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Neutrino beams from muon storage rings: Characteristics and physics potential

S. Geer
Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, lllinois 60510
(Received 4 December 1997; published 13 April 1998

High-intensity high-energy neutrino beams could be produced by exploiting a very intense future muon
source, and allowing the muons to decay in a storage ring containing a long straight section. Taking the
parameters of muon source designs that are currently under study, the characteristics of the neutrino beams that
could be produced are discussed and some examples of their physics potential given. It is shown that the
neutrino and antineutrino beam intensities may be sufficient to produce hundreds of charged current interac-
tions per year in a detector on the far side of the Ed80556-282(98)01011-X]

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

[. INTRODUCTION of a facility that can shoot neutrino beams through the Earth
have been discussed in REB]. Some examples of how the
High-energy neutrino beams have played an importanpeutrino beams from a high intensity muon storage ring
role in the development of particle physics. Experiments usmight be used to search for or measure neutrino oscillations
ing neutrino and antineutrino beams produced from chargedre given in Sec. V, and conclusions are summarized in Sec.
meson decays have, for example, demonstrated that mudfi-
neutrinos are different from electron neutrinos, discovered
neutral currents, provided measurements of the structure of II. MESON DECAYS VERSUS MUON DECAYS
the nucleon via deep inelastic scattering, made precision tests
of the standard model of electroweak interactions via mea- Presently operating high-energy neutrino beams are made
surements of charged and neutral current interactions, arfy allowing charged pions and kaons to decay in a long
provided increasingly sensitive searches for neutrino oscilladecay channel. Shielding downstream of the decay channel
tions in short- and long-baseline experiments. removes the undecayed mesons, but transmits the weakly
Recent results from atmospheric neutrino, solar neutrinoNteracting neutrinos to form a “pure” neutrino beam. If
and short-baseline accelerator neutrino experiments indicafositively charged pions and kaons have been selected for
that neutrino oscillations may occur at rates which are withirthe decay channel, the resulting beam downstream of the
reach of the next generation of accelerator based experfhielding will contain mostly muon neutrinos produced in
ments. It therefore seems certain that experiments utilizinghe two-body decaysr®—u*v, and K" —uv,. The
neutrino and antineutrino beams will continue to make im-neutrino beam will also contain a small component of elec-
portant contributions to particle physics, initially by clarify- tron neutrinos produced in the three-body decays
ing whether the existing results are indeed indications that>€" 7 v,. In addition, if the primary proton energy is suf-
neutrinos oscillate, and perhaps eventually by making preficiently high, the beam will contain a smal. component
cise measurements of the oscillations. In addition, there corfoming predominantly from prompt tauonic decays [f
tinues to be interest in using neutrino beams to further prob&esons. Antineutrino beams can be made by using a nega-
the structure of the nucleon. tively charged meson beam.
The long-term future of the experimental program at neu- Thus, present neutrinoantineutring beams consist
trino beam facilities will require the continued improvementmostly of muon neutrinos(antineutrinog with a small
of the intensity and/or quality of the beams. The presenf(1%) mixture of electron neutrinogantineutrinog and if
generation of high-energy neutrino beams are made by athe beam energy is high enough, a small component of tau
lowing charged pions and kaons to decay in-flight in a longneutrinos(antineutrinog In general, this beam composition
decay channel. This paper describes how a new type of neis not ideal for neutrino experiments. In particulé, the
trino beam could be made by exploiting a very high intensityfinite precisions with which thev, and v, fluxes can be
muon source of the type that is currently being designed agetermined are important sources of systematic uncertainty
part of the effort to develop the technology for a high- for many neutrino experimentsij) the smallv, contamina-
luminosity muon collidef1,2]. The muons would be stored tion in the otherwise pure, beam is a nuisance for experi-
and allowed to decay in a ring containing a long straightments searching for.-v,, oscillations,(iii) the smallness of
section that points in the desired direction. The advantages dfie v, flux makesv.-v, oscillation searches difficult, and
producing a neutrino beam using muon decays are discusséit) the smallv, contamination in the beam will eventually
in Sec. Il. The method of producing a neutrino beam frombecome a nuisance for experiments searching/few, os-
decaying muons is described in Sec. lll. The resulting calcueillations.
lated fluxes, which are sufficient to provide significant inter-  These difficulties can be overcome if the neutrino beam is
action rates in a detector on the far side of the Earth, argroduced by allowing muons to decay in the straight section
described in Sec. IV for short-, long-, and very-long-baselineof a storage ring. This would produce a beam with a pre-
neutrino experiments. We note that geophysical applicationsisely known mixture of neutrino types; namely, 50% muon
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neutrinos and 50% electron antineutrinos ifua beam is tions are long compared to the arc lengths, the circulating
stored, and 50% muon antineutrinos and 50% electron neunuons spend approaching 50% of their time traveling in the
trinos if au® beam is used. straight section pointing towards the experiment. In practice
In the muon rest frame the distribution of muon an-there is an advantage in keeping the size of the storage ring
tineutrinos (neutrinog from the decayu™—e™ + ve(ve) small. Therefore, in the following we will assume that the

