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We present a unified global analysis of neutrino oscillation data within the framework of the four-neutrino
mass schemes @31) and (2+2). We include all data from solar and atmospheric neutrino experiments, as
well as information from short-baseline experiments including the Liquid Scintillation Neutrino Detector
(LSND). If we combine only solar and atmospheric neutrino dataj- {3 schemes are clearly preferred,
whereas short-baseline data in combination with atmospheric data prefé&)(&hodels. When combining all
data in a global analysis, the {3L) mass scheme gives a slightly better fit than the- 22 case, though all
four-neutrino schemes are presently acceptable. The LSND result disfavors the three-active neutrino scenario
with only AmZ, and Am2,, at 99.9% C.L. with respect to the four-neutrino best-fit model. We perform a
detailed analysis of the goodness of fit to identify which subset of the data is in disagreement with the best-fit
solution in a given mass scheme.
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I. INTRODUCTION Two very different classes of four-neutrino mass spectra can
be identified. The first class contains four types and consists
From the long-standing solarl-5] and atmospheric of spectra where three neutrino masses are clustered together,
[6—9] neutrino anomalies, we now have compelling evidencevhereas the fourth mass is separated from the cluster by the
that an extension of the standard model of particle physics ig1ass gap needed to reproduce the LSND result. The second
necessary in the lepton sector. The most natural explanatictlass has two types where one pair of nearly degenerate
of these experiments is provided by neutrino oscillations inmasses is separated by the LSND gap from the two lightest
duced by neutrino masses and mixing with neutrino massheutrinos. These two classes are referred to asl(Band
squared differences of the order AnZ,=10* eV? and (2+2) neutrino mass spectra, respectivigdf]. All possible

Am3,~3x10 3 eV2. Explaining also the evidence of , four-neutrino mass spectra are shown in Fig. 1.
&) One important theoretical issue in these models is how to

— v, oscillations with a mass-squared differensenfsy,  account for the lightness of the sterile neutrino which, ordi-
~1 eV reported by the Liquid Scintillation Neutrino De- narily, should have a mass well above the weak scale. The
tector (LSND) experiment[10,11] requires an even more simplest possibility is to appeal to an underlying protecting
radical modification of the standard model. Currently thissymmetry, getting, moreover, the LSND mass at one-loop
experiment is left out in most analyses of neutrino data. Alorder only[13,14. Alternatively, the lightness of the sterile
the moment, the LSND result is neither confirmed nor ruledneutrino may follow from volume suppression in models
out by any other experiment, and therefore it is reasonable thased on extra dimensiofi$7,18. As for the maximal at-
see more quantitatively its impact on the physics of the lepmospheric mixing angle, it follows naturally in the models of
ton sector. Refs.[13,14,18 since to a first approximation the heaviest

If all the three anomalies are explained by neutrino oscilneutrinos form a quasi_Dirac pair whose components mix
lations, and the possibility o€PT violation is neglected

[12], we need at least four neutrinos to obtain the three re-

quired mass-squared differences. In view of the LEP results 1 e 1 ms 1 ma 1 ma Tme I ms
the fourth neutrino must not couple to tEeboson. Such a T™ T ™

; ; ; ; +m2 1 ma + m2
sterile neutrinowith a mass in the electronvolt range has + m]
been postulated originally to provide some hot dark matter
suggested by early Cosmic Background EXxplof@OBE)
results [13—15, and after the LSND result many four-
neutrino models have been propogéé-19. A quite com- ™ 1 73 T™s
plete list on four-neutrino references can be found in Ref. ¢ 7"% T M2 T M4 T My Tmz T %411
[20].

A very important issue in the context of four-neutrino a b c d A B

scenarios is the question of the four-neutrino mass spectrun™ e ~ e

FIG. 1. The six types of four-neutrino mass spectra. The differ-

*Electronic address: maltoni@ific.uv.es ent distances between the masses on the vertical axes symbolize the
"Electronic address: schwetz@ific.uv.es different scales of mass-squared differences required to explain so-
*Electronic address: valle@ific.uv.es lar, atmospheric, and LSND data with neutrino oscillations.
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maximally. Finally the splittings which generate solar and+2) mass spectra in a unified formalism, which allows us to

atmospheric oscillations arise due to breaking of the originatompare directly the quality of the fit for these rather differ-

symmetry(for example, due to additional loop suppresgion ent mass schemes.

