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Within the framework of three-neutrino and four-neutrino scenarios that can describe the results of the
LSND experiment, we consider the capabilities of short-baseline neutrino oscillation experiments at a neutrino
factory. We find that, when short-baseline€100 km) neutrino factory measurements are used together with
other accelerator-based oscillation results, the complete three-neutrino parameter space can best be determined
by measuring the rate of.— v, oscillations, and measuringGP violation with eitherve—v, or v,
oscillations(including the corresponding antineutrino chanpelgith measurements a@ P violation in both
ve— v, andv,— v, it may be possible to distinguish between the three- and four-neutrino cases.
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[. INTRODUCTION primarily the appearance channelg—v,, ve—v,, and
v,—v, (and the corresponding antineutrino chanpeler

The recent results from the Super-Kamiokari8eperk  which the uncertainty on the beam flux is not critical to the
detector confirm the soldil] and atmospheri2] neutrino  sensitivity of the measurements. We find that the— v,
deficits and strongly suggest the existence of neutrino osciland v,— v, channels provide the best sensitivity to the
lations. The azimuthal angle and energy dependence of théP-violating phase; thev.— v, channel allows measure-
atmospheric data indicates a mass-squared difference scategnt of an independent combination of mixing parameters.
5m§tm~3.5>< 103 eV The Liquid Scintillation Neutrino Short-baseline experiments at a neutrino factory are suffi-
Detector(LSND) measurementf3] indicate neutrino oscil- cient to determine the complete three-neutrino parameter
lations with a different Sca|e§mESND~0_3_2_o eV there  space in these scenarios when their results are combined with
is also a small region of acceptable parameter space &ther accelerator-based experiments that are currently under-
6 e\2. The evidence for oscillations in solar neutrino dataWay or being planned. MeasurirgP-violation in bothwv,

[1,4], when taken as a whole, prefer yet a third, lower mass— ¥- andve— v, allows one to possibly distinguish between
squared difference scalém?,<10"* eV2. Once oscilla- the three- and four-neutrino cases. Hence all three off-
tion explanations for some or all of the data are accepted, thdiagonal oscillation channels are useful. In the four-neutrino

. . . .. 2
next step is to attempt to find a neutrino mass and mixing@Se it is not possible to have complete mixing ad
pattern that can provide a unified description of all the relParameter determinations without additional measurements

evant neutrino data. in future long-baseline experiments.
In this paper we consider two possible neutrino scenarios
which have been proposed to account for the LSND results: Il. THREE-NEUTRINO MODELS

() a three-neutrino model that also describes the atmospheric
neutrino data(in which case the solar data would be ex-
plained by a phenomenon other than oscillatisis and(ii)

a four-neutrino model that also describes both the solar an
atmospheric datd6,7]. As we show, the three-neutrino
model may be considered a sub-case of the four-neutrin
model. We examine the ability of short-baseline experiments

at a muon storage ring-based neutrino fac{@y13,15-17 A. Oscillation formalism

to determine the oscillation parameters in each case, and dis- | 3 three-neutrino model the neutrino flavor eigenstates

cuss how the three- and four-neutrino scenarios may be dis; gre related to the mass eigenstatesin vacuum by a

tinguished. . . _ unitary matrixU,
We concentrate on experiments in which muon and tau

neutrinos are detected via charge-current interactions and
there is good sign determination of the detected muons and |Va>:; Uilwy), @)
tau leptons. The sign determination allows one to distinguish

betweenve— v, andv,— v, for storedu™ in the ring, and  with a=e,u,7 andj=1,2,3. The mixing matrix can be pa-
betweenve— v, andv,—v, for storedu™. We consider rametrized by

Here we address the ability of short-baseline neutrino os-
cillation experiments to probe a class of three-neutrino mod-
8Is that can describe the results of the LSND experiment,
together with the atmospheric neutrino deficit observed by
H1e SuperK experiment.
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C13C12 C13512 sie '’

U=| ~CesS12— S13523C128'0  CoxC1—S155:8518'°  CisSas , 2)
Sp3812~ S13C2C128' 0 —SpC12— 51023516 °  C1aCa3

where cj =cosfy, sjy=sind, and § is the CP non- trinos and the smalb,— v, mixing in the LSND experi-
conserving phase. Two additional diagonal phases arment. Thev, survival probability at the leading oscillation
present inU for Majorana neutrinos, but these do not affectscale is given by
oscillation probabilities.