+v,(v,) is given by the expressiom] straight sections are equal in length to the arcs, and that 25%
of the injected muons decay as they circulate in the ring
dszﬂ 2x? B whilst they are in the straight section pointing at the experi-
dxdq ~ 2, [372x)+(1-2x)cos ], D ment.

To understand how a muon storage ring designed for a
wherex=2E,/m,, 6is the angle between the neutrino mo- given muon momentum might be used as a neutrino source,
mentum vector and the muon spin direction, ang is the and calculate the parameters of the resulting neutrino beams,
muon rest mass. The corresponding expression describinfe must understand some of the basic parameters of the

the distribution of electron neutringantineutrinog is muon source and storage ring, namely, the divergence of the
beam in the straight sections, the size of the ring, and the
d2NVe 12x2 number of muons available from the source.
axd - am [(1=Xx)+(1—x)cosd]. ) If the ring lattice is properly designed, a beam divergence

0,=<0(10"%) should be achievablE5] in the straight sec-

Thus, the neutrino and antineutrino energy and angular didion. Thus, if the circulating muons have momentyim,,
tributions depend upon the parent muon energy, the decay 10" (corresponding tgp<1000 GeVt) the angular diver-
angle, and the direction of the muon spin vector. For ardénce of the neutrino beam produced from decays in the
ensemble of muons we must average over the polarization @fraight sections will be dominated by the decay kinematics.

the initial state muons, and the distributions become In the scheme we are considering, the size of the storage
ring is determined by the length of the arcs. The circumfer-
dZNVM %2 ence of the ring in metersL] designed to store muons of
xda A [(3—2x)*(1—2x)P, cosd], (3  momentump(GeV/c) is given by
47p
and -
L 0.3fB’ ®
d’N,_  12¢2
axdn 4. [(1-x)F(1-x)P, cos¥], (4)  whereB is the field of the arc dipole magne(¥) and the

“packing fraction” f is the fraction of the arc lengths occu-

whereP , is the average muon polarization along the choserP1€d bY the dipoles. As an example, choosing the reasonable
quantization axis, which in this case is the beam direction, Valuesf=0.7.andB=8T to store 20 GeW muons we ob-
The advantages of producing a neutrino beam using muolfin an estimate of 37 m for the arc lengths and 150 m for the
decays rather than meson decays are, therefaréhe abso- N9 circumference. The estimate we are using for the arc
lute neutrino fluxes can be easily and precisely calculatedSN9ths has been confirmed by a st@} of storage ring
provided the stored muon current, momentum, and polariza@tices for rings designed to store muons with momenta
tion are carefully measured, ariti) only one type of neu- ToM 10 up to 250 Ged. .
trino and one type of antineutrino are present in the beam, 1€ direction of the muon beam must be carefully moni-

and these types can be chosen by selecting the charge of tHH_Ed Within_th_e straight section to avoid _significant system-
stored muons. Thus precise, v,, ve, and , measure- atic uncertainties on the calculated neutrino fluxes at the ex-
. ’ e M

ments can be made. periment. This can be done by placing beam position
In addition, the muons can be polarized and the time demonitors (for example, wire chamberswithin the muon

pendence of the precessing muon spin vectors monitore&’?‘f"m at either ends of the straight section. The angular pre-

enabling measurements to be made as the differential spectrion that would be achievedrg) would depend upon the

of the neutrinos and antineutrinos in the beam vary in aPatial resolution of the beam position monitoes,), and
precisely known way. the distance between the monitois/4). Using Eq.(5) to

