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Abstract. We study the possibilities offered by muon storage rings for v, appearance experiments in order
to determine masses and mixing angles for the v, — v; and V. — U, oscillations. The dependence of
tau event rates on baseline, forward peaking of decay neutrinos with increasing energies, and average
fluxes intercepted by detectors of various sizes is discussed. It is found that the baseline length does not
significantly affect the rates for oscillations of such magnitudes as are suggested by the current atmospheric
neutrino data. Subsequently, the effects of cuts on hadronic and wrong sign leptonic modes are computed
and used to plot 90% CL contours for the parameter regions that can be explored in such experiments. The
results show that even for modest muon beam energies, convincing coverage and verification of the Super
Kamiokande parameters is possible. In addition, a very significant enlargement of present day bounds on
the mixing parameters for neutrino oscillations of all types is guaranteed by these types of searches.

1 Introduction

The recent results of the Super Kamiokande (Super K)
water Cerenkov detector experiment [1] provide firm indi-
cations of an anomaly in the flavor ratios and zenith angle
dependence of the atmospheric neutrino flux. Although
the existence of such an anomaly had already been sig-
nalled by earlier data from the Kamiokande [2] and IMB
[3] experiments and supported by subsequent Soudan II
results [4], the impressive statistical significance of the Su-
per K data has appreciably buttressed its interpretation
in terms of neutrino mass and oscillations. This is espe-
cially true of the observed zenith angle dependence of the
observations, which does not naturally seem to lend itself
to any alternative explanation. When combined with re-
sults from the CHOOZ reactor experiment [5], analyses [6,
7] of the data tilt the balance towards an interpretation in
terms of v, — v, oscillations versus other explanations.
Evidence that this channel is favored also comes from neu-
tral current event count ratios involving the production of
neutral pions measured at Super K [8].

In addition to being the first firm signal for physics
beyond the standard model, a determination, even if ap-
proximate, of neutrino masses and mixing angles would
be a crucial pointer towards the nature of such physics,
providing an unprecedented glimpse into what lies beyond
our present knowledge of the particle interactions. Thus,
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the importance of independently verifying the presence of
v, — v, oscillations can scarcely be overestimated. The
firmest confirmation of this hypothesis would be via the
detection of 7 leptons produced by charged current inter-
actions of v, particles resulting from oscillations of v,s. In
this paper, we study this possibility in the context of neu-
trinos obtained from muon storage rings at future muon
colliders.

At present, high energy (> GeV) neutrino beams for
oscillation studies are obtained by allowing charged pi-
ons and kaons produced in fixed target accelerator experi-
ments to decay in flight. Recently, however, a new type of
neutrino beam, much more intense than those presently
available, has been proposed and discussed for neutrino
oscillation studies and other neutrino related experiments
[9-19]. These beams originate from a high intensity muon
source, currently under active design and study as part of
an effort to develop a high luminosity muon collider [20].
In addition to the extremely intense and collimated pri-
mary neutrino fluxes which will be available from such a
source, the beam compositions will be much more precisely
known than in those available from pion and kaon decay.
A muon storage ring with the straight section pointing
towards a neutrino detector situated at a specific base-
line length, as described in detail in [12], would lead to
a neutrino beam with precisely equal numbers of v, and
Ve, or, alternatively, 7, and v., depending on the sign of
the parent muons. This is in contrast to the presently
available high energy neutrino beams from accelerators,
which contain mostly muon neutrinos, but with small con-
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taminations of electron and tau neutrino species. For v,
appearance searches, the vastly superior luminosities, ab-
sence of contamination and the possibility of higher en-
ergies of muon collider neutrino beams make them an at-
tractive proposal which merits further study. Accordingly,
we focus here on the physics of tau appearance experi-
ments using neutrinos from muon storage rings, depict-
ing the two flavor oscillation parameter ranges (Am? and
sin? 26) which can be consequently probed in a search for
v, — vy and v, — vy oscillations'. We also present a de-
tailed estimate of how many tau events can be observed
in a typical detector as a result of such oscillations, given
the constraints and backgrounds involved in the process
of detection. Adopting the sample design configuration for
muon production, capture, cooling, acceleration and stor-
age prior to decay described in [12], the number of avail-
able muons of either sign is ~ 8 x 102° per year. Of these,
one fourth decay in a straight section directed towards the
neutrino detector, yielding 2 x 102 neutrinos and an iden-
tical number of anti-neutrinos (v, and v, if, for example,
the beam consists of ). We use these numbers in all of
the following calculations, and refer the reader to [12] for
design details leading to the production of the neutrino
beams. In Sect.2 we discuss the broader physics charac-
teristics and dependences of 7 production rates at such
oscillation experiments. There we also record the conclu-
sion that the expected event rates are largely independent
of baseline length, so long as we are investigating oscilla-
tions of magnitude suggested by the atmospheric v, data.
In Sect.3 we take up the realistic detection of 7 events
above backgrounds. Our study includes