For three-neutrino model; in which the re_sults of the at—p(,,e_> ve)=P(ve— Ve):4C§2C§3(1_Cizciz)SinzALSND-
mospheric and LSND experiments are explained by neutrino 7

oscillations there are two independent mass-squared differ-

ences:dmigyp=0.3-2.0 eV and 6m3,~=3.5x10 % eV2.  Results from the BUGEY reactor experimei®5] put an
We take Sm3,= dmz,, and dm3,= dmsyp; see Fig. 1.  upper bound orP(ve— vg) for Smigyp>0.01 e\?, which
These mass-squared differences obey the conditinfs, provides the approximate constraint

> émZ,,. Then the general off-diagonal vacuum oscillation

probability is s?,+57,<0.01. 8
P(v,— v5)=4|U 41|?|U 1| >SiPA  snp This leads to the conditions
_ * * :
4 Re(U ,,U%3U%,U g3)SIPA 5y 23S, (3) 017, 015< Ora. )
where with the mixing of atmospheric neutrino8,;, near maximal
A]E1.275mj2(eV2)L(km)/EV(GeV), (4) (0,3~ m/4). Hence we can take]_z-,sl3<323,(:?3: _and Ci2
=cq.3=1. The off-diagonal oscillation probabilities af&®
S=[in 2A 4+ SiN 24 | snp—SiN 2(A Lsnp+ A i) ] leading order in the small mixing angle paramekers
= 2(SiN 2 4 SIPA | gyp+ SIN 24| spSINPA 4, 5 P(ve—wv,)= 4[s1 o5t S13323ei 5| ZSiPA | snp
andJ is the CP-violating invariant[18—20, which can be — 2815814C55IN 20,581 A g+ $1251555SIN 26,35,
defined agd=Im{U,UgU7,U 3} The plus(minus sign in (10)

Eq. (3) is used wherr and g are in cyclic(anticyclic) order,
where cyclic order is defined au 7. For antineutrinos, the P(ve— v,)=4|81,5y3— S1aCoee' %|2sirPA L snp
sign of the CP-violating term is reversed. For the mixing

matrix in Eq.(2), +2815819C 5SIN 260235INPA gy 51251385SiN 26,3,

. (11

J= 3130%:4512(3125230235'n 0. (6)
—_ i6|2

For recent discussions @ P violation in neutrino oscilla- P(ru—v7)=4l812025+ 13528 [ 8183
tions, see Refs[9,12-13 and [21-23. For L<100 km, —S14C298 9|2SIrPA  gnpt SIMP2 0,58IPA 4y
matter effect§24] are very small and the vacuum formulas .
are a good approximation to the true oscillation probabilities. +51251385SIN 26235, (12)

The class of scenarios that we are considering is designed

to account for the large,,— v, mixing of atmospheric neu- Wherec;=cosé ands,=siné. The expressions for the an-
tineutrino channels are obtained by changing the sign of the

ms 2 111 e Sterm in each case. A representative scenario, 1B1 in Ref.
m, Oy, m [26], that we will use as an example has the parameters
2
e om3,=3.5x10 % eV?, sirf26,=1.0
m i — om3,=0.3e\?, sirf26,,=sir’26,,=0.015,
: ™ (13
(@) (b)

with & a varied parameter. More general§m?syp in the
FIG. 1. Ordering and separation of mass eigenvalues ifghe range 0.3-2.0 e¥is allowed with v,— Ve Oscillation am-
three-neutrino angb) four-neutrino scenarios in this paper. plitude given by
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TABLE I. Leading and next-to-leading contributions to neutrino oscillations in the three-neutrino models
under consideration in a short-baseline experiment Wit chosen such that, syp~1. The parameters;,,
Sz and A=A snp/100 are all<1. Also shown is the size of thé P-violating (CPV) term compared to
the (dominanj CP-conserving CPC) term, assuming terms the same order of magnitude cancel in the ratio.

