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Within the framework of three-flavor neutrino oscillations, we consider the physics potential-ef,
appearance ana,— v, survival measurements at a neutrino factory for a leading oscillation srafe
~3.5x10°% eV?. Event rates are evaluated versus baseline and stored muon energy, and optimal values
discussed. Over a sizable region of oscillation parameter space, matter effects would enable thérafgio of
be determined from a comparison®f— v, with ;e—>;” event rates and energy distributions. It is important,
therefore, that both positive and negative muons can be stored in the ring. Measurements pf-the
survival spectrum could determine the magnitudémf and the leading oscillation amplitude with a precision
of O (1%—2%).

PACS numbes): 14.60.Pq, 13.15:g

I. INTRODUCTION For ém? given by Eq.(2), the first minimum in the sur-
vival probability occurs at
The SuperKamiokandé€SuperK Collaboration[1] has
published evidence that muon neutrinos, produced in the L/E,=350"13 km/GeV . (4
Earth’s atmosphere by cosmic rays, oscillate into other neu-

tr@no flavors. Thev,, survival proba_\bility in_vacuum for Neu- The detector averager( v,—v,) measurement by Superk
trinos of energyE, (GeV) traversing a distance (km) is  gpes not resolve this minimum because of the smearing over
given by L and inferredE , values. Accelerator-based experiments are
P ir? 2 thus essential to establish the existence of the minimum in
P(v,—v,)=Sin"20xmy SIN"(1.266MryL/E,). (1) the survival probability. The K2K5] experiment from KEK
_— . . to SuperK, already underway, h&s=250 km and average
The SuperK_ re;ults for th% OSC|IIat_|on amphtudezﬁﬁ)\m neutrino energyE,)=1.4 GeV, with arL/E,, range of 125—
and the 0§C|Ilat|on scalémyqy, are in accordance W|th're- 250 km/GeV. The MINOS6] experiment from Fermilab to
sults obtained from other experimend]. From the zenith Soudan has a baseline=732 km and 3 beam options with
angle distribution of the muon events, which is related to the ¢ y=3, 6, and 12 GeV, givind./E,=50—250 km/GeV.
distribut.ion_ inL/E,, _the mass-squared difference scale of e, experiments from CERN to detectors in Gran Sasso
the oscillations was inferred to i, 3] with a baselind. = 743 km are in the final design stages. The
> vy 3 energy dependence of the charged-current rate, the neutral-
SMary=(35739) X 10°% eV @) current rate, and appearance with higher energy beams will
. . . . 2
and the amplitude of the oscillations was found to be maxi—;[;iflt E)hee rgeel;tsr'l:]rcé dosiﬁ'll?gf;e h?é %Cg-hbeasslz'lir;ret]ee:(/s:eur?ri?nts o
mal or nearly maximal: higher precision than possible with atmospheric neutrinos.
S 20, =170, 3 For examplg, M!NOS may ultimately be allé] to make a
ATM™=-02 @ 10% determination obm2.

No zenith angle dependence was observed by SuperK for. Thus the_ next generation of accelerator Iong-baseline neu-
electron events, so it is concluded that electron-neutrinos dBinC experiments are expected to firmly es;abllsh neutrino
not undergo appreciable oscillations at W2, scale of ~0scillations and improve our knowledge 6m-. However,
Eqg. (2) and that the muon-neutrinos oscillate dominantly tothe dominant ﬂuﬁ components in these accelerator experi-
some neutrino flavor other than electron-neutrinos. This inMments arev, andv,,. To make further progress in determin-
terpretation is consistent with the stringent lower limits oning all of the parameters describing the oscillations it is de-
the electron-neutrino survival probabilitp(v.— vs) from  Sirable to also have, and v, beams, in addition to beams of
the CHOOZ reactor neutrino experimqmt]_ Thus it is in- hlgher intenSity. With this in mind, it has been pOinted out
ferred that atmospheric muon-neutrinos oscillate to taut8.9] that if an intense muon source of the type being devel-
neutrinos or to a new sterile neutrino species that has neped for a possible future muon collidei0] is used together
standard model interactions. In the latter case, matter effectith @ muon storage ring having long straight sections, the
would be expected to distort the zenith angle distributions atesulting “neutrino factory” would produce intense beams
large zenith angles. The SuperK data presently disfavocontainingv, (v¢) as well asv, (v,). In the original neu-
muon-neutrino oscillations to sterile neutrinos by two stan-rino factory proposal9] it was shown that if the storage
dard deviation$1]. ring was tilted down at a large angle, the neutrino beams
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TABLE I. Some candidate neutrino factory accelerator sites and long-baseline detector sites.

Sources
FNAL BNL CERN KEK
Dip Dip Dip Dip

Targets L (km) (Ygo) angle(deg L (km) (Ygo) angle(deg L (km) (Yeo) angle(deg L (km) (Ygo) angle (deg
MINOS 732 1.67 3.3 1715 1.67 7.7 6596 2.01 31 8559 2.20 42
BNL 1289 1.67 5.8 5921 1.91 28 9607 231 49
SLAC 2913  1.67 13 4513 1.69 19 8590 2.20 42 7720 2.12 37
Gran Sasso 7332  2.09 35 6565 2.00 31 743 1.67 3.3 8844  2.23 44
Kamioka 9165 2.26 46 9667 2.31 49 8774 2.22 44 252 1.67 1.1
would be sufficiently intense to produce thousands of inter- Il. LEADING NEUTRINO OSCILLATION

actions in a rgasonablg sized detector on the other' side of the There are experimental indications of neutrino oscillation
Earth. Neutrino factories have caught the attention of h&gtects from the Liquid Scintillation Neutrino Detector
community, and several groups are developing the concepf SND) accelerator experimentl5], from the atmospheric
with BNL, CERN, Fermilab, and KEK all being considered neutrino anomaly1,2,16, and from the solar neutrino deficit
as possible sitel1-13. [17,18. Three neutrino mass-squared differences are re-
In Ref.[14] we explored long-baseline neutrino physics atquired to completely explain all these phenomena. However,
a neutrino factory within the framework of two-flavor oscil- three neutrinos provide only two distiném? scales. There-
lations. In the present paper we extend our analysis of th&ore, a sterile neutrino must be invoked if all the experimen-
physics potential at neutrino factories, presenting resultél indications are real. Since the significance of the LSND
within the framework of three-flavor oscillations. In particu- effect is not at the discovery level, a common approach is to
lar we discuss(i) the precise determination ofmiy,,  Set this anomaly aside until it is confirmed or rejected by the

(~1%—2%) from the measured,— v, survival probabil- forthcoming Fermilab Mini-BooNE experimeritl9] and
Hy K analyze the solar and atmospheric neutrino deficits within the

ity, (i) a proof that the sign oBmary can in principle be framework of three-neutrino oscillations. This is the route

extracted fromve—wv, and v,— v appearance measure- ¢, ved in the present analysis. Thus we take the atmo-
ments by exploiting matter effects that modify these OSCI||a-SpheriC5m2 sale to be the leading oscillation

tion probabilities, andiii ) the optimalL/E and methodology With three neutrinos, the flavor eigenstates, (a
for the measurements. Table | summarizes the baselines, as_L—e,M’T) are related to the mass eigenstatg§ =1,2,3) in
erage electron density in the Earth, and the dip angle fojacyum by

various possibilities. Our present analysis focuses on

long-baseline experiments with. =732 km (Fermilab va=2 Uy, )
— Soudapn, L=2800 km and 2900 kninote: Fermilab !