(i) v, — v, oscillations via charge current production

and subsequent decay into hadrons, and
(ii) 7, — U, oscillations via the appearance of wrong sign
muons from 7 decay to leptonic modes. The specific
conventional kT type detector, discussed recently in
[12] is considered, and we describe our choices for the
kinematic cuts and/or overall detection efficiencies
for it.

In Sect.4 we use the results of the consequent event
rate calculations to present 90% CL contours for Am?
and sin® 26 for a variety of muon beam energies and base-
line lengths in order to illustrate the extraordinary pos-
sibilities offered by muon colliders for studying neutrino
oscillations.

2 7~ appearance event rates using muon
collider beams: general characteristics

For the general discussion that this section focuses on,
we compute and use the actual v, — 7 charged cur-
rent (CC) production rates without including experimen-
tal cuts to eliminate backgrounds. These are detailed and

1A full study would involve three flavor oscillations, but our
purpose here is to explore the possibilities rather than details,
given the fact that muon colliders and neutrino experiments
fueled by muons from storage rings are still in the design and
development stage; see for instance [20]

S. Dutta et al.: Searches for the appearance of v, using neutrino beams from muon storage rings

incorporated later, in Sects.3 and 4, prior to obtaining
contour plots for Am? and sin®26. The event rate N,
(events/kT /year) for 7 lepton production from v,,s subse-
quent to oscillation is given by

d(2y,)

——+-dE,,
dE,

N, = 6.023 x 1032/057073%6%7 1)

where O’STC is the total charged current cross section ob-

tained by integrating (3) below. The oscillation probabil-
ity between flavors is

L
Py, v, = sin® 20 sin® {1.27Am2E] , (2)

v

with Am? = m,%T — m,%# . in eV?2, L = baseline length in

km, E, being the neutrino energy in GeV, and 6 the mix-
ing angle between flavors. (®,,) is the number of neutri-
nos in the cone intercepted by the detector averaged over
its area. The numerical factor is the number of scatterers
(isoscalar nucleons) per kT of the detector material.

We first discuss the cross section, performing our calcu-
lation within the renormalization group improved parton
model, and focus on the inclusive process v, N — 7~ +
anything, where N is an isoscalar nucleon. On retain-

QN

ing effects of the 7 mass?, the differential cross section
can be written in terms of the Bjorken scaling variables
r=Q*2Mv and y = v/E, as
d?e"”  GIME, m?2
= T F 1-—
dzdy {”y T onrg, (=Y
M m?2
_ i r
<2E,,$y+ 4E3)} 2
1 m?2
1—=-y] - & F:
T {xy ( 2y) 4MEuy} 3
m M m?2 M
— =) Fy— —F5;].(3
T {(2Eymy+4Eg) 179, 5}] ®)
Here —Q? is the invariant momentum transfer between
the incident neutrino and outgoing tau, v = E, — E, is
the energy loss in the lab (target) frame, M and My, are
the nucleon and intermediate boson masses respectively,
and Gp = 1.16632 x 107° GeV~2 is the Fermi constant.
The limits on x and y are

2
m
<<l

T - <y <
3N (B, — ) A-B<y<A+B,

where

1 m?2 m?2 M
A=3 (1_ SME,x 2E3>/ <1+x2Ey) 7
LmE N
9ME,z)  2E2
(4)

2 Or p mass, in the case of JSMC, which is also calculated
below. Clearly, however, the terms proportional to the square
of the lepton mass in (3) and (4) are important at the energies
of interest for only the 7 lepton