[13,14 or due toR-parity breaking 19]. These models lead ~ The plan of the paper is as follows. In Sec. II, we define

to a (2+2) scheme. our notation. In Secs. I, IV, and V, we consider the mixing
One important feature of (81) mass spectra is that they parameters relevant in the different classes of experiments

include the three-active neutrino scenario as a limiting casdSBL, solar and atmospheric, respectiyelgliscuss con-

In this case, solar and atmospheric neutrino oscillations argtraints on these parameters, and describe the experimental

explained by active neutrino oscillations, with mass-squaredata used in the analysis. In Sec. VI, we give a thorough

differencesAm?2,, and Am2,,,, and the fourth neutrino state discussion of the parametrization of four-neutrino mass

gets completely decoupled. We will refer to this scenario a$chemes. The parametrization we introduce is based on
(3+0). The (3+1) scheme can be considered as a perturp_hysmally rel_evant guantities and is convenient for the com-

bation of the (3+0) case: a small mixture of, andv, with ~ Pined analysis. In Sec. VII, we compare the{(B) and (2

the separated mass state can account for the oscillations off-2) mass schemes when data from solar and atmospheric
served by LSND. In contrast, the ¢22) spectrum is intrin- neutr'lno experlmen.ts are combined, Whgreas in Sec. VI we

sically different from the three-active neutrino case. A veryconsider the combination of atmospheric and SBL experi-

important prediction of this mass spectrum is that there hag'€nts. In Sec. IX, we present the main result of this work: a

to be a significant contribution of the sterile neutrino eitherfit Of the global set of neutrino oscillation datsolar, atmo-

in solar or in atmospheric neutrino oscillations or in both, SPheric, and SBLin the framework of four-neutrino mass

More precisely, in the (2 2) case the fractions of sterile spectra. We also comment on a standard model fit, i.e., a fit

neutrino participating in solar and in atmospheric oscillationd©r the (3+0) case. In Secs. VII-IX, we focus mainly on the
have to add up to [22]. relative comparison of (3 1) and (2+2) mass schemes; we
Based on semiquantitative arguments, it has been realizell make some comments on the absolute quality of the fit
for some timg23—26 that it is difficult to explain the LSND ~ In Sec. X. Finally, we present our conclusions in Sec. XI.
result in the framework of (3 1) schemes because of strong FOr readers interested mainly in the results of our work,
bounds from negative neutrino oscillation searches in shortde suggest skipping Secs. Ill-V1. After having a look at Fig.
baseline (SBL) experiments, and therefore the 42) % where the parameter structure of the four-neutrino fit is
scheme was considered as the preferred one. Recent expélidstrated, we recommend proceeding directly to Sec. VII.

mental developments led to a renaissance of thelBmass

scheme$21,22,27. First, a new LSND analysisee the last Il. FOUR-NEUTRINO OSCILLATION PARAMETERS
reference of10]) resulted in a shift of the region allowed by ) ) )
LSND to slightly smaller values oAm?gyp, which makes To obtain a four-neutrino scenario from a gauge model of

the (3+1) schemes somewhat less disfavored. However, ithe weak interaction, one need_s to extend the lepton sector
Refs.[28,29 it was shown within a well-defined statistical PY @ humbemof SU(2)®U(1) singlet lepton39). In such
analysis that a bound implied by SBL experiments is in dis schgme the charged current leptonic weak_lr_lteractlon is
agreement even with the new LSND allowed region at the>Pecified as by a rectangula3+m) lepton mixing ma-
95% C.L. in (3+1) schemes. Second, the high statistics datdx K=QU which comes from diagonalizing separately the
from Super-Kamiokande started to exclude two-neutrino os3X 3 charged lepton mass matiixia (1) as well as thdin
cillations into a sterile neutrino for both solar as well asgeneral (3-m)x(3+m) Majorang neutrino mass matrix
atmospheric neutrindg80], which constitutes a problem for (via U). Moreover, the weak neutral current couplings of
(2+2) mass schemes. Concerning the solar data, the trend fpass-eigenstate neutr.|n03 is pharacterlzed by a nontrivial
disfavor oscillations into a sterile neutrino recently became3+ M) X (3+m) coupling matrixP=K'K [39] whose ef-
supported by the beautiful result of the SNO experimentfeCtS will not be relevant for us as neutrinos are both pro-
[5,31]. However, a unified analysis of solar and atmospheric,duced and de_:tected through charged current mtera_\ctlons. If
neutrino data performed in Reff32,33 showed that the these extra singlets are all superhedwpe example is the
goodness of fit of the (2 2) mass scheme is still acceptable, Standard seesaw scheme, where 3), they decouple, leav-