relateL to the stored muon momentum we obtain

J7Rl

Ill. USING A MUON STORAGE RING 0.3fB

The muon lifetime is about 100 times longer than the T TP V2o, ©

corresponding charged pion lifetime. For example, 20 @eV/

muons have a decay lengtpc7=126 km. Thus, a linear where o, is in meters. Hence, foB=4T, f=0.8, and
decay channel of the type used to produce conventional neghoosingo,=100um we obtain forp=20 GeVCk the esti-
trino beams would in practice be too short to use efficientlymateo,=2 ur, which is small compared to the anticipated
as a muon decay channel. This problem can be overcome ldivergence of the muon beam within the straight section.
using a muon storage ring with a straight section pointingThus, for muons in this momentum range, it would appear
towards the desired experimental area. For simplicity we willthat the required storage ring would be sufficiently compact,
consider a storage ring that consists of two parallel straighand the beam direction could be monitored with sufficient
sections connected together by two arcs. If the straight segrecision, to contemplate building the ring in a plane tilted at
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a large angle with respect to the horizon. This would enable 10" 1 ‘ T

the neutrino beams to be directed through the Earth for a 1012,1/” ] Ve ]
very-long-baseline neutrino oscillation experiment. 10" i

The rate at which muons are stored in the ring, and there- ~10% ] i
fore the average neutrino beam intensity, will be determined s 1o° ;
by the performance of the muon source. In the following we N H
will assume a muon source of the type being developed as 't 10"7,4 ‘ + —
part of an ongoing effort to determine the feasibility of build- 107
ing a high-luminosity muon colliderl,2]. The muon source 10"
consists of a proton accelerator, charged pion production tar- 10% me -+ ]
get and collection system, pion decay channel, and muon 10° P :Q:‘L i
cooling channel. Details of the proton accelerator design are ' . o ‘
given in Ref.[7], and descriptions of the other components o 100 200 0 100 200

. . . . Muon Beam Ener GeV
are given in Ref[1]. For completeness, a brief overview of % (GeV)

the muon source and its assumed performance is given in the FIG. 1. Calculated neutrino and antineutrino fluxes at a far site

following paragraph. located 10 000 km from a muon storage ring neutrino source. The
In the muon collider front-end design that we are takingparameters of the muon storage ring are described in the text. The

as an example, the muon source receives protons from dfixes are shown as a function of the energy of the stored muons for

accelerator complex that accelerates bunches containing B9ative muongtop ploty and positive muongbottom plots, and

X 103 particles to energies of 16 GeV. The protons interacf®" rée muon polarizations as indicated.

in a target to produce approximately<3a0* charged pions

of each sign per proton bunch. These pions are produced IV. FLUXES AND INTERACTION RATES

with only a very limited component of momentum transverse

to the incident proton direction. The charged pions can there- In the following we will consider three scenarios, namely,

fore be confined within a beam channel using, for example, &) a very-long-baseline experiment in which the neutrino

20 T coaxial solenoid with an inner radius of 7.5 cm. Tobeam passes through the Earti) a long-baseline experi-

collect as many pions as possible within a useful energynent in which the neutrino beam dips down a few degrees

interval, it is proposed to use rf cavities to accelerate thevith respect to the horizon, an@i) a “near” experiment

lower-energy particles and decelerate the higher-energy pawhich is 1 km from the neutrino source.

ticles. Muons are produced by allowing the pions to decay.

At the end of a 20 m long decay channel, consistihg @ T

solenoid with a radius of 25 cm, on average 0.2 muons of A. Very-long-baseline experiment

each charge would be produced for each proton incident on

the pion production target. With two proton bunches every Consider a geometry in which the plane of the storage

accelerator cycle, the first used to make and collect positivéing dips at an angle of-50° to the horizon, and the result-

muons and the second to make and collect negative muoni\g neutrino beam exits the Earth at the “far site” after

there would be about X 10'® muons of each charge avail- traversing 10 000 km. This geometry would correspond to a

able at the end of the decay channel per accelerator cycle. $torage ring sited at the Fermi National Accelerator Labora-

the proton accelerator is cycling at 15 Hz, in an operationatory in the United States with the far site in Japan.

year (10 sec) about 1.5 10? positive and negative muons  The calculated neutrino and antineutrino fluxes at the far

would have been produced in the decay channel and cobite are shown in Fig. 1 as a function of the energy and

lected. The muons exiting the decay channel populate a vegverage polarization of the muons decaying in the straight

diffuse phase space. The next step is to “cool” the muonsection of the storage ring. The fluxes have been averaged

bunch, i.e., to turn the diffuse muon cloud into a very brightover a 1 kmradius “spot” at the far site. The electron neu-

bunch with small dimensions in six-dimensional phasetrino and antineutrino fluxes are very sensitive to the muon

space, suitable for accelerating and injecting into a muorspin direction. The reason for this can be understood by ex-

storage ring. The proposed method of cooling the muons iamining Eq.(2) which shows that fop.™ (™) decays the

to use ionization cooling8]. At the end of the ionization v, (ve) flux—0 for all neutrino energies as cés-+1

cooling channel each muon bunch is expected to contaifi—1).