B =

|~
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Table 1. Analytical expressions for the fits of charge current v, (v,) cross section

in picobarns. E,_ (E,

Y

) is in units of GeV

CC Interaction and Nature of fit

Expression

FE, Range
L. v+ N=>7 +X cubic —9.8656 x 107 °E}_+2.5523 x 107 °E7_
20-100 GeV +4.1203 x 1073E,, — 4.4066 x 1072
2. v +N—=7T X linear 6.6685 x 107%F,, — 1.1579692 x 10~!
50-2000 GeV
3. v+ N +X cubic 3.5953 x 107" E], —1.6794 x 107" EL,
15-2000 GeV +7.0057 x 107°E,,, +2.6235 x 107°
2 [ T T T Trr III T T T Trrr II T T T Trr III ]
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10" B O,chc R
. W0°F E
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107> F ] Fig. 1. The CC v, nucleon and v, nucleon
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The F; are given by

Fo=z(u+d+u+d+2s+2b),

Flzﬁa
2x
Fy=(u+d—u—d+2s—2b),
Mv\? My
ni= (o) B ()R
F:
Fy==2
x

A straightforward application of the Callan—Gross equa-
tions shows that Fj vanishes in this case. In the above,
u,d,c,s and b denote the distributions for the various
quark flavors in a proton. For our calculations we use the
CTEQ4 parton distributions [21].

Figure 1 shows the total CC cross sections for v,, and
v,, obtained using the above expressions. For convenience,
we give analytic fits for both cross sections in Table 1, over
the entire range of energy which is of interest here.

For the calculations of event rates, we assume that the
area dimensions of the detector and the baseline length L
define a “detection cone” of half angle 8; with the direc-
tion of the muon beam, with detector radius Ry = Lg.
Thus, for long baselines the choice of 6; would expect-

edly be smaller than those for shorter baselines in order
to accommodate a realistic detector size. The angular dis-
tribution of v, within a chosen detection cone, of course,
follows from the decay kinematics of the muon, and is
obtained by boosting the familiar distribution of a muon
decaying at rest to the requisite beam energy. Figure 2
shows, for various beam energies, the angular distribu-
tion (1/N,,)dN,, (0,)/df, in the polar angle 6, where
Ny, (0,) is the number of muon neutrinos (prior to any os-
cillation) contained within a cone of half-angle 6,,, demon-
strating the expected forward peaking of muon neutrinos
with increasing parent particle energy. This distribution
peaks around 1.2 x 10~ * radians for E,, = 500 GeV, around
3 x 10~*radians for E,, = 250 GeV, and even higher for
E,, = 50 and 20 GeV. We remark here that for the wrong
sign muon detection mode discussed and used below, the
parent v, angular distribution differs from the v, distri-
bution shown here, as dictated by decay kinematics.

Next, we note that the oscillation probability in (2)
reduces to

2

L
~ 1.27%sin% 20 Am* =

= (5)

for AmQL/El, < 0.1, and that this condition is satisfied for
a significant range of Am? values, even for large baseline
lengths, given the high energies contemplated for muon

PVM*)I/T
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colliders. It is, for instance, valid for the favored value of
Super K results, Am2 ~ 1073 V2, sin? 20 ~ 1, even for a
relatively low 20 GeV muon beam and a 732 km baseline.
Since the average flux intercepted by a detector for some
fixed 04 falls as 1/L? from (1) we see that N, will be
independent of baseline length as long as (5) is satisfied.
This independence is illustrated in Fig. 3, where the tau
events /KT /yr are plotted versus baseline lengths for three
different values of 64, for a 250 GeV muon beam energy
and Am? = 1073 eV?2.

Subsequent to oscillation, and when the detector area
is taken into account, the enhanced collimation of the neu-
trinos with increasing beam energy manifests itself in an
interesting manner. In general, for a significant part of the
range of the energies of interest at muon colliders, O’STC
rises linearly with neutrino energy. For our choice of os-
cillation parameters, the probability P,, ., varies with
energy as E, 2 in (5), while the forward peaking of the
neutrino beam with energy enhances the flux term as E2,
leading to an overall linear increase in the event rate with
energy for a detector of fixed mass whose area matches
that of the kinematic decay cone at each energy. In prac-

tice, of course, L and Ry (which fix 64) and E,, depend on
and are constrained by various factors like geographical lo-
cation of existing facilities, physics goals, cost and design
considerations. It is thus useful to examine the behavior of
the 7 production event rate when, for instance, L and Ry
are fixed and F, is varied, with a view to optimization.