— SLAC ~2900 km, Fermilab— Seattle, Washington whereU is the unitary Maki-Nakagawa-SakatsiNS) mix-

~2700 km, andL=7332 km(Fermilab— Gran Sassp ing matrix[20]. We parametrizéJ by
|
C1C12 C13512 S
U=| —CosS10-5155:€126'°  CogC1o—S15525518"°  Cis5p3 |, (6)

i5 i5
S23S12— S13C23C1€' —Sp3C12— $13C2351 €' C13C23

wherec;j,=cos6, ands;,=sin 6. For Majorana neutrinos, amplitude given by Ref[21] were made in Refd22,23.

U contains two further multiplicative phase factors thatThe effects of matter are prominent in neutrino oscillation
modify diagonal entries o), but these do not enter in oscil- gojutions[24] to the solar neutrino anomaf17,18. Early

lation phenomena. calculations for long-baseline experiments were presented in

The importance of fo_rward scattering of neutrinos ONpef. [25]. Many long-baseline analytical and numerical stud-
electrons in the propagation of neutrinos through matter was

first pointed out in Ref[21]. The existence of resonance Ies have subsequently been made that include various refine-

effects in propagation of neutrinos through the Earth in gnents(26-32. _ _ _
constant density approximation was then discovered in Ref. The propagation of three neutrinos through matter is de-
[22]. Corrections to the magnitude and sign of the coherenscribed by the evolution equation
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dv, m? A 2
I =% (; ua,-u;jz—EJV +2—Ey5aeaﬁe v, (7) S= \/(W—cosza13 +5i? 26,5 (14)
wherex=ct andA/(2E,) is the amplitude for coherent for- For propagation through matter of constant density, the fla-
ward charged-current scattering af on electrons: vor eigenstates are related to the mass eigensteltéry
A=2\2GEYpE, ve=>, UM, (15)
=1.52<x10"% eV?X Y (glen?)XE (GeV). (8)
) ] ] where
Here Yq(x) is the electron fraction angd(x) is the matter
density. For neutrino trajectories that pass through the 0 cly S
Earth’s crust, the average density is typically of order 3 mo | om m
g/en? and Y.=0.5. The propagation, Eq7), can be re- U™= Co3 ~S13%23 C15523 (16)
expressed in terms of mass-squared differences as S;3  —S)aCrz CIiCos
dv, 1 and 67, is related tof,5 by
i :% 2—Ev[5m§an3U23+ sm5,U oU%, e
Sir? 26,5

cos 2015~ Al Sm?
This evolution equation can be solved numerically for given,
input values of them? and mixing matrix elements.

In our analysis we obtain numerical solutions of E9).
for three-neutrino oscillations, taking into account the depen-
dence of the density on depth using the preliminary reference
earth mode([33]. However, it is instructive to first consider
an approximate analytic solutidi30] based on them? hi-
erarchy

We note thatU™ has the form of the vacuur with the
substitutions

013-’ 0T3, 023—> 023, 012—> ’77/2, 6=0. (18)

There are only two mixing angles because the oscillations
associated with the solar scaléng3,) have not yet devel-
oped. The effective phase anglevanishes, s& P violation

SMacl 2= | SMasl 25| SMo 4|2 10 is not poss!ble in the Ieading. oscillat_ion,_even after matter
| 8rmiagl "= ormiy] > | Sy (10 effects are includefi34]. Equation(17) implies that

implied by oscillation solutions to the atmospheric and solar

neutrino anomalies. Then, for short enough distances, the Sin 26,3

S . A Sir? 207s= _ . (19
m5, term in Eq.(9) can be dropped and the other t&m (Al 82— c0S 20,5)2+ Sir? 20,3
set equal:
Thus there is a resonant enhancement for
om3,= sma,= Sm?. (11
A= 6m? cos 20,5 (20)
The evolution equations are then
or, equivalently,
Ve A/5m2+|Ue3|2 Ue3U::3 UesUZs
d om? « ) « Sm? 1.5 glen?
gl ve =2 YsUus  [Uusl® UusUlZ E,~15 Ge\r( L ( )cos 2,5.
v U%U 5 U*U.s  |Ug? 3.5x10°3 eV pYe
g (21
14
¢ The resonance occurs only for positiéen?. For negative
X Vu |- (12 5m? the oscillation amplitude in Eq19) is smaller than the
v, vacuum oscillation amplitude. Thus the matter effects give
us a way in principle to determine the sign &h?.
The propagation matrix has eigenvalues For a constant Earth density profile, the transition prob-
abilities for a given neutrino flavor are given by
N=0 )\_5m2 1+ A S}
1— Y 2= 2 ’
4B om P(ve—vg)= —4% UmUMUT U SIPAT,  (22)
5m?
AgZE 1+6W+S s (13 where
where AG=L(\— )2 (23
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and the\; are the eigenvalues of the neutrino matrix in Eq.

