown are the expected regions of AMgyp<2.0 e\/c*. Oscillation limits from the Karmen
sensitivity for the MINOS and K2K experimen(as labelleg experiment[60] are no longer in conflict with the LSND
effect. In addition, the solar neutrino results can also be in-
on both Am? and the oscillation mode W,—v, or v, terpreted in terms ob.— v, and/orv.— v, oscillations ei-
—vg). Based on the results summarized in Table V we findther within the framework of the Mikheyev-Smirnov-
that: Wolfenstein (MSW) effect with Am2,,~5x10"° eV?/c*
Case 1: 0.002 Am?<0.004 eV¥/c* andv,— v, oscilla-  and sif26~0.8 (large angle solutionor Am2, ~5x10°
tions dominate. AnL=732 km experiment withE, eV?/c* and sif26~5x10"3 (small angle solution[61—63,
=10-20 GeV or anL=7332 km experiment withE,  or within the framework of vacuum oscillatiorj$4] with
=20 GeV both seem interesting. A higher eneigy 732 Am2, ~0.65-8.6x10 ° eV?/c* [8,61]. In the context of
km experiment(e.g.,E, =50 GeV) would provide a higher three neutrinos, although the primary oscillation of atmo-
statistics measurement of thg— v oscillation probability,  spheric neutrinos i$,—v,, a smallv,— v, component is
but the oscillation probability is small and the measuremenhot excluded. ForAm?,. ~3.5x10 3 eV?/c?, a measure-

.. . . atm
precision may be dominated by systematics. . ment of ve— v, will place strong limits on sifd,sin’26,;
Case 2: 0.004 Am*<0.006 eV¥/c* andv,—v. oscilla-  [see Eq(25)] [6,8].
tions dominate. AnL=732 km experiment withE, The next generation of approved neutrino experiments in-

=10-20 GeV would provide a good, disapearance mea- clude MiniBooNE[65] at Fermilab and KamLAND 18] at
surement and a good, appearance measurement. With athe Kamioka Mine, Japan. MiniBooNE, which will consist of
larger E,, (e.g., 50 GeV the unoscillated neutrino CC rate a 445 ton fiducial volume liquid scintillator detector 500 m
becomes large and the oscillation measurements may be lingownstream of a,, source, withE,~0.75 GeV, should con-
ited by systematics. The trans-Earth baseline option withirm or refute the neutrino oscillation interpretation of the
E,=20 GeV yields less statistical precision than the | SND results. KamLAND, which will consistfoa 1 kt lig-
=732 km option withE , =20 GeV. uid scintillator detector 140 km and 200 km from reactors in
Case 3w,— vs oscillations dominate. In this case a very Japan, should observera disappearance signal if the solar
sensitivev,, disapearance measurement is important. A lowheutrino results are due to oscillations corresponding to the
energy(10 Ge\) storage ring pointing at Soudan seems at-large angle MSW solution. Both MiniBooNE and Kam-
tractive, particularly ifAm? is in the upper half of the fa- LAND nominally begin operation in-2001. In the follow-
vored region. AnL=7332 km baseline experiment seems toing we consider theve— v, physics potential of a muon
be less attractive than an= 732 km baseline experiment for storage ring neutrino source in the post-MiniBooNE/
large Am?, but is complementary to the shorter baseline examLAND era.
periment for smallAm?, and would enable matter effects to

be measured. A. Fermilab — Soudan

Figure 16 shows single event per year contours in the
(sir’26,An?) plane forv, CC interactions in a 10 kt detector

If confirmed, the LSND neutrino oscillation results neces-732 km downstream of the muon storage ring neutrino
sarily imply the existence of.— v, oscillations, with 0.3  source described in Sec. Il A, where thg arise fromv,

IV. ve— v, OSCILLATIONS
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FIG. 17. Contours of constamt, CC interaction event rate for sin>20

VeV, appearance 732 km downstre:_:tm of a 250 GeV muon stor- FIG. 18. Single event per 10 ktyr contours calculated #gr
age ring neutrino source. From left to right, the contours correspond .
to event rates of 1, 10, #01C%, 10, 1(F, and 16 per 10 ktyr. The —v, appearance 7332 km downstream of a muon storage ring
. . ’ ’ ’ ’ .__neutrino source, assumimn2>0. From left to right, the contours
regions favored by the LSND results and the MSW solar neutrino . .
o . correspond to unpolarized muons with enerdigs=250, 50, 20,
oscillation solutions are also shown.

and 10 GeV.