In this work, we perform for the first time a global analy- INg to @ nearly unitary X3 lepton mixing matrixk while
sis of all the relevant neutrino oscillation data in a four-the projective (3-m)X(3+m) matrix P becomes approxi-
neutrino framework. We will use the fit of the global solar Mately the 3<3 unit matrix(approximate GIM mechanism
neutrino data presented in R¢8&3], which includes Super- Hereafter we assume that, due to some symmetry or an-
Kamiokande[1], Homestakdg 2], SAGE [3], GALLEX and  Other reasoh13-15,17,18one of the SU(2p U(1) singlets
GNO [4], and SNO[5]. Further, we include data from the remains light enough so that it can take part in the oscillation

atmospheric neutrino experiments Super-Kamiokafde phenomenology and thereby account for the LSND data. The

(RS minimum possibility is to have just one such light singlet,
and MACROQ[8], data from the SBLy — v appearance ex- m=1, called a sterile neutrino.

periments LSND[11], KARMEN [34], and NOMAD [35], In general, the physics of four-neutrino oscillations in-

the reactorv, disappearance experiments Bud®6] and  yolves three mass-squared differences and the elements of
CHOOZ [37], and the v disappearance experiment CDHS the mixing matrixK. The latter have been characterized in a
[38]. We will perform a fit to these data for (31) and (2  model-independent way i89] where an explicit parametri-
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zation was given which is, up to factor ordering, the standardo (3+1)4, while (3+1), is equivalent to (3 1), and (2
one. In full generality contains six mixing angles and three +2), is equivalent to (2 2)g .2 Hence, without loss of gen-
physical phases which could lead @P violation in the erality we can restrict ourselves to the discussion of the
oscillation phenomengdQ]. For convenience, this’84 ma-  schemes (3-1),, (3+1),, and (2+2),, and we always
trix K connecting the four neutrino mass fields and the haveAmZg,,>0. The structure of the neutrino mass eigen-
three flavor fieldsv, can be completed with an extra line statesv,, v5, andv, is common for all these schemes. Only
(relating thesterile neutrinorg to the mass eigenstajes as  the “solar mass state?, is inserted in different places. Let
to obtain a 4X 4 unitary matrix. In a basis where the chargedus define the inde® for the different schemes as

lepton mass matrix is diagonal, this leads to the maittix

diagonalizing the neutrino mass matrix: (3+1),:0=2,
4 (3+1),:0=3,
va=z U,vi (a=e,u,1,5). (1)
=1 (242):0=4. 3

Because Of_ the strong h|era_rchy of the mass-_squgred dlf'I'hen the solar mass splitting can be written for all schemes
ferences required by the experimental data,Gfeviolating

effects are expected to be small in the experiments we con-

sider. However,CP violation can be important in four- Amgolz mé—m§>0. (4)
neutrino schemes for future long-baseline experiments, such

as neutrino factorie§41]. Thus, neglecting the complex One advantage of the labeling introduced above is that we
phases we are left altogether with nine parameters relevastn use the parametAmz,=m3—m? to relate the different
for the description oL P conserving neutrino oscillations in  schemes in a continuous way. The valuesAsh?, which

a four-neutrino scheme: six mixing angles containedJin  correspond to the three schemes are given by

and three mass-squared differences. In the following sec-

tions, we will present a choice for these parameters, which is (3+1),:Ami=Amigyp+ AmZ,,
convenient for the combined analysis of the different experi-
ments and which is motivated by their physical interpreta- (3+1)p:Am3, = Amig o+ AmZ,— AmZ,,
tion. (5
We label the neutrino masses as indicated in Fig. 1 and 5 )
define for all schemés (2+2) p:Amy=Amg,.
AmESNDZ mi_ mg and Amgtmz mg— m§> 0. (2 It will be useful to factorize the mixing matrik into two

matrices:U =0 0®). Neglecting the complex phaseslii
All experiments we consider are insensitive to the sign ofwe write the matrice®©(") as a product of rotation matrices
Am?Zgp. This implies that the (3 1), scheme is equivalent Rjj in the (i,j) subspace with the anglg; . We define