(13). The transition probabilities in the leading oscillation
approximation are

P(ve—v,)=S53SIMP2075SIPAY,,
P(ve— v,)=ChsSim2673sirPA T,

P(v,—v,) = sif20,4 ( cosdiy? sifA;

+( sing7y)? sifA T,
—(sin@ycosdy)?sifAD].  (24)
Here the oscillation arguments are
m m 1 A
| A
whereSis given by Eq.(14) and
:5m§2|_ _ omz, (eV?) L (km) 26
0" 4E e E, (GeV)

The A3} term in P(v,—v,) must be retained here be-
cause it is not necessarily negligible compared {, due to
matter effects. From Eq$19), (24) and (25), we see in the
limit 6,3—0 that #75—0 and thew, transition probabilities
vanish. We see from E@24) that matter effects are possible
for v,— v, oscillations in a three neutrino model. However,
these matter effects disappear in thg=0 limit, where

S=|1-

(27)

5m»2ATM
and
P(v,—v,)= Sif20,8iIP(Ay). (29

To have substantiat event rates fromv,— v, oscilla-

tions requires high energy neutrino beams because of the

kinematic suppression of theproduction cross section near
threshold. Theve— v, andv,— v, oscillation probabilities

can be studied with either low or high energy beams and we

PHYSICAL REVIEW B2 013004

2

n;e(x,Q)=14—77[(1—x)+(1—x)Pﬂcos«9], (30

wherex=2E,/m,, 6 is the angle between the neutrino mo-
mentum vector and the muon spin direction &gl is the
average muon polarization along the beam direction. The

corresponding distributions forv, and v, from nt
—e’ v, ve are obtained by the replaceme?-— —P .+ in
Egs. (29) and (30). Only neutrinos emitted in the extreme
forward direction (cog=1) are relevant to the neutrino flux
for long-baseline experiments; in this limit

E, =xE

v ©

= (31
in the laboratory frame. The flux at a distancerom the
storage ring can be approximated by

2
NoYy
where y=E,/m, and n, is the number of neutrinogor
antineutrinog in a given beam. The charged-currgi@C)
interaction cross sections in the detector grow approximately
linearly with the neutrino energy:

o,n=0.67X10"3® cnZXE, (GeV). (33

on=0.34x 10" cnm?XE; (GeV) . (34

Thus, the event rates in the absence of oscillations are

N~(E,)%/L2% (35)

The v, (v,) event energies peak at the storgd (™)
energy while thev(ve) energies peak at about 3/4 of the
stored =~ (n*) energy. The lepton spectra from the
charged-current interactions can be obtained by folding the
event rates with thedo/dy distributions, wherey=1
-E//E,.

For no oscillations, the average observed neutrino ener-
gies would be

(E, )=0TE,-, (36)

(E;)=0.6E,-. (37)

focus our attention on them in the rest of this paper. A non- ' ' . . '
zero value of6,5 is essential for the occurrence of these Thus, from Eq.(4), the first maximum in the leading oscil-

oscillations and for the observation of matter effects.

IIl. NEUTRINO FLUXES AND CROSS SECTIONS
The distributionn(x,Q)=d?N/dxdQ) of neutrinos from

lation occurs for

310

L/E,~230'31g

km/GeV. (38

For maximal oscillation effects the baseline and stored en-

the decays of an ensemble of polarized negatively chargegrgy should be chosen to satisfy H§8). In order to have

muons in the muon rest frame is given by

2

nVM(x,Q)=%[(3—2x)+(1—2x)Pﬂcos¢9], (29

sufficient event rates at-1000 km distances, the lowest
practical muon energy is about 10 GeV. The corresponding
from Eq.(38) is close to the 2900 km baseline from Fermilab
to SLAC.
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TABLE II. Signatures for various oscillation channels when tices in, for example, emulsion detectors or by imaging Cher-

negative muons are stored. enkov rings that the tau generates i Fg, liquid [35].
Henceforth we concentrate our analysis strictly on primary

_ - Produced — Detected  myons fromp,, under the assumption that the contributions

Signature Oscillation lepton muon of muons from tau decay can be resolved.

v, survival v, =V, no no

v, appearance b, - e V. PREDICTED NEUTRINO OSCILLATION

— - — + + EVENT RATES

v, appearance VeV, iz s

v, appearance Ve v, T ' For a quantitative analysis of neutrino oscillation event

rates in long-baseline experiments, we begin with the follow-
ing set of oscillation parameters:
IV. OSCILLATION CHANNELS

_ _ |6m3,|=3.5x10"% eV?
The decays of stored muons along the straight sections of

the §tprage ring give wg[l—collimated neut[ino bearr_13 of |5m§1|=5><10‘5 eV2
specified flavor composition. For storeg™, the u

—v,vee decays givev, and v, beams with the known $13=0.10 (Sir? 26,3=0.04)
energy distributions given by ER9) (see Fig. 4 of14]). In

this paper we restrict our attention to detection of muons. Sp3=0.71 (Sir? 26,5=1.00
The relevant oscillation signatures for stoyed are given in

Table Il. Corresponding signatures for stored are ob- $1,=0.53 (sin’261,=0.80

tained by the interchange— v and changing the signs of the
electric charges of the leptons.

i Thte oscllrl]atmnf] iﬂ’f :;eEd the samfeﬂf]mal stgxte %S_ loscnla- The values ofsm3, ands,; govern the atmospheric neutrino
lons tow,, through the decays— s Ot € Producear 1ep-  ,qejations. The values ofm2, and s,, control the solar

tons. Thus .det_ectlon of muons determines linear COmbInar'leutrino oscillations. We select the large-angle matter solu-
tions of oscillation probabilities

tion [36] because it is the most optimistic choice for obtain-

5=0. (43)

N(w ) =(DP(v —v Vo (v N+ (DP(v,— v, ing any effects in long-baseline experiments from the sub-
() =(PP, =)o (v, u ) (PP, — ) leading 6m3, scale. The value of;; determines the size of
Xo(v,—1 )BF(7 —pun), (39 the matter effects for the leading oscillations. The value of

S o om3, is determined fromsm3, and sm3, by the sum rule
= — —ut —
N(p™) <©P(_ve v )o(v,—u" ) H{(PP(ve—v,) S, St Sme,. )
Xo(v,—7"))BF(r"—pu™), (40

The subleading oscillation effects associated with &hg,
where® is the flux and({ ) denotes a spectrum average andin Eq. (43) are usually small in comparison with the leading
integration over final state energies. Neglecting the smalbscillation, so either of the other two solar solution possibili-
matter effects inv,— v, the leading oscillation rates from ties (small-angle matter or large-angle vacuum oscillations

Egs.(24) and (28) would be would lead to results similar to the representative case above;
we will remark below when the subleading oscillation effects
N(,u‘)=<<1>[1—s§35in22 075 SIPAT,— SinP20,3SinfA ] are appreciable. The long-baseline oscillations are controlled

by the three paramete@méz, S,3 ands;3. The matter ef-

X o(v,—p7))+ SiP20,® sifAz fects in the leading oscillation are critically dependent on

Xo(v,—71 )BFR(7T —u), (412) S13- _ ) ) _
We calculate neutrino event rates, (\Szvgth and without oscil-
Y2 o m p2am + lations, for a neutrino factory with 2 10” stored muons/yr
N ™) =S54 SIP 265 @ SIPAZ, o, ")) and a 10 kiloton detector. For the neutrino flux, energy dis-
+c§3sin22 07 ® sinzAg‘z tributions and cross sections we use E@8)—(34). The os-
. cillation probabilities are calculated by integrating E@)
Xo(v,—1"))BF(r"—pu™). (42)  numerically from the source to the detector using a Runge-