— v, oscillations. The contours are shown for several values. _

of E,, from 10 GeV up to 250 GeV. The upper part of the tions (due to LSND-scale oscillationgo be measuredsee
MSW large mixing angle solution is within the single-event F'QS- 16 and 1 Such megsurements could also. teszt the
per year boundary fdE,, =10 GeV. The sensitivity improves &XIStence Of”efs”ﬂ gscilllatlons at the atmospheritm®
with increasing E,. The event rate is shown in the sca_le - 3.5x10 ° eV/cY), wh|ch.allows a precise determi-
sirf26-Am? plane in Fig. 17 forE,, =250 GeV. To com- nation of the three-neutrino mixing parameter
pletely cover the parameter space corresponding to the MSWRPS O23Sin’26;3.

large mixing angle solution would require larger muon beam

currents than those of the scenario described in Sec. Il A. It B. Matter effects

should be noted that the full muon collider front end, de- Figure 18 shows Sing|e event per year contours in the
scribed in Ref.[33], would produce a factor of 3.3 more (sir?26,An?) plane forv, CC interactions in a 10 kt detector
muons. The resulting neutrino flux would just about enable7332 km downstream of the muon storage ring neutrino
the entire MSW large mixing angle solution to be covered bysource described in Sec. Il A, where thg arise fromv,

a 50 GeV storage ring and a few years of running with, for_, v, oscillations withAm?>0. The contours are shown for
example, a 20 kt detector having a detection efficiency oiEM: 10, 20, 50, and 250 GeV. Figure 19 shows the corre-

50%, provided background rates are negligible. The smalgyonding contours fov,— v, oscillations. Compared with
angle MSW solution is out of reach of a muon storage ring

neutrino source, as currently envisioned. Hence, if 1 .
KamLAND rules out the large angle solution, then solar neu-
trino oscillations would provide little motivation for a Fer- 10k

milab — Soudanv.— v, appearance experiment. On the
other hand, should KamLAND obtain a positive signal for
solar neutrino oscillations corresponding to the large angle
MSW solution, a Fermilab— Soudan muon storage ring
neutrino source experiment to search f@r v, appearance
might be feasible, but would clearly be challenging and

Am? (eV?)
S

L=7332km

would probably require the full muon collider muon source 1074F o k
for several years. If this becomes the only way to discover Ve
whether the solar neutrino oscillations are due/e- v, or 1075t -
due tov,— v, Or vg, then this experiment would certainly be
worthy of serious consideration. 100 L

Independent of the KamLAND results, a positive 10 10 }229 10 !

S

MiniBooNE result would motivate precise measurements of
ve— v, oOscillations to test whether or noP(ve—v,) FIG. 19. (a) Single event per 10 ktyr contours calculated for
=P(v,—ve) (T invariance, test the oscillation phenom- 5,__.% appearance 7332 km downstream of a muon storage ring
enon with a very different. andE,, search for ave—vs  neutrino source, assumirgm?>0. From left to right, the contours
contribution, etc. A Fermilab- Soudanv,— v, experiment  correspond to unpolarized muons with enerdies=250, 50, 20,
would enable many thousands »f appearance CC interac- and 10 GeV.
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TABLE VI. Average ve—v,, and?eazt oscillation probabilities, and muon neutrino and antineutrino
CC interaction rates for a detector=- 7332 km downstream of a storage ring containing unpolarized muons.
The event rates assumg— v, oscillations with SiA26=0.1. Also shown is the average oscillation prob-
ability for ve— v, , assuming no matter effects; the probability far— v, without matter effects is the same

as forve—wv, .