about 5x<10'2 muons with a momentum of order As an example we will consider in more detail neutrino

100 MeV/c. We will assume that the losses in acceleratingpeams from unpolarized positive muons stored with

the muons to modest energigmp to a few<10 GeV or less  momentap=20 GeVk (50 GeVk) which, in the absence

are small, and therefore that X30°° muons of the desired of neutrino oscillations, produce at the far site

charge are injected into the storage ring each operation&.2x10'%(1.4x10") v, m™2 year® and 2.210%

year. In the scheme we are considering, 25% of the muongl.4x 10'Y) v, m™2 yearl. These results assume that the

will decay in the straight section pointing at the experimentalneutrino beam is pointing exactly in the direction of the far

area, and the resulting neutrino beam will contair @?°  site. The differential distributionsIN,/dE, are shown in

neutrinos per year and>10?° antineutrinos per year, with Fig. 2 as a function of the angl&# between the neutrino

energy and angular distributions described by E@s.and beam direction and the direction of the far site. A8 in-

(2). creases, both the maximum neutrino energy and the neutrino
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p =20GeV/c p =50 GeV/c p =20 GeV/c p =50 GeV/c
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dN,/dE, (Neutrinos/m?/yr /500 MeV) x 10°
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dN/dE (Leptons/kT/yr/GeV)

FIG. 2. Calculated neutrino and antineutrino differential spectra
at a far site located 10 000 km from a muon storage ring neutrino
source. The parameters of the muon storage ring are described in
the text. The spectra correspond to unpolarized positive muons cir-
culating in the muon storage ring with momenta of 20 GeViéft E (GeV)

plots) and 50 GeV¢ (right plots. The solid curves are obtained by FIG. 4. Calculated lepton and antilepton differential spectra for

averaging the fluxes over a central “spot” with opening angle . : . . .
_ . . particles produced in charged current interactions in a detector lo-
=1mr. The dashed and dotted curves are obtained by averagi . .

ted 10 000 km from a muon storage ring neutrino source. The

over annuli centered on the beam axis and covering the angulaf . - .
intervals 1< A <2 mr and 2<A 6<3 mr, respectively. parameters of the muon storage ring are described in the text. The

spectra correspond to unpolarized positive muons circulating in the

flux decrease. However, if, as expected, the beam directiof_)‘l‘ougn Vs/tcore_lgﬁ rirg qutE molr_rzjenta of 20 Gtw_leftdpt:ots) and
can be monitored with a precisian,<1 mr, the systematic h ﬂe (right p Otgi | N Sot',, C}:r:ves are o tame_ 1y av<_errr?g|ng
uncertainty on the predicted neutrino and antineutrino fluxe € Tluxes over a central “spot” with opening angle —-mr. the .

. . T . ashed and dotted curves are obtained by averaging over annuli
and differential distributions at the far site should be modest; d he b . q ing th lar i s 1
The charged current neutrino and antineutrino rates in gentered on the beam axis and covering the angular intervals

. . %A0<2 mr and 2<A §<3 mr, respectively.

detector at the far site can be calculated using the approxi-

mate expressiondl0] for the cross sections:

P
20 0 10 20 30 40

and

o,N~0.67X10 3% cn?XE (GeV) (7)
on~0.34x10" % cn?X E(GeV). (8)

o
£

v

s

] The predicted charged current interaction rates are shown in
4 Fig. 3 as a function of the energy and average polarization of
4 the decaying muons, and the associated charged-lepton en-
E ergy distributions are shown in Fig. 4 as a function of the
3 angleA# between the beam direction and the direction of the
far site. In the absence of neutrino oscillations, the number of
3 charged current interactions in a 10 KT far site detector
3 (A6=0) when unpolarized 20 Ge¥/(50 GeVLk) positive
muons are stored in the ring are 610 (A00%) v, interac-
tions per year and %X 10° (1.6x10% v, interactions per
year. We conclude that, for these particular examples, inter-
actions from neutrinos and antineutrinos should be readily
] detectable at the far site. Note that the predicted charged
] current interaction rates and the shapes of the associated lep-
ton energy spectra are both sensitiveAt@. This could be
exploited by locating one or more satellite detectors at angu-
FIG. 3. Calculated neutrino and antineutrino charged currentar distances\ #=0(1 mr) from the main far site detector.
interaction rates in a detector located 10 000 km from a muon stor-
age ring neutrino source. The parameters of the muon storage ring
are described in the text. The rates are shown as a function of the
energy of the stored muons for negative mu(Qmp plots and Consider a Iong-baseline geometry in which the plane of
positive muongbottom plots, and for three muon polarizations as the muon storage rings tilts at just a few degrees to the ho-
indicated. rizon. To be explicit we will consider a far site that is 732