Kutta method, and averaging over the neutrino energy distri-
The 7 contributions will be suppressed at low stored muonbution. For the Earth’s density we use the results of the pre-
energies {10 Ge\) by the kinematic suppression of the tau liminary reference Earth mode[33]. In these initial
cross section near the threshold for tau production. The tawexploratory results we neglect the stored muon beam mo-
neutrino interactions can be identified Gy kinematics ot mentum spread and angular divergence, which we later in-
relative to the neutrino beam direction and theistribution ~ corporate in Sec. VI. Figure(d) shows the event rates at
of the decay muonor (i) direct evidence for—1-prong or =732 km versus stored mudior antimuon energyE,, for
T—3-prong decays by detecting kinks or displaced verthe oscillation parameters in E3). We show in Fig. 1b
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108 108 T T T

— 1 oy

S

=

I+ 1 +ol +1+©3

10° |

=
(=]
S
T
-
(=3
i

N/10 kt-yr
3
N/10 kt-yr
a
T

102 102

L=732km ‘ L =732km

wk = 11 = | ok § 47 L-2900km It 47 L=2900 km
Si20,3=004 Sin26,5=004 ¥ sin?20,5 = 0.04 ' sin®20,4 = 0.04
(@) [dm%,| =5x107 eV (b) [dm%,| =1x107" eV @ |6m221| = 5x1075 V2 L o) |6m%1| = 1x10710 gy2
1 P R T T T T S S 1 P S N R W T T S | 4 [ T R S S T R I S T T R T S N
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
E, (GeV) E, (GeV) E, (GeV) E, (GeV)
FIG. 1. Muon survival and appearance events per 10 ktyr vs FIG. 2. Same as Fig. 1 except=2900 km.

muon energy at. =732 km, assuming 2 10°° muon decays per
year. The oscillation parameters are those given in(&8).and (a)

om3,=5x10"° eV? and (b) ém3,~1x10*° eV2. The upper nels occurs at energ|£#~10§ev. :

(lower) solid curve shows the rates without oscillations for neutri- . (i) Changing the_ sign odmy, causes noticeable changes

nos (antineutrinos For the rates with oscillations, the results are N the event rates in the appearance chanmels v, and

shown for both signs obm3,. ve— v, . By comparing Fig. 2a with Fig. 2b we see that the
subleading oscillation scale has a smaller relative effect for

. D 10 w2 L=2900 km than fol. =732 km(Fig. 1), so these changes
the corresponding event rates widhn;,~10" "~ eV* forthe st largely arise from matter effects.

subleading oscillation scale, i.e., appropriate for vacuum |, Fig. 3 we show similar results fdr=7332 km, from
long-wavelength solar oscillations. We note the following: | hich we conclude the following: '

(i) For the appearance channels—v, andve—v,, the (i) Matter effects have now grown quite large, as evi-
main difference in rates comes from the difference in thedenced by the large variation in the appearance event rates in
neutrino and antineutrino cross sections. Matter effectsgig. 3a when the sign obm2, is changed. We have found
which arise when the sign ‘ﬁmgz is changed, are seen 1o be that the results using the large-angle MSW and vacuum solar
relatively small in Fig. 1b. This is to be expected since thescales for the subleading oscillations are nearly identical at
characteristic wavelength for matter effects at these energiagis distance.
is of order the Earth’s diameter, which is much larger than

732 km. .

(ii) The effects of the subleading mass scaﬂmgl, are " @) L - 7332 km 51;122(;13;0.'04 (bI)LI=73|32Ikmlsin'229'13 ~0.004
evident by comparing the appearance channels in Fig. 1a ti fom?2,| = 551075 ev? [3m2,| = 5x107° ev?
those in Fig. 1b. For the large-angle MSW SO|UtiQ?“n§1 18] m? {1t
=5x10"° eV?, the interplay of the subleading scale with —wim g

matter and the sign afm3, affects the rates at the 20% level. o
We have found that this effect increases as’ 3#h;—0, T
when the subleading leading oscillation, with its larger oscil- ¢
lation amplitude, can begin to compete with the leading os-g' 108l
cillation, which has a small amplitude in this linji37]. 5 g

(i) At lower muon energie€l0 GeV or lessthe survival j

probabilities for thev,— v, andv,— v, channels decrease ¢

with decreasing energy, but do not reach their minimum val-
ues, on average, fd€,>5 GeV. ol

(iv) The survival rates do not depend appreciably on the
sign of ém3,, which means that matter effects are small in

these channels at this distance, as is the case for the appes

1 i
0 5 10 15 20 25 30 35 40 45 500 5 10 15 20 25 30 35 40 45 50

ance channels. o E, (GeV) Eu (GeV)
In Fig. 2 we show similar results fdr=2900 km, from
which we conclude the following: FIG. 3. Same as Fig. 1 excefdt=7332 km, 6m3,=5

(i) The largest event rate suppression in the survival chanx10™° eV?, and(a) sir? 26;3=0.04 and(b) sir? 26;;=0.004.
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108 .

108 T T

T T T
(@) E, =10 GeV an?
sin22913 =0.04 — 1 vy, 0 4 _
o =5x10%ev® L [ SN | s == PN 6 25
105 19z = 5x s | 10°F BN N T
L NN N A —— PR 78
TR e & o o (b)
------ 4N+ e -
0t N s vow - | [©)Bu=50GeV . - 104 F RS || L=2%00km .
oW 0 §in®20,,=0.04 T N — 10 v - E, = 50 GeV
7 VoV, + an.
s 8 Vv, - |3m2,| = 5x105 ev? 78 7Z . , sin®26,, = 0.04
por | T 9 vy o+ < ~ _ -5 o\/2
g103 L BN ST 10 vﬁw: - é 10° v._,_,:\\\ 6 /«_ | Iﬁm | 5x107 eV
5 s L=2900km ™ \\ 23/
SN S
E,=10GeV ~, A7e
102 102k sin?26,5 = 0.04 N L
[dm2,| = 5x107° eVZ",..
""" (@)
10 10 | 24 F
.'//
1 L L NP N I I 1 | 1 ") - = |3 2 ‘ 1 3 2
0 2000 4000 6000 8000 0 2000 4000 6000 8000 10000 10 107 102 107 10™ 107
L (km) L (km) [m3, (eV?) B3zl (eVv?)

FIG. 4. Muon survival and appearance rates per 10 ktyr vs  FIG. 5. Muon survival and appearance rates per 10 ktyr vs
detector distance fof) E,=10 GeV and(b) E,=50 GeV. The  |sm3, atL=2900 km for(a) E,=10 GeV and(b) E,=50 GeV.
oscillation parameters used are given in Etg). The other oscillation parameters are given in Eg).