E, Am? N(», CO) N(v, CO) No matter effects
(GeV)  (eV?c*) (P(ve—w,)) (per10kty) (P(ve—wv,)) (per 10 kty) (P(ve—v,))

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

the equivalent contours fdr=732 km (Fig. 16 the lower If there is a smal,— v, and?,‘e?e component to at-

event statistics suppresses the sensitivity at laxgé and  mospheric neutrino oscillations, then— v, and 76—5#
small sirf26, and matter effectfEq. (30)] suppress the sen- oscillations are also expected; a trans-Earth experiment could
sitivity at small Am? and large sif26. It is interesting to test for different matter effects acting on these two oscilla-
consider whether the matter effects might be measured by t#n channels. Table VI shows, for a Fermilab Gran Sasso
trans—Earth muon storage ring .neutrino sourge-v, €x-  experiment [ =7332 kn), the ve—v,, and?e—JM oscilla-
periment searching for wrong-sign muons. _ tion probabilities, the predicted numbers of and v, CC
Note that if MiniBooNE confirms the LSND evidence for appearance events, and the average probabilityfer v,

- . 2 . . . g
osc:|llat|odr!?, th.emn; ;’]‘"” be_ltloo. large tg rs_f,‘u'td'n asignifi- - 55suming no matter effects. The predictions are tabulated for
cant modification of the oscillation probability due to matter gy 256-1 with variousE, and values ofAm?>0 sug-

effects. However, if KamLAND obtains a positiv disap- ested by the atmospheric neutrino data\h?<0 (i.e., the

pearance result corresponding to the large mixing angl . . . .
MSW solution for solar neutrino oscillations, then then? ower mass eigenstate is more closely associated myjtand
: : - S . not vy), then the oscillation probabilities for neutrinos and
will be in the right range to produce a significant modifica- . "¢’ * _ .
d g P g antineutrinos in Table VI are reversed. Thus the sign of

tion of the oscillation probability due to matter. As an ex- . .
ample, consider a storage ring with, =20 GeV, and as- may be determined from these measurements if matter ef-

sume that sif26=1. Then, ifAm?=1x10"% eV?/c?, inthe fects are preser26,28. _ o
absence of matter effects11 wrong sign muongfrom v, In this paper we have assymgd that th.e neutrino mixing
— v, oscillationg would be expectected per 10 ktyr. With COnservesCP; the apparent violation o€ P in the ve— v,
matter effects, the number of wrong sign muons is reduced t8nd ve— v, channels would be due to matter effects. Mea-
~0.6 per 10 ktyr. Hence, an experiment to measure matte§uring »,— ve and v,— v, oscillations as wellthrough an
effects, by comparing the wrong sign muon rates in a longlectron appearance experimemtould provide important
baseline(e.g.,L =732 km experiment with the correspond- cross-checks and help distinguish between matter effects and
ing rates in a trans-Eartfe.g., L=7332 km) experiment, CP violation. For exampleCPT conservation for vacuum
might be feasible if the solar neutrino results are duedo oscillations impliesP(ve—v,)=P(v,— v,), whetherCP

— v, oscillations with sii26~1 andAm? at the upper end is violated or not, so that a difference between these two
of the region of allowed parameter space for the MSW largeoscillation probabilities would be unambiguous evidence for
mixing angle solution. This experiment would clearly be matter effects. Similarly, matter effects are the samefor
challenging, and would probably need a more intense neu- v, andv,— v, oscillations, so that a difference between
trino source than described in Sec. I(far example, the full  these oscillation channels is dueTwiolation, which in turn
muon collider muon source utilized for several years with aimplies CP violation under the plausible assumption that
20 kt detector. CPT is conserved.
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TABLE VII. Electron neutrino CC interaction rates calculated for a distadnd®wnstream of a storage
ring containing unpolarized positive muons assumigg: v, oscillations with siR26=0.1. Also shown are
the tau neutrino CC interaction rates due to oscillations.