)
3
o L

10%

—_
e

(@]
S

CC Event Rate (kT yr™
3
IQT

Q
N

0 100 200 0 100 200
Muon Beam Energy (GeV)

B. Long-baseline experiment
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FIG. 5. Calculated fluxes and spectra in a detector 732 km FIG. 6. Calculated fluxes and spectra in a detector 1 km down-

. . . . stream of a muon storage ring neutrino source in which 1.5 GeV/
downstream of a muon storage ring neutrino source in which

10 GeVk: unpolarized muons are circulating. The top plots ShOWunpolarl_zed muons are circulating. The top plots show the neutrino
. . . and antineutrino spectra, and the bottom plots show the charged
the neutrino and antineutrino spectra, and the bottom plots show tqe

charged lepton spectra from charged current interactions when posf?pton spectra from charged current interactions when positive

tive muons(bottom lef) and negative muongbottom righ) are muops(bottom lef) and negative muon®ottom righ} are stored in
. . the ring.
stored in the ring.

km from the neutrino source. This geometry would corre-interest to short-baseline neutrino oscillation experiments if
spond[11] to a storage ring si.ted at the Fermi National Ac- the neutrino energies are muc;h Iower than those congidered
celerator Laboratory and a far site at the Soudan unders® far, and of interest to deep inelastic scattering experiments
ground Laboratory in Minnesota if the neutrino energies are much higher than considered so
The neutrino fluxes and charged current interaction rategar' ider f y . :

at the far site can be obtained by scaling the results presented Consider first a 1.5 Ge' muo‘r‘1 stor’ag.e ring. Averaging

in Figs. 1 and 3 by a factor of 187. Thus, in the absence of '€ fluxes at the detector over a “spot” with a radius of 5 m,
neutrino oscillations, unpolarized positive muons stored witif"€ Predicted neutrino and antineutrino fluxes resulting from

i 6 "2
momentap=20 GeVi (50 GeVi) will produce at the far Unpolarized muon decays are both 220° m 2 per year.
site 4x 102 (2.6x 1089, and v, m 2year ™. In a 10 kT The corresponding charged current interaction ratesi KT

: A —
detector, these fluxes would result in %10° (1.8 detector yield 2.910° 1™ per year and 5:110° e™ per

X10°)v, charged current interactions per year and 1.8ye""cr)6 if positive muon; are ggorfd in the rPPg' and 6.0
X 10° (2.9 10°) v, charged current interactions per year. <10 &4 Per yegr_anh 281 eh pe[ yleardl negative q
Given these large interaction rates it is worthwhile con-Muons are stored in the ring. The calculated neutrino an

sidering using a lower-energy muon storage ring. Predicte&ntineumno differential spectra are shown in Fig. 6 together
fluxes and spectra corresponding to using 10 Gestbred with the charged lepton distributions from charged current

muons are shown in Fig. 5. The calculated neutrino and arjnteractions A 1 _kT det_ector would rec_ord millions  of
tineutrino fluxes are both~1x 102 m 2year?, and the charged current interactions per year with mean charged-
corresponding charged current interaction yields are 3_iepton_ eneglt)esé ngS'G GeV and mean charged-antilepton
x10® u~ kT lyear? and 1.4<10%* kT lyear! when ©€NErgies oF-U.oGEV. . .
negative muons are stored in the ring, and Finally we consider a higher-energy storage ring suitable
x10° u* KT Lyear! and 2.9 10%~ KT yearll when ““for deep inelastic scattering experiments. This might be the
K ’ st recirculating linear accelerator ring in a future muon col-

positive muons are stored in the ring. The mean energies 4’der accelerator complex. We will assume the muons are
the charged leptons and antileptons produced in thes®& pex.

charged current interactions are, respectively3.5 and unpolarized and choose 250 G&Mfbr the stored muon mo-

~2 GeV. Thus, neutrino and antineutrino charged currenh:entum' After 1 km the neutrino beam has a radius of less
interactions should be readily detectable at the far site whe an 1 m. Hence nearly all of th®(10%) neutrinos and

the decaying muons in the storage ring have momenta as lo@tineutrinos per year will pass _through a reasonably com-
as 10 GeVe. pact detector. This, together with the very large neutrino

flux, would make possible a small detector incorporating de-
tailed tracking and particle identification. If, for example, the
fiducial mass is 10 kg, then the estimated charged current

Next consider a short-baseline geometry in which the deinteraction rate is & 10° neutrino interactions per year and
tector is 1 km from the neutrino source. This geometry is of5x 10° antineutrino interactions per year.