(i) A minimum in the survival probability is clearly vis- baseline experiments should be able to deterniifra,)
ible nearE ,=25 GeV. Also, thesurvivalrates are now sen- with high precision if the event rates associated with oscilla-
sitive to the sign ofém32 for E,~15—25 GeV, indicating tions are appreciable. Figure 5 shows the sensitivity of the
matter effects. Unfortunately, the number of events in one oévent rates to changes ifm2, for L=2900 km andE,,
the appearance Chann@mheryeﬂv or ve—v,, depend- = =10 o0r 50 GeV. AtE ,= 10 GeV the survival probability has
ing on the sign ofém3,) falls below “10 for these energies, & minimum near 5m32|—3 5xX10°° eV?, but the appear-
even for sif26,5=0.04. In general, the event rates at 7332ance rates are modest. &, =50 GeV the appearance rates
km are below those at 2900 km due to a lower flux. are much higher, but the survival probability has a minimum
(iii ) By comparing Fig. 3a with Fig. 3b we see that matteronly for h|gher|5m32| Therefore we see that at=2900
effects in the survival channels are drastically reduced akm, if Sm3, is close to the value favored by SuperK, there is
sirf26,5 is decreased, as predicted in ERS). a trade-off between choosing a relatively I&y to optimize
(iv) The number of events in the appearance channels ithe survival probability measurements or choosing a higher
sufficiently large to allow a determination of the sign of energy to optimize the appearance signal.
om3,, at least for the. =2900 km and 7332 km distances. Figure 6 shows similar curves fdr=7332 km withE,,
Next we show in Fig. 4a the dependence of the oscilla-
tions at a fixed muon energy of 10 GeV. Here we see that ;¢

L=2900 km is the first minimum in the survival probability (a) L=7332km ) L-7e ke

and thatl =5500 km corresponds to a maximum in the sur- E,“;zj” Ge: . :‘;:230 3/04
vival probability; matter effects are sizable far~5000 10°¢ IS;S:F e 1'2_5 oz 10 e o sxi0er?
—8000 km. In the appearance channels, matter effects turi o S

on asL increases, causing one of the appearance channels 1 i | T

be highly suppressed. _ 1 _
Similar results forfE,, =50 GeV are shown in Fig. 4b. We T8 m || T 2

see that the appearance event rates scale roughEyittas AR

expected from the product of th& behavior of the unoscil- R e

lated rateEq. (35)] and theE, 2" dependence of the oscil- e vy

latory factor for small oscillation argumenf&Eqgs. (24)— 10°F S 1F S

(26)]. The L dependence is relatively flat at lol for the S

channel that is not suppressed by matter, as expected fror

the product of the 1/2 behavior of the flux and the? de-

pendence of the oscillatory factor. The survival rates are Ey

much higher for 50 GeV than for 10 GeV, but they do not 1 iy il

N/10 kt-yr
3
/7
S
/
n

10 |

—4 -3 2 4n—d —3 -2

reach a minimum fot. <10000 km. 10 |6m21(|) V2 1070 |6m%2|10(eV2) 10
Figures 1-4 assunjém3,|=3.5x 102 eV?, the favored *

value from atmospheric measurements from SuperK. Long- FIG. 6. Same as Fig. 5 except=7332 km.
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FIG. 7. Minimum value of sif26;5 that gives 10v,— v, ap-
pearance events in a 10 kt detector with a source>ol.?° muon
decaysl/yr, fol.=732 km(solid curve$, 2900 km(dashed curves

and 7332 km(dotted curves The oscillation parameters are given

in Eq. (43) and ém3,~1Xx10 % eV The lower(uppe) curve in

each case is the result fém3,>0 (8m3,<0). The corresponding
curves forv.— v, appearance are given approximately by inter-

PHYSICAL REVIEW B2 013004

subleading oscillation, as expected from the discussion of
Figs. 1 and 2. If large-angle solar oscillations are the correct
solution to the solar anomaly, thén= 7332 km has the merit
that the subleading oscillation does not affect the interpreta-
tion of ve— v, appearance, as it does lat-732 and 2900
km.

As discussed in Sec. Il, the leading oscillation approxima-
tion leads to a simple expressions for the oscillation argu-
ment of thev,— v, probability [see Eqs.(25 and (27)].
Then thev,— v, appearance event rate can be approximated
by

N=(PP(ve—v,)o(v,—u"))

20 No ( size)
a 2X 10P%/yr/ | 10 kt

7332 km) 2E,),
3 E, (P(ve—wv,)), (49

3
X Ey
10 GeV
where the angular brackets denote averages over neutrino

energy, andE,)=0.6E,,. The average probability can be

estimated by evaluating the probability @) in the small
Sir? 26,5 limit:

Sif260;5 sm,L (A) |
— _— |']2 2T —
(Plre=v,)) _® 23! {1 kil
sma,
(46)

changing the upper and lower curves and dividing by a factor of 2where(A) is given by Eq.(8) evaluated a{E,). Equation

(45) gives reasonably accurate results whenever2sip, is

=25 and 50 GeV. AE =25 GeV the survival probability below 0.01 provided that contributions to the subleading os-

has a minimum neafsm3,|=3.5x10"% eV?, with appre-
ciable appearance rates for nearby valueémiz, and mat-
ter effects are evident fofsm3/=3x10"°% eV2 At E,

=50 GeV, the appearance rates are higher than for 25 GeV

(especially in the matter-suppressed chanael the disap-
pearance probability is appreciable over a rangésaf,.

However, matter effects in the survival probability are no-

ticeable only for| 6m3,|>7x10"° eV?,

Figure 7 shows the minimum value of $R¥, ; that gives
10 v.— v, appearance events vershg for L =732, 2900,
and 7332 km, whemm3,~10"1° eV? (the solar vacuum
oscillation valug. The lower(uppe) curves are for matter-
enhanced (matter-suppressgd oscillations  with  6m3,

>0 (5m§2<0); the corresponding curves fo_re—> v, ap-

cillation are not important. Approximate antineutrino rates
can be obtained by the substitutidn- — A in Eq. (46) and
by dividing the results of Eq45) by 2.