E, L Am? (P) N(v, CC) Significance N¢. CC)
(GeV) (km) (eV?/ch (per 10 kty) (per ktyn
10 7332 0 0 200 0 0
10 7332 0.002 0.46 110 &9 1.1
10 7332 0.003 0.53 95 i 1.6
10 7332 0.004 0.27 150 45 0.9
10 7332 0.005 0.10 180 5 0.3
10 7332 0.006 0.087 180 3 0.2
20 7332 0 0 1580 0 0
20 7332 0.002 0.11 1410 5 7.2
20 7332 0.003 0.29 1120 4 14
20 7332 0.004 0.46 850 25 17
20 7332 0.005 0.55 710 33 16
20 7332 0.006 0.53 740 31 16
50 7332 0 0 24100 0 0
50 7332 0.002 0.007 24000 0 4.2
50 7332 0.003 0.026 23000 9 19
50 7332 0.004 0.062 22100 @8 51
50 7332 0.005 0.12 20900 &9 100
50 7332 0.006 0.18 19300 31 170
10 732 0 0 19400 0 0
10 732 0.002 0.010 19200 b4 1.7
10 732 0.003 0.021 19000 30 3.7
10 732 0.004 0.033 18800 47 6.3
10 732 0.005 0.045 18500 Grd 9.2
10 732 0.006 0.057 18300 8r2 12
20 732 0 0 156000 0 0
20 732 0.002 0.0028 156000 1 8.8
20 732 0.003 0.0060 155000 24 20
20 732 0.004 0.010 154000 40 34
20 732 0.005 0.015 154000 &:0 52
20 732 0.006 0.021 153000 &3 73
50 732 0 0 2.3%10° 0 0
50 732 0.002 %104 2.37x10° 0.70 42
50 732 0.003 K103 2.37x10° 1.60 95
50 732 0.004 X103 2.37x10° 2.80 170
50 732 0.005 %103 2.36x 10° 4. 40 260
50 732 0.006 %108 2.36x 10° 6.30 380
250 732 0 0 2.7310° 0 0
250 732 0.002 X105 2.73x10° 0.30 360
250 732 0.003 5105 2.73x10° 0.80 810
250 732 0.004 &10°° 2.73x10° 1.30 1400
250 732 0.005 x104 2.73x10° 2.0 2300
250 732 0.006 X104 2.73<10° 3.00 3200
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FIG. 20. Contours of constant, CC interaction event rate for FIG. 21. Single event per ktyr contours calculated fgr v,

ve— v, appearance 732 km downstream of a 50 GeV muon storaggppearance 732 km downstream of a muon storage ring neutrino
ring neutrino source. From left to right, the contours correspond tasource. From left to right, the contours correspond to unpolarized
event rates of 0.1, 1, 10, and 100 per ktyr. The shaded areas afguons with energie& ,= 250, 50, 20, and 10 GeV. The shaded
excluded by Bugey-Choog, disappearance null results; the hori- areas are excluded by Bugey-Choazdisappearance null results;
zontal band indicates the range &f? suggested by atmospheric the horizontal band indicates the rangeAoh? suggested by atmo-
neutrino oscillations. spheric neutrino oscillations.

V. ve—v, OSCILLATIONS stream could probe c88,sirf26,, to very low values; when

If the atmospheric neutrino results are duevjp—v, os- ~ combined withv,— », measurementsee Sec. Iyand with
cillations with aAm?2~3.5x 103 eV?/c#, and the solar neu- future atmospheric neutrino results, a precise determination
trino results are due te,— v, and/or vo— v, oscillations ~ Of 23, 613, andAm? should be possible.
with a Am?<0(10 %) eVZ/c‘{f it is tempting to conclude
that v.— v, oscillations should exist with an associated
Am?=0(10"3) eV?/c*, but with unknown effective sfi2é.
For Am?>2x10"2% eV?/c* wv.—v, oscillations with In this paper we have made a comprehensive study of
sinf26>0.2 are already excluded by the CHOOZ reaatpr possible neutrino oscillation measurements in long-baseline
disappearance experiment, although there is no limit foexperiments with an intense neutrino beam from a muon
Am?<10"2 eV?/c?. In a three-neutrino scenario, measure-storage ring. Our results can be summarized as follows:
ments of atmospheric neutrinos indicate?gi;>0.8 and (i) A neutrino beam from a muon storage ring provides
exclude sif26,5> 0.33 for all atmospheriAm? [7]; v,  much larger electron neutrino interaction rates than conven-
— v, oscillations may be detectable #f 5 is not too small. tional neutrino beams, and much larger muon neutrino inter-
Hence, the region of parameter space that would be interesaction rates ifg ,=20 GeV.
ing to cover in futurev,— v, oscillation searches is given by (i) If the Am? associated with the atmospheric neutrino
Am?~3.5x10 3 eV?/c* and effective sif26<0.3. results is in the lower part of the allowed Super-Kamiokande

Consider first av,— v, appearance experiment. Event parameter spaceAMm?<4x10 3 eV?/c*), a Fermilab—
rates are summarized in Table VII for the neutrino sourceGran Sasso trans-Earth experiment with Bp=20 GeV
described in Sec. Il A and si29=0.1. For a baseline length muon storage ring neutrino source would enabjedisap-
of 732 km matter effects are small, and hence the oscillatiopearance to be established in an accelerator-based experi-
rates for sif26<0.1 can be obtained by multiplying the rates ment andAm? to be measured with a precision of a few
in the table with the value of sf@¢/0.1. For a baseline percent. Matter effects may also allow the differentiation of
length of 7332 km matter effects are large and enhance the,— v, and v,,— v oscillations.