In Fig.4 we plot the tau event rate for 63 = 1073 ra-
dians, Am? = 2.2 x 1073 eV?, sin?20 = 1 and baseline
length L = 732km. (The choice of baseline is appropriate
to a proposed beam from either CERN to Gran Sasso [22]
or from Fermilab to the Soudan laboratory [23].) After the
initial rise with energy, it peaks around £, = 200 GeV,
and then falls and flattens asymptotically with increas-
ing energy. As the position of this peak with respect to
E, depends on 64 alone, it will remain invariant under
changes of dm? and sin? 26, as long as (5) remains a good
approximation.

Figures5 and 6 compare the yields per kT yr for var-
ious detection cones, respectively, as beam energy and
Am? are varied. For low beam energies where forward
peaking of the decay products is not pronounced, narrower
detection cones contain fewer events/kT /yr, but for higher
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Fig. 4. Variation of tau events with muon
beam energy for a baseline length of 732km
and Am? = 0.0022 and sin®20 = 1

Fig. 5. Variation of tau events for different
detection cones with muon beam energy for a
given baseline length of 732km and Am?
0.0022 and sin®260 = 1
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energies the behavior is reversed (Fig.5). For instance, a
detector which subtends a 8; = 10~% radians cone will see
roughly 11 times more events/kT /year for E,, = 500 GeV
than one subtending 6; = 10~2 radians, since it intercepts
a higher average flux (®,,,). The assumption of a uniform
flux over the area of the detector can thus be misleading,
since the event rate scales very non-linearly with the de-
tector area. In Fig. 6, the rise in the event rate as Am*
signalled by (5) and (1) in conjunction is clearly apparent
up to Am? values of O(0.5) eV2, after which the sinusoidal
behavior sets in.

In conclusion, as illustrated by Figs. 2-6, 7 event rates
from v,, beams at muon colliders have several interesting
characteristics which are relevant to experimental design
and choice of baseline length and beam energy:

(1) For a substantial and physically interesting range of
Am?, the event rate (events/kT /year) for a fixed 6 is
to a very good approximation independent of baseline
length for a wide range of beam energies (Fig. 3).

(2) For a given choice of say, baseline and detector area
(i.e. fixed 64), the event rate is maximized at a partic-
ular beam energy, independent of the particular values

of Am? and sin® 26 over a considerable portion of their
range (Fig. 4).

(3) The intense forward peaking expectedly renders de-
tectors with smaller area superior to those with large
area at high beam energies, for a fixed available mass
of the detector, and we show the extent to which this
affects the actual event rates in Fig. 5.

3 Selection of tau
and wrong sign muon events

An important component of any study of the 7 appear-
ance due to v, . — v, oscillations is the event selection
strategy for the 7s produced from charged current inter-
actions of the v,. This has been discussed in the literature
in the context of several terrestrial experiments that are
already in progress [24,25]. Strategies for 7 detection have
also received consideration in proposals for future exper-
iments [26,27]. For neutrino experiments using a muon
storage ring, the detailed prescription for event selection
can be formulated only after the detector design is spec-
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ified. There are, however, some basic issues concerning
the signals and the backgrounds which all experiments are
likely to be concerned with. We base our predictions here
on these considerations, implemented within a parton-
level Monte Carlo calculation. The results presented by
us are in connection with a detector of mass 10 kT simi-
lar to that described in [12], placed perpendicularly to the
muon beam axis, with a short, medium or large baseline,
incorporating detailed tracking and particle identification
facilities. As can be seen from (1), the event rate N, scales
linearly with the detector mass for a given 6,. The precise
dependence of Am?2; and sin®26,,;, on various parame-
ters, including beam energy and baseline length, will be
discussed in Sect.4. As can be seen from Figs. 13-18, to
be discussed later in the text, more energetic muon beams
will be required for probing small values of Am? if one has
a detector with smaller mass but similar angular coverage.