Oscillation Leading term Next-to-leading term Ratio@PV
(CP conserving (CP-violating) to CPC terms
P(ve—v,) 4[s1,C05+ S13523€ (s| SIPALsnp 451513555IN 20,38INPA | sNDA atm S5A atm
P(ve—v,) 4815525~ S13C24€'?| *SiMPALsnp —451,5,3555iN 26,55INPA sNpA oy -SsA atm
P(v,—v.) S|n22023Aatm 45158135,SIN 26,3SIMALsNDA am $15513Ss
Aatm
_ 0.06 e\?) 2 The K2K [27], MINOS [28], ICANOE [29] and OPERA
4]S1,Co3t+ S13805€" 2= | —5— (14  [30] long-baseline experiments will measure the parameters
om LSND in the leading term of thev,— v, probability, 6,5 and

smZ,,, and MiniBooNE[31] WI|| measure the parameters in
the leading term of thev.—wv, probability, |S12C03
+5,55,4€'°| and 5meND. Therefore, only two independent
quantities will remain to be measured in short baseline ex-
periments:(i) the amplitude of the leading oscillation in the

In a short-baseline experiment/E should optimally be
chosen such thatA g\p~21, in which case Ay,
=A_gnp/100<1; e.g., for émigp=0.3 eV* and E,
=14 GeV we might choosk=45 km, giving

Sm2 L 14 Ge ve.— v, probability, and(ii) the subleadingcPV term, which
A= 0.014( atm )( \/) has the same magnitude for each off-diagonal channel and
3.5x10 3 eV?/ | 45 km E, can be determined by a comparison of neutrino to an-

(15 tineutrino rates. Hence a combination of short-baseline mea-
surements with the results of the other accelerator-based ex-
periments would allow all of the parameters in this three-

neutrino scenario to be determined. Measurements of the
other short-baseline off-diagonal oscillation probabilities

may then be used to check the consistency of the result
and/or improve the accuracy of the parameter determina-

- ; tions.
S=48auSiTALso- (16) One can also measure the,— v, survival probability,

Therefore, in these scenarios, the dominant contribution téhich to leading order in small quantities can be written
P(ve—v,) andP(v.—v,) comes from the leading oscilla- . : .

tion (the SifA gy term), but the dominant contribution to  © (s~ VM):1_4A(1_A)Sm2AL5ND_S'n229233m2Aa(‘T’7)
P(v,—v,) comes from the subleading oscillatiofthe

stAatm term); these results are summarized in Table I. Inwhere
each case, the dominant termG4$-conserving and propor-

tional to the product of two small parameters. The A= 85,523+ €555+ 25,50 2351551C 5 (18)
CP-violating contribution in each case is

25,,513555IN 20,58iN 2A 4, sirA, snp, Which is a product of In short-baseline experiments, both oscillatory terms in Eg.
three small paramete(assumingg is not smau and hence (17) are second order in small quantities. A measurement of
is smaller than th€ P-conserving contributiofsee Table)l ~ P(v,—v,) could be used in conjunction with other short-

In all, there are six parameters to be determined in th@asellne measurements to make a complete determination of
expressions in Eqg10)—(12): the three mixing angles, the the oscillation parameters without the use of other data.
phase 5, and two independent mass-squared differencediowever, sinceA and A,y are small, the deviations of
However, although there are six off-diagonal measurement8(»,—v,) from unity are also small, and the normalization
possible with, and = detectionthe three in Eqs(10)—(12) of the beam flux would need to be known to high precision
plus the corresponding antineutrino chanhetbe leading for this to be a useful measurement.
and next-to-leading terms in the expressions for these oscil- An examination of Eqs(10)— (12) and (16) shows that
lation probabilities are onIy sensitive to five independentonly the relative sign o and sm3, may be determined in
quantities:|S;,Co3+ 155,589, 812523~ $15C25€'%|, S125155s, short-baseline measurements for the distances and oscillation
SirPA snp, and sin Z,5A 4. For the parameter ranges we parameter values that we are considering. Long-baseline ex-
are consideringfy, 613> A ym; then the sifA gyp term in periments at a neutrino factory should be able to determine
Eq. (12) can be comparable to one of the other terms inthe sign 0f5m32 since there is a significant dependence of
P(v,—v,), but this term still depends on a subset of thesethe matter effect on the sign @in32 for L=2000 km[12—
same five independent quantities. 14,16,117.