v, appearance rate faxm?~5x 102 eV?/c?, although the (iii) If the Am? associated with the atmospheric neutrino
numbers of events are not large. On the other hand, the coresults is in the upper part of the allowed Super-
responding rates foa 1 kt detector 732 km downstream Kamiokande/Kamiokande parameter spasenf>4x103
yield morer, appearance events in the region of interest, an@&V?/c*), a Fermilab— Soudan(or CERN — Gran Sassp
for E,,.=50 GeV could yield up to a few events per year with v, disappearance experiment would alldvm? to be mea-
sinf260 as small as 107 (see Fig. 2D Single-event per ktyr sured with a precision of a few percent;1a appearance
sensitivity contours in the (st@6, Am?) plane are shown experiment would enable a search for a small contribution
versus the stored muon energy in Fig. 21. Decreasing thitom v,— v¢ within a dominantly»,— v, signal or, con-
storage ring energy from 50 GeV to 20 GeV would increaseversely, a small contribution fronw,,— v, within a domi-
the minimum siA26 that could be probed by a factor of a nantly v,— vg signal.
few. (iv) If the LSND »,— v, oscillation results are confirmed
In a three-neutrino scenaria 1 ktdetector 732 km down- by MiniBooNE, a Fermilab— Soudanve— v, experiment

VI. SUMMARY
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would enable many thousands of wrong-sign muons to b&(1073) eV?/c* and sirf26 down to about 10? seems pos-
measured, facilitate a precise confirmation and measuremegiyje with a Fermilab— Soudan experiment using &20

of the oscillation parameters, and enablgr,—ve) t0 be  Gev muon storage ring. Higher energies are more desirable
compared withP(v,—v,) for a test ofT invariance. for v, appearance experiments.

(v) If KamLAND observesv, disappearance with a rate (yjji) In a three-neutrino scenario with differedtm?
corresponding to the large angle MSW solar neutrino soluscales for the solar and atmospheric oscillations, measure-
tion, then a measurement of— v, appearance might bé ments of »,—», and v,— v, should provide an accurate
concievable for a Fermilab- Soudan experiment if the full ~ determination of the two mixing angles associated with the
muon source needed for a muon collider were available f0[eading oscillation. When combined with solar neutrino mea-
several years of running with a muon storage ring neutringyyrements, the three-neutrino mixing parameters would be

source. It might also be possible to measure matter effects ggmpletely determined, except for a possitl@ violating
the electron neutrinos traverse the Earth. These measurgpgse.
ments are however challenging and need further consider-
ation to assess their viability.

(vi) If there is a small but non-negligible component of
v, + v Oscillations in atmospheric neutrinos, a Fermilab The authors would like to thank D. Casper and J. Morphin
Gran Sasso measurementigf— v, andv.— v, could per-  for providing tables of neutrino cross sections, E. Kearns and
haps detect matter effects in the oscillation, which show ug. Learned for useful correspondence, and J. Hylen, S. Parke
as apparenC P violation. Matter effects and tru€P viola-  and T. Weiler for discussions. Part of this work was per-
tion can be distinguished by also measuring— v, and  formed at the Fermi National Accelerator Laboratory, which

v,—ve Oscillations: a nonzeroP(ve—v,)—P(v,— ve) is operated by Universities Research Association, under con-
signals T (and henceCP) violation, and a nonzer®(v,  tract DE-AC02-76CH03000 with the U.S. Department of En-
—wv,)—P(v,—ve) signals matter effects, while a nonzero ergy. This work was supported in part by the U.S. Depart-
P(ve—wv,)—P(ve—v,) can occur due to either matter or ment of Energy, Division of High Energy Physics, under
CP violation. If oscillations of neutrinos are enhanced andGrants No. DE-FG02-94ER40817, and No. DE-FGO02-
antineutrinos suppressed, tham?>0; for the reverse situ- 95ER40896, and in part by the University of Wisconsin Re-
ation, Am?<0. search Committee with funds granted by the Wisconsin

(vii) A v.—v, appearance search sensitive Aon?>  Alumni Research Foundation.
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