We have based our first set of calculations on tau detec-
tion through the one-prong hadronic decay channels. This
essentially includes the decays 7+ — ntv,, 7+ — p*u,
and 7t — a;%v,, with small additional contributions
from the K and K* channels [28]. The p* subsequently
decays into 770, For the decay of a;, we have confined
ourselves to the mode 7¥77% which leads to a single
charged track. The branching ratios into these channels
[29] are approximately 11%, 25% and 9% respectively, giv-
ing a substantial total branching ratio of about 45%. Thus,
essentially one should look for one charged pionic track
with 0, 1 or 2 neutral pions in a collinear configuration.
The total energy, measured from deposits in the electro-
magnetic and hadronic calorimeters gives the energy of
the 7, p* or a;*, which can be combined with the direc-
tional information to construct its three-momentum. The
backgrounds for signals of this kind (kinks in the charged
tracks with missing pr) can come, for example, from re-
interaction of the hadronic jets coming out of the deep in-
elastic scattering (DIS) vertex, particularly in the case of
neutral current events. Charmed particle production and
decays in the DIS processes can also give rise to potential
backgrounds. There is also the possibility of muons (from

charged current events with no oscillation) being misiden-
tified as pions. And finally, one can have the so-called
“white kinks” arising from one-prong nuclear interactions
with no heavy ionizing tracks. (These types of kinks usu-
ally have a small pr, within about 500 MeV for our energy
ranges.) With the above considerations in mind, our first
set of results (for a 10 kT detector) implements the fol-
lowing event selection criteria for a 250 GeV muon beam
[30]:

(1) (1) A minimum pr of 0.5GeV;

(2) a minimum energy of 2GeV for the one-prong decay
products from the taus;

(3) A minimum isolation of AR = 0.7 between the charged
prong from tau decay and the DIS products, where
AR? = An? + A¢?, An and A¢ being the differences
in pseudo-rapidity and azimuthal angle, respectively.

The last criterion ensures that the one-prong charged
tracks characteristic of 7 decays are at such angles with
the beam axis as to set them clearly apart from misiden-
tified muons produced from unoscillated v,s as well as
from white kinks. At lower (higher) energies, the pr cut
has to be slightly reduced (enhanced) in order to suppress
backgrounds with the same effectiveness.

We find that the missing-pt and isolation cuts taken
together can remove the entire set of backgrounds due to
unoscillated charged current events, whereas the neutral
current backgrounds are adequately taken care of by the
isolation cuts. Taking everything together, the approxi-
mate efficiency of tau detection in our parton-level calcu-
lation turns out to be 31% (including the branching ratio
for one-prong decays). This is commensurate with the effi-
ciencies expected in, for example, the OPERA experiment
[27]. Our second set of results is based on tau appearance
due to 7, oscillating into 7;. These will lead to wrong
sign muons via charged current interactions. Such signals
are relatively background-free; the only significant back-
grounds come from charm production at the DIS vertex.
For this set for our results we have

(1) a minimum pr of 0.2 GeV;
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Fig. 7. 90% CL v, — v, oscillation con-
tour plot for 20 GeV, 2 x 10%° muons per year
with 10 kT target and an angular opening
of 0.1 milliradian. 7 detection is through one-
prong hadronic decay (see text)
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(2) aminimum energy of 2 GeV for the wrong sign charged
lepton decaying from tau (muon and electron);

(3) A minimum transverse momentum of the wrong sign
muon/electron P1¢ of 0.2 GeV;

(4) A minimum isolation of AR = 0.4 between the wrong
sign charged lepton from tau decay and the DIS prod-
ucts.

Finally, although our focus here is on the 7 appearance,
we also give results in Sect. 4 for the detection of 7 — 7,
oscillations, detectable again by the presence of wrong sign
muons, after implementing suitable cuts.

4 Contours for v, . — v, oscillation searches
at muon storage rings

In order to demonstrate the possibilities offered by muon
storage rings for oscillation studies, we give the corre-
sponding 90% C.L. contours for Am? and sin? 20 for two
flavor mixing. As mentioned earlier, we feel this is ade-
quate at present to obtain a firm feel for the eventual po-
tential of these experiments to comprehensively map the
parameter space of neutrino masses and mixing.