Note that in the forward directio,=14 GeV is the aver-
age v, energy for stored unpolarizequ™ with E,
=20 GeV. Thus in the probability equations abowg;,
S13, and A, are all small parameters, at the few percent
level or less. Then to leading order iy,
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FIG. 2. Ratio of tau production rates for storgd to that with

storedu~ for ve—v, andv,— v, oscillations, shown versus the 1?0 kt-decays. The figure clearly shows that there is one
CP-violating phases for several values dof. These results assume distance that maximizes the size of WB®-violation effect
a stored muon energ¥,=20 GeV and oscillation parameters which in this cas€20 GeV muonsis aboutl =45 km. This

given by Eq.(13). The representative errors shown are statistical,

assuming 1% kt-decays(after accounting for detector efficiency

B. Results

Figure 2 shows the ratio of the rate of tau production for

stored ™ to that for storedu™ for the vo— v, and v,
— v, channels, versus théP phasesé for several values of
baseline length., with oscillation parameters given by Eq.
(13). Statistical errors are also shown, assuming®1a-

decays(corresponding, for example, to three years of run-

ning with 1G° useful muon decays per yearcha 1 kt de-
tector having 33% tau detection efficiencifhe event rate e.g., forom’gp=2 €V? the best sensitivity t€ P violation

3
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calculations are done according to the method outlined in
Ref.[11]. For the choice of parameters in E4.3), s;, and

Sy3 are larger tham\ ;,, and thev,— v, channel shows the
largest relativeC P-violating effect(see the last column of
Table ). The figure also shows that for,— v, oscillations
there are some values bfthat lead to a large€ P-violating
effect, as we discuss below.

The last column in Table | shows that the relative size of
the CP-violating effect in thev,— v, channel decreases
with increasingA 4, (i.€., with increasingL/E). Also, for
very smallL/E, whenA gyp<<1, S—0 to leading order in
Agmand A syp, and theCP violation becomes negligible.
Therefore, for any given set of oscillation parameters, there
will be an optimumL/E that maximizes theCP violation
effects in thev,— v, channel.

Figure 3a shows the ratio of,— v, event ratesfrom ut
decay$ to v,— v, event rategfrom u~ decay$, R,,,, ver-
sus baseline for 20 GeV muons, for oscillation parameters
given by Eg.(13) and three values of (90°, 0°, and
—90°). Approximate statistical errors are shown for

optimal distance decreases slowly with increa&ih@z. For
om3, in the range (2.5-4.5510 % eV?, we find that the
optimal L is in the range 40-50 km fafm?Zg,,=0.3 e\’

The optimallL scales inversely wittbm?gy, and for stored
muon energies well above the tau threshold may be approxi-

mated by
0.3eV
Lop=45 k

2
OM{snp

(19

EM .
20 GeV)’

3

E, =20 GeV dmégp,=0.3ev?:  (a) E, =20 GeV dmég, =0.3eV? (b
107 kt-decays sin®20,, = sin?26,, = 0.015 10% k-decays sin®20,, = 0.0336
25 ¢ LA 1 251 sin?20,, = 0.0038 T
T ; .
3
Z ':‘ %&
~ 151 .4 41 15| -
12 % %
i i %
=3 -
s | S | _
= 1 % %% % ) !
05 | ° 4 o5t -
i B _{,{—{ 90
L‘L‘Li—i—-z——}—i—%—E%{_E‘% ¥
0 1 1 1 1 1 0 1 1 1 1 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
L (km) L (km)

FIG. 3. (@ R”TEN(;#HZ)/N(VMH v,) versusL, for E,=20 GeV, with oscillation parameters given by Ef3), where,,= 6,3. (b)
Similar results for sif26,,=0.0336 and sif2¢;,=0.0038. Statistical errors correspond td’L&t-decays.