VI. MORE DETAILED SIMULATIONS

To obtain a more realistic calculation of the event rates at
a neutrino factory we have simulated a neutrino beam
formed by muons decaying algra 1 kmlong straight sec-
tion. In our simulations the muon beam has a momentum
spread given byo,/p=0.02, and horizontal and vertical
beam divergences given hy,=0.1/y where y=E,/m,.
The finite beam momentum spread and angular divergence
modify the event rates at a distant site by a few percent. We
have also included in our simulations a parametrization of

pearance can be empirically obtained by changing the sign ahe detector resolution functions for an iron-scintillator neu-

5m§2 and multiplying by 2. We see that increasgg im-

trino detector{6,7]. We assume that muon energies can be

proves the ability to discover appearance channels, althougheasured by range with a precision given day/E=0.05.

there are limiting returns for going to very high, . The

Shower energies are assumed to be measured with precisions

sensitivity to the matter-suppressed channel is especiallgiven by og/E=0.53\E if E>3 GeV and o:/E

weak at longer distancés.g.L=7332 km in this case The
corresponding curves for the

Smirnov-Wolfenstein(MSW) solar solution(e.g. ém3,=5

=0.80/\/E if E<3 GeV with, in both cases, a constant term
large-angle Mikheyev-of 0.07 added in quadrature.

For each of the relevant oscillation channels, the predicted

x10"° eV?) are much different fot. =732 km, and some- annual CC event samplésom 2x 10°° muon decayjscor-
what different atL =2900 km, due to contamination by the responding to the oscillation parameters of E43) are
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TABLE lIl. Predicted event rates in a 10 kt detector pet 20?° muon decays, with the oscillation parameters specified by(4R).

Sign of E,+ (GeV) E,.- (GeV)
oma, 10 30 50 10 30 50
L=732 km
v, (no 0s¢ 14,300 382,000 1,780,000 29,000 772,000 3,560,000
V=, + 11,200 372,000 1,760,000 22,800 750,000 3,520,000
- 11,200 372,000 1,760,000 22,900 751,000 3,530,000
ve (N0 0SQ 24,200 656,000 3,050,000 12,400 329,000 1,520,000
VeV, + 158 404 1000 69.4 276 486
- 106 410 718 65.2 223 380
L=2800 km
v, (no 0s¢ 1140 27,500 123,000 2200 52,500 244,000
Vv, + 168 18,800 107,000 274 36,000 212,000
- 164 18,900 107,000 274 36,200 212,000
ve (N0 0S¢ 1400 43,300 211,000 900 22,600 102,000
VeV, + 54 486 894 4 88 224
- 3.4 130 338 36 214 356
L=7332 km
v, (no 0s¢ 152 3880 17,500 294 7660 35,600
Vo, + 84 592 7220 130 1040 14,900
- 72 558 7340 160 1130 15,000
ve (N0 0S¢ 21.8 6680 30,500 120 3300 15,200
VeV, + 21.6 274 300 0.66 9 19.8
- 1.14 18 38 12.8 132 145

shown in Table Il for both signs oﬁmgz. The tabulated spectrum of CC events producing wrong-sign muons. The
rates are for a 10 kt detector at baselinek of732 km, 2800 predicted measured energy distributiditscluding detector
km, and 7332 km, wittE,,= 10, 30 and 50 GeV. The sta- resolutiong, for CC events containing wrong-sign muons,
tistical uncertainties in the calculated event rates from there shown as a function of both the magnitude and sign of
Monte Carlo simulations are about 2.5%. Consider first '[heéim32 in Figs. 8 and 9 when, respectively, 30 GeV positive
sensitivity of the oscillation signals to matter effects and,and negative muons are stored in the ring, Bre2800 km.
hence, to the sign afm3,. Note that most of the event rates Both the shapes and normalizations of the distributions are
are insensitive to matter effects. However, the-v, CC  sensitive to the sign and magnitudedhs,. In particular, if
rates are significantly modified by matter, and hence a meaﬁm is negative(positive, the .~ appearance events from

surement of events with wrong-sign muons can in prmmpleye_) v, oscillations will peak at higheflower) energies than
determine the sign 0bm3,. To illustrate this, consider the

ve— v, CC rates wherk =2800 km andE,=50 GeV (30
GeV). If ém2, is positive, 894 (486) Wrong sign muon
events are expected in a 10 ktyr data sample. However,
om3, is negative, the corresponding rates are 3380
events. Hence, if all the oscillation parameters are know
except the sign oﬁméz, the event rates can be used to de-
termine the sign. The statistical significance of this sign de
termination improves slowly with increasirtg, . In practice,
the oscillation parameters will not be precisely known. How-
ever, the sign oﬁm%2 can still be uniquely determined from
the wrong-sign muon measurements if both— v, rates

(positive stored muonsand 7e—>7 rates (negative stored

the u* appearance events from,— v, oscillations. We
conclude that if both positive and negative muons can be
§tored at different times in the neutrino factory, then wrong-
sign muon appearance measurements can distinguish the sign
of sm2, and determine its magnitude.

We next consider a less favorable region of parameter
space in which the’e— v, oscillation amplitude is reduced
by a large factor. Table IV presents the event rates when
Sin? 26,5 is reduced by an order of magnitudg {=0.032 or
sir? 26,5=0.004) with the other oscillation parameters as in
Eqg. (43). Returning to our exampleL(=2800 km,E,=50
GeV) we note that ifém3, is positive (negative, we expect
108 (25) wrong-sign CC events per 10 ktyr when positive
muons are determined. For the examples we are conside muo(ns )are stc?redgand 290) ever?ts when %egatlve Fr)nuons
ing, if 6n_132 is positive theve— v, rates will be larger than 5.0 gored. Hence, in this case we are still above, but close to,
the vo— v, rates by a factor of a few. In contrast,dM3,is  the threshold below which a statistically significant determi-
negative, t the’eHV rates will be comparable to, or smaller nation of the sign ofsm3, will only be possible with larger
than, theve—> v, rates. There is additional information in the data samples. Based on Tables Ill and IV we can estimate the
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E,=30 GeV, L = 2800 km, 2x10% x* Decays E,=30 GeV, L=2800 km, 2x10% x~ Decays

u- Appearance b

401 Fout Appeo‘ronce‘

8m’y, (eV?/c?)

dN/dE, (v, CC Events/GeV per 10 kt)

dN/dE, (v, CC Events/GeV per 10 kt)

) o FIG. 9. Predicted measured energy distributions for CC events
FIG. 8. Predlcted_ measur_ed energy distributions fqr C_C event§agged by a wrong-sigfpositive muon from;e—Jﬂ oscillations,
tagged by a V\{rong-s;g(negatwe muon fromwe— v, oscillations,  gnoun for varioussm?,, as labeled. The predictions correspond to
shown for varioussSms,, as labeled. The predlgtlons correspond to 5 4 20 decays,E,, =30 GeV,L=2800 km, with the values for
2x 107 decays,E, =30 GeV,L=2800 km, with the values for ST Sie Soe & ands diven in E
2 - 12, S13, S23, S12, given in Eq.(43).
dmi,, Si3, S»z, S12, @andéd given in Eq.(43).
stored we can determine the sign &3, (at 3 standard
minimum values of sifi26,; [when all of the other param- deviations. Figure 10 summarizes our estimates for these
eters are as specified in E@3)] for which (i) we expect a minimum sirf 26,5 versusL and E, . Note that to measure a
measurable wrong-sign muon signdl0 event sensitiviy ~ wrong-sign muon signal over the largest’#, ; range, high
and (ii) from the measured ratio of wrong-sign muon ratesg,, and “short” L are preferred. However, If is too short,
obtained when positive and negative muons are alternatehe unoscillated CC event rates get very large, and hence

TABLE IV. Predicted event rates in a 10 kt detector pet Z?° muon decays, with sfr26;,=0.004 and the other oscillation parameters
specified by Eq(43).