Starting with (1) for N, the “bare” events, and folding
in the kinematic cuts described above for event selection
and background elimination, one obtains N¢, representing
the actual candidate events. Requiring N¢ < 2.44 then
delineates the 90% C.L. parameter space. Thus, for each
contour the average value of the probability

Poomsvr = 2.44/N21,

i (6)
where N2 is computed from (1) by setting Py, ., = 1,
representing total conversion of the v,s to v;s, but im-
posing the cuts as before. Also, we note that [17] for each
contour, the reach in Am?2, i.e. its minimum value, occur-
ring when sin?20 = 1 is given to a good approximation
by

1/2
2.44) (B) o

2 _
AmZ min = (]\73“ I

Since N*! scales as the product of the flux and the cross
section (having the probability term set to 1), it follows
that

(8)

Similarly, the for each contour, i.e. the minimum value of
sin? 26 probed occurs when the other oscillating term in
(2) is approximately 1, hence

Am? i o (B,)7V2.

(9)

sin? 20,4, ~ 75,,“%%,4.
which implies that

L2

B (10)

sin? 20,,in X

Finally, the vertical asymptotic part of the contour, occur-
ring when the values of Am? are high enough such that
the sine squared term containing it in (2) averages to 1/2
has

sin®20 = 2P, ... (11)

Figures 7, 8, 9 and 10 show contours for 7 lepton detection
via decay modes containing hadronic final states, for muon
beam energies of 20 GeV, 50 GeV, 100 and 250 GeV at 90%
C.L. for a 10 kT yr detector, assuming a detection cone of
0.1 milliradians. Each figure has contours for three differ-
ent baselines, 250 km (Kamioka to KEK), 732km (CERN
to Gran Sasso or Fermilab to Soudan) and 10000 km (Fer-
milab to Japan). Figures11, 12 and 13 show curves for
the same choices of baselines and other parameters, but
for energies of 50 GeV, 100 GeV and 250 GeV and for the
wrong sign lepton detection for v, — v, oscillation. For a
muon beam energy of 20 GeV, no wrong sign muon events
survive our (conservative) cuts.

In the regions corresponding to small mass squared dif-
ferences, all the contours for a given energy tend to merge.
This again demonstrates the insensitivity to the baseline
in these regions. The scaling relation for sin? 0, with
length (for a fixed beam energy) (see (10)) is also repro-
duced well in the contours. Once one compares different
energies, however, the scaling is distorted by the presence
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Fig. 8. 90% CL v, — v, oscillation con-
tour plot for 50 GeV, 2 x 102° muons per year
with 10 kT target and an angular opening
of 0.1 milliradian. 7 detection is through one-
prong hadronic decay. (see text)

Fig. 9. 90% CL v, — v, oscillation contour
plot for 100GeV, 2 x 10?° muons per year
with 10 kT target and an angular opening
of 0.1 milliradian. 7 detection is through one-
prong hadronic decay (see text)

Fig. 10. 90% CL v, — v, oscillation con-
tour plot for 250GeV, 2 x 10%° muons per
year with 10 kT target and an angular open-
ing of 0.1 milliradian. 7 detection is through
one-prong hadronic decay (see text)
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of energy-dependent cuts and also marginally by the fact
that the plots here are for muon beam energies, while the
scaling relations are for neutrino energies. It is apparent
from (8) and (10) and from the contours that very long
baselines offer no advantages for oscillation studies em-
ploying neutrinos from muon storage rings, and carry the
added burden of impractical detector sizes, at least if con-
ventional detectors are employed?.

The dramatic potential for oscillation studies is ap-
parent. Even a modest 20 GeV beam energy is capable
of effectively mapping the v, — v, parameter space in-
dicated by Super K, i.e. Am? ~ 1072 — 5 x 1072 and
sin? 20 ~ 0.8-1, as can be seen from Fig. 7. As expected
from (10), shorter baselines provide an enhanced reach in
sin® 20min (ox L?), for the same beam energy and reach in
Am?. For v,, — v, searches, muon storage rings enable
the potential to greatly exceed the limits set by present