033002-4



SHORT-BASELINE NEUTRINO OSCILLATIONS AT A ... PHYSICAL REVIEW D63 033002

@ g, -20Gev ®) g, -20Gev

24}
2x10?! kt-decays 10% kt-decays

22 . 22
2 2

dMigp =03 eV

sin®20,, = sin?26,, = 0.015

N(ve—Vy) / N(Ve—Vy)
L\v]

N(ve—V.) / N(Vg—V,)
n

dm g, =0.3eV?
sin®26,, = sin®28,,=0.015

0 20 40 60 80 100 120 0 20 40 60 80 100 120
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FIG. 4. (8) Re,=N(ve— v#)/N(jeajﬂ), and(b) Ry, =N(ve— v,)/N(ve—v,). A 4 GeV cut haseen imposed on the detected muon
in (a). Statistical errors correspond tox2.0?* kt-decays in(@ and 16° kt-decays in(b).

is obtained withL=6 km. The distance from Fermilab to rates(from u* decay$ to ve— v, event rategfrom n~ de-
Argonne is about 30 km, which would be optimal f,  cay9. The statistical errors correspond to®4kt-decays. It
=20 GeV anddm{gyp=0.45 e\f. Similar results for an s evident from the figure that the,— v, channel is not as
optimal distance foCP violation in v,— v in the context  useful for detectingCP violation (primarily because of the
of four-neutrino models have been reported in R22]. reduced event rate in tau detectipalthough this channel is
Given Eq.(14) (the LSND constraint on the,—ve 0S-  the most sensitive to the,— v, oscillation amplitude. The
cillation amplitudg, CP violation is maximized wherf;,  combination of parameter$s; ,Sys— S16C25€' 9| in the v,
= 6,3 sinceJ is proportional to the product of;, and S13. — v, amplitude is also present in the &gy term of
Figure 3b showsR,, for unequal 61, and ;30 sin2,, P(v,—v,) [see Eq.(12)], along with an additional factor
=0.0336 and sif2d,5=0.0038, which for6=0 gives the  jnyolving small mixing angles; hence, it would be more dif-
same LSND result as si6;,=sin’26,,=0.015. The  ficult to measurds; ,Sys—s,:C,'7 in the v,— . channel,
CP-violation effects forf,,# 6,3 are not as dramatic as with Figure 5 shows, for variou€ P-violating cases wittE

015= 013, but still may be observable with 10kt-decays. 20 Gev, the statistical significand@umber of standard
An examination of Table | shows that the relative size ofyeyiations that the ratioR,,,, Re,, andR., deviate from
the CP violation in theve— v, Or ve— v, Channels increases nejr expected values for th€ P-conserving case. While
with L/E. However, once\ ., is of order unit)_/ or larger the  poth thev,— v, and v,— v, channels provide good sensi-
sin A4, term in S averages to zero, washing out & tjyity near the optimall, ve— v, is more sensitive for a

violation; this does not happen untilis much larger than \yiqer range ofL, especially for \;Lalues o that do not give
100 km. Since the flux falls off like 17, the statistical un-

° - ) maximal CP violation. An additional potential advantage of
certainty increases roughly like, and as long ad ;<1 a

; : At the ve— v, channel is that, in principle, lower energy neu-
wide range of distances have comparable sensitivitC B ing factories can be used since there is no need to be above

violation in theve— v, or ve— v, channels. the tau-lepton production threshold. However, as the energy
Figure 4a shows the rati®,, of ve—v, event rates of myuons in a neutrino factory decreases, the sensitivity to
(from u* decay$ to ve— v, event rategfrom »~ decay$  CP violation also decreasdsee Fig. § this is especially
versus baseline for oscillation parameters given by(E8§), true if a lower bound is imposed on the energy of the de-
with E,=20 GeV. The statistical errors correspond to 2tected muon.
X 107 kt-decays(which could be obtained, for example, by  In principle, measurements can be made with varying
three years of running with 0 useful muon decays per L/E, either by using experiments at more than one baseline,
year, and a 10 kt detector having a 67% muon efficign8y  or by using a measure of the neutrino eneffpy example,
4 GeV minimum energy cut has been made on the detectetthe total observed event enejgat a fixed baseline. How-
muon. AlthoughR,, is not as sensitive t&€PV effects as  ever, since there are only five independent quantities in the
R,., the increased statistioglue to a larger overall rate leading- and subleading-order probabilities in E¢B0)—
resulting from the use of a larger detector for myomske (12), such measurements still cannot completely determine
ve— v, another attractive channel f@P violation. Figure the three-neutrino parameter set; this can only be done at
4b shows similar results fdR.,, the ratio ofv,— v, event  short baselines by a measurement of the subsubleading terms
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FIG. 5. Statistical significance @ P violation measurements of