Sign of E,+ (GeV) E,- (GeV)
om3, 10 30 50 10 30 50
L=732 km
v, (no 0s¢ 14,300 382,000 1,780,000 29,000 772,000 3,560,000
Vv, + 11,200 372,000 1,760,000 22,800 750,000 3,520,000
- 11,200 372,000 1,760,000 22,900 751,000 3,530,000
ve (N0 0S¢ 24,200 656,000 3,050,000 12,400 329,000 1,520,000
VeV, + 19.4 73.6 127 8.6 35.2 61.8
- 8.4 30.2 52.2 5.34 16.6 27.8
L=2800 km
v,, (N0 0s¢ 1140 27,500 123,000 2200 52,500 244,000
T + 168 18,800 107,000 276 35,900 212,000
- 166 18,900 107,000 274 36,200 212,000
ve (N0 0S¢ 1400 43,300 211,000 900 22,600 102,000
VeV, + 5.2 56.4 108 0.82 11.6 29
- 0.64 10 24.6 4.4 19.2 29.6
L=7332 km
v, (no 0s¢ 152 3800 17,500 294 7660 35,600
V=, + 84 586 7140 152 1100 14,600
- 84 586 7220 158 1200 15,000
ve (N0 0S¢ 218 6680 30,500 120 3300 15,200
VeV, + 2.58 30.2 32.8 0.066 0.89 1.98
- 0.112 1.77 3.8 1.52 14.6 144
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; ' ' L (ki) N E,=10 GeV, L = 2800 km, 2x10% i~ Decays
732 X 0.0025 (eV/c?, | 0.0030 (eV/c2)?
(@)
2 60| 1
0.1 i I -
S 40
= - |
2 20| i |
s 7332 §
N o.01 . > : M e
o~ 0 T
K= < | 0.0045 (eV/c)s |
@9 2800 &
7332 S
0.001 | (:a
30 sign 6m” ~
|| 19 32 s 2800 i
® 10 event sensitivity 732 2
Ve = v, 6M’5, > 0) z
| | § 1

30 50
E, (GeV) £, (GeV)

FIG. 11. Predicted measured energy distributions for €C

_ 0+ — v, events shown for four differenims, (darkly shaded distribu-
L =2800 km,(a) 10 events per 210 " decays(boxeg and(b) a tions as labeled. The predictions correspond te ?° decays,

three standard deviation determination of the sigg, (circles —10 GeV  L=2800 km.  with the values for

based on the ratio of wrong-sign muon rates when alternately fl;ﬁz S5 Sy, Sip, andé given in Eq.(43). The predicted dis-

%1020 ,* 0, — ; ; _ ; M2, :
strgijz htMs ec?irgi 2_>|_<h1602 4 ,éug gsgz?{iéﬂyt?se sr;%\j,\tl:n\?fbegnm deor(:;ng tribution has been used to generate a Monte Carlo dataset with the
g ' 13 m statistics corresponding to a 10 kt yr datagetints with error bars

: 2
'abS'ed' The calculatlt_)ns assume the values f4)5m_32|, . The lightly shaded histograms show the predicted distributions in
dmi,, So3, S1», and S given in Eq.(43). The shaded region is I
the absence of oscillations.

excluded by the existing data.

FIG. 10. The value of sf26,5 that yields, in a 10 kt detector at

2 . .
backgrounds become significant. If the background rates ardMa2 and sirf 26,5 can be extracted from a fit to the mea-

at the level of 10°—10"° of the total CC rate$38], then sured v, CC interaction distribution, we have generated

L=2800 km is probably preferred over 732 km. To be ableMonte Carlo data sets with the appropriate statistics for vari-
to determine the sign ofmZ, over the largest 2o ous values of the oscillation parameters, and fit the resulting
32 2 simulated distributions. As an example, Figs. 13 and 14

range, highk , is once again preferred. Since matter effects
become small for shoit and event statistics become small
for very largelL, there appears to be an optimafor deter-

mining the sign ofém3,. Of the 3 baselines we have consid- E,=30 GeV, L = 2800 km, 2x10® 4~ Decays

0.0025 (eV/c2)? 0.0030 (eV/c2)?

show fit results forEM=30 GeV withL=2800 km andEM

ered,L =2800 km is preferred. From these considerations we 120F

would conclude that for wrong-sign muon measureménts
=2800 km is a good choice for the baseline, and high energy
stored muonsk ,=50 Ge\) are preferred, although we note
that decreasing:,, from 50 GeV to 30 GeV decreases the
sensitive siA26;5 range by less than a factor of 2.

We next turn our attention to muon survival measure-
ments. Thev,— v, rates shown in Table Ill are significantly
less than the corresponding rates in the absence of oscilla-
tions. As an example, considér=2800 km withE, =10
GeV and 30 GeV. The predicted measured energy distribu-
tions (including detector resolutiongfor interacting muon
neutrinos are shown for the two energies in Figs. 11 and 12
respectively versu§m§2 with the other oscillation param-
eters given by Eq(43). The shapes and normalizations for
the predicted distributions are very different from the ex- . o
pected distribution that would be observed in the absence of FIG. 12. Pr:ed'd?d fmeaZF#red enezrg)é dﬁt”bﬁt'gnz (';Qr %C
oscillations. The shapes of the predicteg CC interaction ?V“ events shown for four di .ererﬁm32( arkly sha eo Istribu-

S - . > . ions) as labeled. The predictions correspond te ?° decays,
distributions are sensitive to the magnitudesais,. The dip E,—30 GeV, L—2800 km, with the values for
in th_e predicted rate that 2gzorresponds to the first oscnlatlorbmizy Sia, Sya, Sip, @nds given in Eq.(43). The predicted dis-
maximum(when 1.267 émz,L/E,= ) can be clearly seen. tripution has been used to generate a Monte Carlo dataset with the
At the higherE, the contribution from poorly measured statistics corresponding to a 10 ktyr data §evints with error
higher energy,, CC interactions reduces the significance ofparg. The lightly shaded histograms show the predicted distribu-
the dip. To understand the statistical precision with whichtions in the absence of oscillations.