C. Near experiment
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TABLE I. Summary of the neutrino oscillation experimental configurations considered in the text. The numhechafrged current
interactions per year and the mean energies of the interacting neutrinos are listed for a detectornafgnasdistance. from a storage

ring in which 7.5< 10%° unpolarized positive muons per year are injected with mompptaand 25% of the muons decay in the straight
section pointing at the experiment.

Pu L (E.) L/I(E,) veCC
(GeVic) MpeT (km) (Gev) (km/GeV) interaction/yr
20 10 KT 10 000 13 744 110°
10 10 KT 732 6.6 111 g10*
20 10 KT 732 13 57 X10°
15 20T 1 1 1 K10
V. EXAMPLES namely, a detector constructed from 600 iron plates that are 4

To illustrate the phvsics potential of the muon storageS™ thick and are magnetized toroidally with a field strength
. . phy pote ) ; 9€f 1.5 T. The iron plates provide the target for neutrino in-
ring neutrino sources discussed in the previous section, con

sider the sensitivity of an experiment searching f or eractions, and tracking is provided by planes of streamer
y P grerv, tubes placed between the iron plateshadt 1 cmpitch. The

;}e;};jrinc;s?m?onns preréorrir;]ed“t\:\% Srfarﬁh'nn,Q r1;10r (;harge(r:i C)ljr'curvature resolution for muons produced in neutrino interac-
e eractions producing ong-sig Uons. oI €X* 4inns has been calculated for this detector, and is described

ample_, if positive muons are _stored at the neutrino sou_rceoy a Gaussian resolution function with an rms width given
unoscillated muon-antineutrino  and electron-neutrlnoby [11]

charged current interactions will produge™ ande™, re-
spectively. However, if thev, transforms itself into av, o./k~0.18p,+0.06, (10)
during its passage to the detector the charged current inter-

gction will produce au™. S?milarly, if the Ve .tr.ansforms for muons with momentunp, (GeVic) in the range 1

itself into av, and the neutrino energy is sufficiently large, <p,<20GeVk. The non-Ggussian tails of the curvature
. . . — . . y73 '

the charged current interaction will produce awhich, with  ra50|ytion function resulting from hard interactions and from

a branching ratio of 17%9], will decay to produce . the non-Gaussian tails of the multiple scattering distribution
Within the framework of two-flavor vacuum oscillations, 1,5ve also been calculated. and are at the 216 5 level.

the probability that, whilst traversing a distaricea neutrino  This non-Gaussian component dominates the calculated
of type 1(massm,) oscillates into a neutrino of typeass  charge misidentification probability fop,>1.3 GeVk.
my) is given by[4] However, measurements populating the tails of the resolu-
. . 2 tion function can be suppressed by using the measured muon
P(v1—vp) =sif(20)si’(1.27Am°L/E), ©) range to confirm the momentum determination, and hence
reject large fluctuations in the curvature measurement. We
anticipate that combined measurements of range and curva-
Jure should provide reliable charge determination with a
Imisidentification probability<10~° for muons with mo-

whered is the mixing angle, andm?=m3—mj7 is measured
in eV?/c*, L in km, and the neutrino enerdy is in GeV.
Hence, in the absence of backgrounds or systematic unc

tainties, a neutrino oscillation experiment can be characte ta>1 GeVlc. Thi d be ad te for th |

ized by the total number of neutrino interactions observe :sr:eﬁlne exseri%]entli);lc\)lssje d ﬁqgsteg??hz r?]Lones\;gr)kg-eogga
and hence the minimum observa and the L i
[ bRE vy vo)] sured have momentp,>1 GeV/c. This is seen to be the

averagel /E for the interacting neutrinos. These parameters

are summarized in Table | for the experimental com‘igura-c":lf'je n Fig. ZW?'Ch _s??g;vs;tlhe péidlctedhchargeic%qént
tions discussed in the previous section. In the following wedndu — spectra for si )=1 and four choices oAm" in