R, (solid curve$, R,

(dasheg, andR., (dotted for various posi-

tive values of theCP-violating phases, when compared to the
CP-conserving case, assumiiig, =20 GeV, and 1% kt-decays

for a tau detection and>210?* kt-decays for muon detection. The

other oscillation parameters are given in Efj3). Similar results
are obtained for negative values &f
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To summarize, when used in conjunction with long-
baseline measurements from K2K, MINOS, ICANOE, and
OPERA, and with results from MiniBooNE, all six of the
three-neutrino oscillation parameters can in principle be de-
termined with short-baseline measurements at a neutrino fac-
tory. The short-baseline measurements would determine two
parameters not determined by other accelerator-based experi-
ments, and would provide a consistency check by indepen-
dently measuring three other parameters also measured by
other accelerator-based experiments. Tge: v, channel is
most sensitive to the quantitys;,Sy3— S13C2€'%. The v,

— v, channel provides good sensitivity @P violation over

a wide range oL when a large muon detector is used, and
the v,— v, channel is largely useful for detectir@P vio-
lation only near the optimall.

Ill. FOUR-NEUTRINO MODELS
A. Oscillation formalism

Four-neutrino models are required to completely describe
the solar, atmospheric, and LSND data in terms of oscilla-
tions, since a third independent mass-squared difference is
necessary. A fourth neutrino must be sterile, i.e., have neg-
ligible interactions, since only three neutrinos are measured
in Z—vv decays[32]. Following Ref.[21], we label the
fourth mass eigenvalum,. Given the pattern of masses,,

m,, andms from the three neutrino case in Sec. Il, there is a
preferred choice for the scale afi, that can fit all of the

in the off-diagonal probabilities, or of the subleading termsdata, including constraints from accelerator experiments,

—>V

in the diagonalv,,

probability [see Eq(17)], both of

namely,my must be nearly degenerate with, so that there

which would be very challenging experimentally. Similar are two pairs of nearly degenerate states separated by a mass
conclusions apply for additional measurements involvinggap of about 1 e\(6,7]; see F|g 1b. The@m?, governs the

electron detection.

oscillation of solar neutrinosim3, governs the oscillation of

L 2x10%' kt-decays
8=90°

#ofc

(b)

2x10?! kt-decays
§=-90°

14+

100

FIG. 6. Statistical significance dP violation in R,, for (a) 6=90° and(b) 6=—90°, when compared to th&P-conserving case,
assuming X 10?* kt-decays, forE, =20 GeV(solid curve, 10 GeV(dasheg and 5 GeV(dotted. The other oscillation parameters are
given in Eq.(13). A 4 GeV cut has been imposed on the detected muon.
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atmospheric neutrinos, amina,, 6m3,, Sm2,, andém3,all g1, g, andéys, and two additional phases are required in

contribute to the LSND oscillations. extending the three-neutrino phenomenology to the four neu-

Six mixing angles and thre&six) phases are needed to trino case. The simplest situation, which occurs in most ex-
parametrize the mixing of four Dira@Majorana neutrinos;  plicit four-neutrino models, is that large mixing occurs only
only three of these phases are measurable in neutrino osclietween the nearly degenerate pairs; then the four-neutrino
lations. Thus three additional mixing angles, which we labelmixing matrix can be parametrized E&l1]

* * *
Co1 So1 So2  Sos
* *
—So1 Co1 S12  Si3
* * * *
U=| ~CoxS2sSost CasSo2) —Sou(SzsSost CasSo2)  Caz S (20)
+801(S535131 C23812)  — Coa(S53815F C23512)
*
Co1(S23502~ C23503) So1(S23S02— C23503)  —Sz3 Ca3

—Sp1(S23812~ C23813) 1 Co1(S23512— C23513)

wheres;, is here defined as s'ﬁ]ke“sjk, and thesj, are the six B. Discussion

possible phases for Majorana neutrinos. We 8gt= 553 When combined with measurements from K2K, MINOS,
= 602=0 without loss of generality, since only three phasescaANOE, OPERA, and MiniBooNE, the three parameters
are measurable in neutrino oscillations. 015, 613 and ;5 can in principle be determined by short-