[o2]
o

>
o

120

o]
o

B
(@]

dN/dE, (v, CC Events/200 MeV per 10 kt)

013004-11



V. BARGER, S. GEER, R. RAJA, AND K. WHISNANT PHYSICAL REVIEW [B2 013004

TABLE V. Statistical precision in determining €i@i6,; and ém3, if sin?26,;=1.0 and sm3,=3.5
x 103 eV2. Fit results are tabulated for various muon storage ring energies and baselines.

Fitted energy Sif26,3 om3,
E, (GeV) L (km) Events fitted rangéGeV) % error % error
10 732 847 0-4 7.6 6.7
10 2800 284 0-10 1.1 2.4
10 7332 126 0-12 13 6.3
30 732 3984 0-12 14 8.9
30 2800 623 0-12 2.0 3.2
30 7332 655 0-25 0.57 1.2
50 732 1573 0-12 17 12
50 2800 169 0-10 1.8 4.9
50 7332 834 0-28 0.64 1.4
=50 GeV withL=7332 km. The precision of the fits for VIl. CONCLUSIONS

variousL and E, 1s summarized in Table V for Sma” Within the framework of three-flavor oscillations, we

_ 2 _ 2 .
B 1'(,) and5m32— 0.35<10% eV2. In or.de.r to ex'Fract the fit- have explored the sensitivity of muon appearance and muon
ted information, we have had to limit the fits to energy gisappearance measurements at a neutrino factory in which
ranges where the information is maximally available. It canhere are % 102° muon decays per year in a beam-forming
be seen from Table V that the parameters are ill constrainegiraight section that points at a 10 kt detector. Three stored
for the shorter baseline of 732 km. For the 10 GeV rihg, muon energie10, 30, and 50 GeVand three baselines
=2800 km, and for the 30 or 50 GeV ring,=7332 km (732, 2800, and 7332 Kirhave been explicitly considered.
seem to be the optimal baseline lengths for maximum preci©ur results are summarized in Table VI.

sion in sirf 26,3 and sm3,. If data can be taken alternately with positive and negative

x10°  E,=30 GeV, L = 2800 km, 2x10® 4~ Decays x10°  E,=50 GeV, L = 7332 km, 2x10® 4~ Decays
« 05 . 05
O
o o
> > 926 1036
~ 424 ~ 46
£ oas ® E 045 &

0.4 0.4 |

2859
623
0.35 Q&S 035 [ .
260
0.3 03 |
0.25 1200 0.25 | 3468 w1848
2N 99% CL 90% CL \68% CL
0.2 : 02 —m——— —
0.6 0.8 1 1.2 0.6 0.8 1 1.2
sin*29,, sin*219,,
FIG. 13. Fit to muon neutrino survival distribution fé&r, =30 FIG. 14. Fit to muon neutrino survival distribution f&r,=50

GeV andL = 2800 km for 10 pairs of sfr26, m? values. For each GeV andL =7332 km for 10 pairs of sfi26, m? values. For each

fit, the 1o, 20, and 3r contours are shown. The generated pointsfit, the 1o, 20, and 3r contours are shown. The generated points
are indicated by the dark rectangles and the fitted values by starare indicated by the dark rectangles and the fitted values by stars.
The SuperK 68%, 90%, and 95% confidence levels are superimfhe SuperK 68%, 90%, and 95% confidence levels are superim-
posed. Each point is labeled by the predicted number of signgbosed. Each point is labeled by the predicted number of signal
events for that point. events for that point.
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TABLE VI. Summary of sensitivity versus baseline and stored muon energy.

Survival Appearance
Sir? 26,5 om3, Sir? 26,5 Sir? 26,5
statistical statistical 10 event 03sign om3,
L (km) E, (GeV) precision precision sensitivity sm? effects

732 10 7.6% 6.7% 0.002 >0.1 Large
732 30 14% 8.9% 0.0005 0.1 Large
732 50 17% 12% 0.0003 >0.1 Large
2800 10 1.1% 2.4% 0.008 0.1 Moderate
2800 30 2.0% 3.2% 0.0007 0.005 Moderate
2800 50 1.8% 4.9% 0.0004 0.003 Moderate
7332 10 13% 6.3% 0.02 >0.1 Negligible
7332 30 0.57% 1.2% 0.001 0.04 Negligible
7332 50 0.64% 1.4% 0.002 0.02 Negligible

muons stored in the ring, a measurement of the wrong-sigments becomes 3.2% and 2.0%. With these levels of statis-
muon appearance rates and spectra can uniquely determitieal precision, systematic effectfor example, the uncer-
the sign ofm3, provided the oscillation amplitude is suffi- tainty in the neutrino fluxmay dominate. For the region of
ciently large (siR26;5>0.005 forL=2800 km andE, =30 three-flavor-mixing parameter space that we have explored,
GeV). To demonstrate this, we have considered determiningve conclude that =2800 km withE ,=30 GeV would en-
the sign ofém3, by measuring the ratio of wrong-sign muon able a very precise determination pim3,| and sif 26,5
rates when alternately positive and negative muons arfom muon survival, a determination of $i¢;; from muon
stored. Of the three baselines we have considdred2800  appearance, and the sign ﬁrfn%z from matter effectde.g.,

km is preferred for this measurement siice 732 km is too  py comparingve— v, with ve—v,,).

short(matter effects too smalandL =7332 km is too long The above analysis assumes t@R is conserved, ie.,
(Statistics too I|m|te§i to obtain gOOd SenSitiVity to the Sign S5=0. CP violation may be important whenever the effects
of m3,. We note that a global fit to both wrong-sign muon of the subleading mass scakenZ, are appreciable, e.g., at
event rates and energy distributions wi3, (including its  short and intermediate distande]. A detailed analysis of
sign left as a free parameter would improve the sensitivitythe C P-violating case will be given elsewhefa9].

to the sign ofémj3,, and may result in a different preferred  Finally, we note that if no appearance signal were ob-
baseline choic€39]. The sensitivity to wrong-sign muon ap- served, the implied very low value of €i6,; might provide
pearance, characterized by the minimunt 8# 5 for which  a window of opportunity for detecting oscillations driven by
a signal can be detected at the 10 events per year levahe smaller(solar neutrino deficitscale sm3,, should it be
improves linearly withE,. For L=2800 km andE,=30 the large-angle MSW solution. This requires further study.
GeV the minimum sif26,5=0.0007. This can be improved

to sirf 26,5=0.0004 by either increasirig,, to 50 GeV or by
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