3 Our motivation for focussing on medium and long baselines
is in part due to the geography of existing sites where such
experiments may be possible, and in part due to the fact that
short baselines may require new and different detectors, which
are currently under active study, as discussed in [13,31]

and past accelerator experiments (NOMAD, CHORUS,
CDHS, CCFR and E531) [32]. At present, bounds on this
oscillation mode cover the range sin®20 ~ 1073-1 and
Am? > 1eV2. Beam energies of 100 GeV and a baseline
of 250 km would allow exploration up to sin? 20, ~ 10~7
and Am2; ~5x107° (Fig.9). Similarly, the wrong sign
muon mode contours (Figs. 11, 12 and 13) demonstrate the
potential for extending the limits explored for v, — v,
parameters. Current bounds from accelerator and reac-
tor based experiments (NOMAD, CCFR, BUGEY and
CHOOZ) [32] go down to Am? > 1073 eV? and sin® 20 ~
5x1072-1. A 100 GeV muon beam and a 250 km baseline
would extend that to 2 x 1074eV? and 5 x 10~7, respec-
tively.

For convenience, in Figs. 14-17, we reproduce our con-
tours showing how different baselines (250 km and 732 km)
compare for various energies for both modes of tau ap-
pearance discussed above. The distortion of the scaling
relations (8) and (10) due to the presence of experimen-
tal cuts is apparent here, being more pronounced at low
beam energies. For 20 GeV and 50 GeV (Fig.14) for in-

stance, Am?2 . scales as ~ 1/E, rather than 1/Ei/2.
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Fig. 13. 90% CL ». — v, oscillation con-
tour plot for 250 GeV, 2 x 10%° muons per
year with 10 kT target and an angular open-
ing of 0.1 milliradian. 7 detection through the
leptonic decay mode (see text)

Fig. 14. 90% CL v, — v, oscillation contour
plots for a 732km baseline experiment, and
2 x 10%° muons per year with 10 kT target
and an angular opening of 0.1 milliradian. 7
detection through one-prong hadronic decay
mode (see text)

Fig. 15. 90% CL v, — v, oscillation contour
plots for a 250 km baseline experiment, and 2 X
10%° muons per year with 10 kT target and an
angular opening of 0.1 milliradian. 7 detection
through the one-prong hadronic decay mode
(see text)
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Fig. 16. 90% CL . — b, oscillation contour
plots for a 732 km baseline experiment, and 2 X
10%° muons per year with 10 kT target and an
angular opening of 0.1 milliradian. T detection
through the leptonic decay mode (see text)

Fig. 17. 90% CL 7. — b, oscillation contour
plots for a 250km baseline experiment, and
2 x 10%° muons per year with 10 kT target
and an angular opening of 0.1 milliradian. 7s
are detected through leptonic decay mode (see
text)

Fig. 18. 90% CL . — 7, oscillation contour
plots for a 732km baseline experiment, and
2 x 10%° muons per year with a 10 kT target
and an angular opening of 0.1 milliradian
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Finally, although our focus here has been on the de-
tection of the v, appearance, the experiments discussed
here naturally lend themselves to also study v — 7, os-
cillations. The parameter regions which can be explored
are shown in Fig. 18, after incorporating appropriate cuts
to remove backgrounds for the wrong sign muons. Clearly,
the region identified by the LSND experiment [33] can be
scrutinized with ease at muon storage rings.

5 Conclusions

We have studied the possibilities offered by muon storage
rings (at various muon beam energies and baselines) for v,
appearance experiments in order to determine masses and
mixing angles for v, — v, and v. — v, oscillations. Tau
event rates for such experiments have first been discussed
with a view to understanding their variation prior to the
inclusion of experimental cuts, in order to better under-
stand how baselines, forward peaking of decay neutrinos
with increasing energies, and average fluxes intercepted
by detectors of various sizes can affect their optimization.
Subsequently, event rates implementing cuts for hadronic
and wrong sign leptonic modes are computed and used to
plot contours for the parameter regions that can be ex-
plored in such experiments, and the expected scaling of
the contours with energy and baseline is discussed. The
results show that even for modest muon beam energies,
convincing coverage and verification of the Super K pa-
rameters is possible. In addition, very significant enlarge-
ment of present day bounds on the mixing parameters for
oscillations to v, is guaranteed by these types of searches.

In summary, neutrinos from muon storage rings appear
to be ideal sources, providing unprecedented potential for
oscillation studies in the next millennium and deserve very
serious consideration.
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