In this four-neutrino scenario, the paramete’®,,  paseline measurements of the—». amplitude and the
Sm;, 63, 01 and 615 have the same roles as in the three-CpV term in the vo— v, channel. This is similar to the
Equino.f.scgnarih%i.n tue phrevious section; theTw%&%; three-neutrino case in Sec. Il. However, measurements of

e identified withs in the three-neutrino case. The ang| T wi ; Al ;

describes the mixing of the fourth flavor of neutrino with the Z“_)gf aggdvge VTTh:/:}” inII}y gm\?;mm t;n{)qlr{natlon ?n

iti TR 2 02 Y03 03- w w probability can also
state it is nearly degenerate with, ; togetherdmi, andfo;  pe measured, which in the limit that the solar mass-squared
can take on the approximate values appropriate to any of thgitference can be ignored is
solar neutrino oscillation solutiond33] [small angle
Mikheyev-Smirnov-WolfensteiiMSW), large angle MSW,  P(v,—v,)=1-4A(1—A)SinPA snp— SIMP2 OSiIMA gy,
low probability MSW (LOW), and vacuurh The remaining
mixing anglesdy, and 63 describe mixing of the fourth neu- (22)
trino with the two statesv,, v, in the other nearly-
degenerate pair. Although models with pure oscillations Quhere
sterile neutrinos are disfavored for the sdlad] and atmo-
spheric[35] data, models with mixed oscillations to sterile
and active neutrino§7,36,37, i.e., non-negligibledy, and
003, are presumably also possible. Finallly; and dy3 are + 25,4C23RE(SpsS03+ 512519 1. (23
extra phases that may be observable in neutrino oscillations
with four neutrinos. Both oscillatory terms in Eq(22) are second order in small

_ In the limit that_ terms involving the_solar mass-sqt_Jare_quuamities in short-baseline experiments. In principie,,
difference can be ignored, the expressions for the oscillation v,) could be used as an additional measurement; how-

probabilities in Eqs(10) and (11) remain the same. How- ever, unlessfy, and s are larger thandy, and 65, the

ever, thev,— v, probability becomes deviations ofP(v,—v,) from unity are very small, and the
_ i _ —is normalization of the beam flux would have to be known to
Py v =4l(Sigast $13%25¢ ) (812823~ S1C20 ) high precision for this to be useful.
+(SoCa3T SoaS2a€' %) The parameters,,, s;3 ands; determined by short base-
X (SpS23— SoaC228 ' 909)|2SirPA | snp line measurements of the.— v, andv.— v, channels give
- SirP2 0usiPA p_redlctlons for thev,— v, channel at short baselines that can
235 atm differ for the three- and four-neutrino casgsgs. (12) and
+($125138IN 813+ SpzSp3Sin Sg3) SiN 260,3S. (21), respectively. If the three-neutrino predictions for
(22) v,— v, are found to substantially disagree with the experi-
- mental measurements, then the disagreement would provide
For P(v,—v,), the sign of theSterm is reversed. evidence for the existence of a fourth neutrino. The absence

A=4[ S5 |sod >+ |514%) + C35(S5o+ S2,)

033002-7
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1 T T T T T 8 T T T T T

a b
E, = 20 GeV @ E, = 20 GeV ()
10 kt-decays 0,5 =0,3=0g, =65 [ 10% kt-decays B1p = 043 = Bgp = B3
08 - 8,5 = 90° 1 3| | Bu=—90

06

04

N(Vu—ﬁt) / N(vu—wr)

02

120 0 20 40 60 80 100 120

FIG. 7. CP-violation effects with four neutrinos iR, versusL, for E,=20 GeV with oscillation parameters given by E43), 6,
= 0g3= 015= 013, Sp3=0 (solid curve$, 90° (dashegl and—90° (dotted and(a) 5;3=90° and(b) &,3= —90°. Statistical errors correspond
to 10°° kt-decays. Corresponding results for three neutrinos are given in Fig. 3.