—4 2 -3 2/ A4
consider the very-long-, long-, and short-baseline configurat—he range X 10 "<Am“<4x10 " eV’/c". The spectra

tions for ave-v, oscillation search, and then consider the&re clearly sensitive to values of the oscillation parameters

long- and very-long-baseline configurations fova v, os- wnE!n th|s8range. th ilati indl i
cillation search. igure 8 compares the.-v, oscillation single-event sen-

sitivity contour in the[Am?, sir?(26)] plane for the very-
long-baseline configuration with the corresponding contours
for the other configurations discussed in the following sub-
Consider first the very-long-baseline experiment. Thesections. The contour has been calculated using the average
mean value olL/E for the interactingv, downstream of a value of L/E for the neutrinos producing charged current
20 GeVk muon storage ring is 744 km/GeV, and the ex-interactions in the detector. The very-long-baseline single-
pected number of, charged current interactions per year in event contour for one year of data taking extends down to
a 10 kT detector is- 10°. In the absence of background, the Am?~3x 10~ ° eV c* for sir?(26)=1, with the “knee” in
minimum observabld (ve—wv,) is thereforeO(1073). To  the contour at s#{26)~10 3. Since the probability of re-
eliminate background from charge misidentification the ex-cording a background event due to charge misidentification
periment must be designed to provide a good measuremewould be small for a 10 KT yr data sample, in the absence of
of the sign of the muon charge. Consider a detector design afther significant sources of background, further data taking
the type being developed for the MINOS experimght], and/or a larger fiducial mass would improve the sensitivity of

A. Very-long-baseline experiment
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T T T T T T - i I
Am? = 4 x 107 eV?/c* | dm®=2x 107 eV?/c" B. Long-baseline experiment

8L T+ . Now consider the long-baseline (Fermilalsoudan) ex-
i periment. Starting with neutrinos from a 10 GeVimuon

storage ring, the mean value bfE for the interactingv, is

B 111 km/GeV, and the expected numbengfcharged current

et S interactions per year in a 10 kT detector ix 30*. In the
LT B by absence of background, the minimum observable

[ T , , L b P(ve—wv,) is thereforeO(10™%) in a 10 KT yr exposure.

Am? = 1x 10%eV?/ct | Am?=5x 107 eV?/c* Most of the muons to be measured have momepja

>1 GeV/c (Fig. 5. Hence, a detector of the type described
in the previous section could be used.

The calculated long-baselinee-v, oscillation single-
event contour is shown in Fig. 8, and extends down to
Am?~3x107° eV?/c* for sir’(26)=1, with the “knee” in
the contour at sif{26)~3x10 °. Hence, for a 10 kT yr ex-
posure, the long- and very-long-baseline experiments would
have comparable sensitivity at large mixing angles. How-

£ (Gev) ever, with a significantly longer data taking period or a much
larger fiducial mass the long-baseline experiment would be-

FIG. 7. Predicted charged lepton energy distributions in a detecgin to record background events unless the charge misiden-
tor 10 000 km from a ring in which 20 Gew/unpolarized positive tification probability could be reduced well below the 0
muons are decaying. The predicted differential distributionsefor  level. In fact it is believed21] that a further large reduction
(solid histogrampand .~ (broken histogramsare shown assuming  in the charge misidentification could be obtained by applying
ve-v, oscillations are occurring with sir29=1 andAm? as indi-  reasonable goodness-of-fit criteria to the reconstructed tracks
cated on the four subplots. and/or using a detector design in which the tracking detectors

are within a magnetic field and the curvature measurement is
the experiment. Note that the next generation of long-made in a region between the iron plates.
baseline neutrino oscillation experiments currently under de-
sign [11-20 are expected to probe down tAm?~1 C. Near experiment
x10 % eV?/c* for sir(26)=1. Hence, the very-long- , , ,
baseline experiment considered in this example would pro- Next consider the sho_rt baselirie km) experiment at a
vide a significant improvement beyond the next generatior}--> G€V£€ muon storage ring. The mean valuelgE for the
of experiments. interactingve is 1 km/GeV.. A detector of the type consid-

ered in the previous sections for the long- and very-long-
baseline configurations is unsuitable for a very low-energy
near experiment in which the muons to be measured have
momentap, <1 GeV/c. A smaller detector with an active
target and an external momentum spectrometer would be
more suitable. For example, a short-baseline experiment has
been proposefil3] at CERN with a detector consisting of a
2.4 ton emulsion target configured in six modules, with each
module containing a tracker downstream of the emulsion.
The modules are within a 0.7 T dipole field, and the expected
curvature resolution provided by the tracking system within
a single module has been estimated to be better than 10%.
The finite range of very low-energy muons will impose an
effective cutoff inp,. The detailed module design for a
low-energy oscillation experiment would therefore need to

dN/dE (Leptons/kT/yr/GeV)