of such a disagreement would indicate that either there arfom these oscillation measurements. However, when com-
only three neutrinos or thafly, and 6y3 are significantly bined with results at other baselines, most of the four-

smaller thand,, and 6,3. neutrino parameter set could be determifi2d.
In general, the sensitivity of the measurementsvgf
—v,andv,—v, 10 Opy, O3, and gz in the four-neutrino IV. SUMMARY

case are similar to the sensitivities @g,, 6,3, andé in the ) ) ) o
three-neutrino case. For example, given the parameters in N Scenarios designed to describe the LSND oscillation
Eq. (13) and3,5=0 (i.e., noCP violation in theve— »,, and results, our results show that short-baseline neutrino factory
ve— v, channely if sy,=Ss;, and sp3=S,3, then the four-
neutrino predictions would be given by Figs. 3a and 3b, ., .,
where 53 takes on the values aof in the figures; the corre- E, =20CeV sin"9,, = sin“d,5= 0.015
sponding three-neutrino predictions would be given by the 10%° kt-decays B893=0
6=0 curves. Larger values af, andsy; could give a much 800 | 8p3=9;3=0 i
larger C P-violating effect, provided thabyz was not small. %%
If both 8p3 and 6y, were nonzero, thei€ P-violating effects
could add together either constructively or destructively. 0.060 %
Hence, largerCP-violating effects are possible in the, 800 |- .
— v, channel in the four-neutrino case than with three neu-
trinos, orCP violation may be present in,— v, when it is
not present in theve—v, or ve—wv, channels(or vice
versg, unlike the three-neutrino case, as illustrated in Fig. 7.
Even if there is naC P violation, effects of the angley, and 0.015 @‘i %,
6,3 could be seen in the S g\p term in Eq.(21), as illus- |
trated in Fig. 8. Here, sensitivities té,, and 6,5 tend to 200
increase with decreasin, due to the increased flux at
shorter distances. 9,
Proof of the existence of a fourth neutrino does not ex- 8in“8y,
clude the possibility that there may be more than four neu- 0 ' ' ' ' L
trinos. Strictly speaking, an inconsistency between the mea- 0 20 R Z‘(’m) & 100 120
surement of v,—wv_ oscillations and the three-neutrino
predictions would imply only that there are four or more  FIG. 8. Effects of four-neutrino mixing on the,— v, event
neutrinos. In a model with four or more neutrinos, there areate versus for E,=20 GeV, g3= 815= 8p3=0, o= g3, and
many more mixing angles and phases in the neutrino mixingir?26,,=0 (solid curve, 0.015(dashed 0.034(dotted, and 0.060
matrix, and it would not be possible to determine them all(dot-dashe)l Statistical errors correspond to?20kt-decays.

1000 T T T T T

0034 %

N(vy—vq)

kg ]
400 F @\‘@‘ %
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measurements can in principle determine all of the threedence for the existence of sterile neutrinos. Although our
neutrino parameters provided the results are used togeth@aur-neutrino analysis is based on a specific model with
with future results from other accelerator-based experimentdlock diagonal mixing matrix in the 22 model, we expect
The v.— v, channel is most sensitive to one combination ofthe qualitative results to hold more generally. Neutral current
parameters in th€ P-conserving terms. The,— v, channel ~measurements would complement the charge current studies
provides good sensitivity t€ P violation over a wide range of this paper in the search for sterile neutrinos.

of L (20-100 km forE, =20 GeV), assuming that a large
muon detector is used, e.g. 10 kt. Thg— v, channel is also
sensitive toCP violation for a more restricted range &f
and may be used to explore whether more than three neutri- V.B. thanks the Aspen Center for Physics for hospitality
nos exist. For four or more neutrinos, tBé>-violating effect  during the course of this work. This research was supported
in v,— v, may be either enhanced or reduced by the addiin part by the U.S. Department of Energy under Grant Nos.
tional mixing parameters. If MiniBooNE confirms the LSND DE-FG02-94ER40817, DE-FG02-95ER40896 and DE-
oscillation results, then it will be important to measure theAC02-76CH03000, and in part by the University of Wiscon-
rates in all three appearance modes, as well as to search fein Research Committee with funds granted by the Wiscon-
CP violation in ve— v, andv,— v, to obtain indirect evi- sin Alumni Research Foundation.
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