T

Am?  (eV?/cY)
al

10 L be optimized to minimize thig,, cutoff while maintaining a
reasonably large fiducial mass and precise curvature mea-
! Ll ! " " I surement.
107 107% 107 107t 107° 107 107t An explicit detector design is beyond the scope of this
Sin*28 paper, but to illustrate the required design criteria for an

experiment at a 1.5 Ge¥/muon storage ring we will con-
FIG. 8. Contours of single-event sensitivity fog-», oscilla- sider the sensitivity of a detector ha_vmg a 20 ton fiducial
tions for 1 year of running with the values bfE specified on the Mass, constructed from modules designed so that the curva-

figure, which correspond to the detector configurations summarizetHrés of muons with momenturp,>0.2 GeVt are mea-

in Table I. The hatched and cross-hatched areas show the expectgdred with a precisionr, /x<0.2. In the absence of back-
regions that will be explored by, respectively, the MINOS experi-ground there would be~1Xx 10° v, charged current
ment[11] after 2 years of running and the MiniBooNe experiment interactions within the fiducial mass per year, corresponding
[12] after 1 year of running. to a minimum observablB(v,—v,,) of ~107°. Hence, itis
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desirable that the non-Gaussian tails of the curvature resolu-

tion function be at the level o£10™°. Assuming this is the ,

case, the predicted single-event contour for the near experi- !

ment is shown in Fig. 8. The sensitivity of this experiment at )

large mixing angles is comparable to the expected sensitivi-

ties for the next generation of long-baseline experiments. At

small mixing angles and “large’Am? the experiment would o

be sensitive down to st26)~10°, which is an order of NG

magnitude lower than the expected reach of the next genera- ‘%
£
<

49 Km/GeV

- 660 Km/GeV

tion of neutrino oscillation experimenfd1-20.

We conclude that a very-low-energy near experiment
would be of interest if a detector with a fiducial mass of at
least 20 tons could be designed to measure mugns ( i
>0.2 GeVk) with a charge misidentification probability ~4
<107°, and with adequate suppression of other potential g
sources of background from, for example, secondary produc- C
tion of neutrinos from interactions in the vicinity of the ex- e N —

. . 10 10 10 10 1
periment, or a component of neutrinos produced from the . 2
decays of “wrong-sign” muons produced in the accelerator Sin"2%
complex upstream of the storage ring. FIG. 9. Contours of single-event sensitivity fog- v, oscilla-

tions based on searching for “wrong-sign” muons with the very-
D. v.-v, oscillation search long-baseline(solid contouy and long-baselingdotted contour
configurations discussed in the text and corresponding to the aver-

Finally, we consider a. search fog-v, OS.C'”at'O.nS' based agelL/E values of, respectively, 660 and 49 km/GeV. The contours
on a search for wrong-sign muons. We will restrict ourselvescorrespond to a 10 kT year exposure with 20 GeVihpolarized

to the long- and very-long-_baseline _configura_ltions with they ons stored in the ring and the straight section pointing at detec-
MINOS-type detector described previously. Since at low N5 10 000 and 732 km from the fing.

ergies thev . charged current cross section is suppressed due

to threshold effects, and since only 17% of the decaying to decay within a 20 Ge\¢/ storage ring with a straight sec-
leptons produce a muon, the sensitivity of thev, oscilla-  tion pointing in the desired direction, the resulting beams
tion search will be less than the corresponding sensitivity fokyould produce hundreds of charged current neutrino interac-
the ve-v, oscillation search. Consider an experiment intions per year in a 10 kT detector on the other side of the
which 20 GeVE unpolarized positive muons are stored in Earth. High beam intensities, together with the purity of the
the muon storage ring. The average energies of the interadhitial flavor content of the neutrinos and antineutrinos
ing tau neutrinos will depend upon the oscillation param-within the beam, would provide unique opportunities for
eters, but will be approximately 15 GeV, giving average val-short-, long-, and very-long-baseline neutrino experiments.
ues of L/E of 49 and 660 km/GeV for the long-and very- The physics program that can be pursued with muon storage
long-baseline configurations, respectively. Using thesging neutrino sources could begin with a short baseline ex-
values ofL/E, Fig. 9 shows the calculated single-event con-periment using relatively low-energy muop®(1 GeV)] as
tours in thefAm?, sir?(26)] plane forve-v, oscillations. At spon as an intense muon source became operational, and be
large mixing angles the long- and very-long-baseline experiextended to include higher-energy muon storage rings and
ments would be sensitive to values afm” approaching |onger-baseline experiments as higher-energy muon beams
10" 4 eV/c?, an improvement beyond the sensitivities of pastbecame available.

ve- v, oscillation searcheg22,23 of several orders of mag-
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