C14C13C12 C14C13512 C14513 S1a

- 512 012 0 0
o= RiaR1aR12= ol (6)
—S13C12 —S13512 Ci3
—S14C13C12  —S14C13512  —S14513 Cig
1 0 0 0
2) 0 C24C23 C24S23 S24
O'=R3RoaR23= 0 (7
T 534524C237 C34523 345245231 C34C23  S34C24
0 —C34S24C23+ 534523 —C34524523~S34C23  C34C24

and order the flavor eigenstates in such a way that if all angles are zero, we have the correspondence .( vs)
=(v1,m,v3,1). In the following sections, we will consider the mixing parameters relevant in the three different classes of
experimentgSBL, solar, and atmospheJi;n more detail.

!Note that our labeling is different from that in previous publicatif®s,26,29,32 However, this way of labeling neutrino masses is
particularly convenient as it enables a combined treatment of all the schemes in the same footing.

’These degeneracies can be lifted by considering the effects in trifidecay experiment§29,42 or neutrinoless doublg-decay
experimentg43].
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Ill. SBL EXPERIMENTS

A. SBL parameters

In SBL experiments, it is a good approximation to set the solar and atmospheric mass splittings to zero. Obviously, under
this assumption the two schemes3), and (3+ 1), become equivalent. Let us define the paramedgréa=e,u,7,s) and
A, for the two schemes as

(3+1):da:|ua4|2! A,u;e:4|UE4|2|U,u4|2’

(2+2):da:|ual|2+|ua4|2! A,u;e:4|UelU,Zl+ Ue4U7L4|2' (8)

(-) =) .
Then for both schemes the probability of SBL— v B. Constraints form Bugey and CHOOZ

transitions relevant for the accelerator experiments LSND,

=€ Let us consider the constraints from reau?grdisappear—
KARMEN, and NOMAD is given by

ance experiments Bugey and CHO®Zo this purpose we
introduce the parameter

9 neE|Ue1|2+|Ue®|2! (14

which describes the fraction of the electron neutrino in the
solar sector” and is related td, by

sir? AmESNDL

P wieSIt ——

VIU(HVe: P;MH;E?: A

and the survival probabilities relevant in the SBL disappear-

ance experiments Bugey and CDHS are given by (3+1): et de=1
- Ife e~

P P -~ —1_4d.(l-d )szAmESNDL (2+2): 7e=de. (15
Va—>1/a_ Va—>Va_ @ @ AE ’ ) . o
(10) The requirement that the electron neutrino must participate
in oscillations withAm2,, in order to explain the solar neu-
trino anomaly leads tej.~1. The result of the Bugey ex-

where a=e refers to the Bugey and=yu to the CDHS  periment[36] constrains the combinationds(1—d,) to be
experiment. Herd is the distance between source and de~ery small. Taking into account Eq15) and 7.~1, one

tector andE is the neutrino energy. It is straightforward to obtains[26,2§
see that in the (3 1) scheme the relation

(3+1):d,

<2x10°2 % CL (1
(11) (242):1—d,| T2¢10 " At 90% CL. (1§

(83+1):A,.=4dd

o

. __in the relevant range akmégyp-
holds. Hence, there are only two independent SBL mixing 1. disappeargnce ersél\é)%bility in the CHOOB7]
parameters in this case. However, in the~(2) scheme the experimertt can be written as

situation is qualitatively different and there is only the re-

striction 2
L, Amgl
Pchooz= 1~ 2de(1—de) = AchoozSin 475 , (A7)

(2+2):A,e<4minded, ,(1-d(1-d,)], (12

with
which follows from unitarity ofU, and therefore there re- 3+1)-A 4 (l—d.—
main three independent mixing parameters for SBL experi- (3+1):Acooz=4 7e(1=de 7e).
ments in the (2-2) scheme. (2+42): Actioor=4|Uea| | Ues|2. (18)

Note that the probabilities Eq&) and(10) have the same
form as in the two-neutrino ca$#3,2¢. The amplitudeA .

can therefore be identified with the LSND mixing angle: 3Note that the Palo Verde reactor experimgh] obtains a bound

comparable to CHOOZ. As the exact value of this bound has very
A,u,;eESinzzeLSNDa (13 little impact on our analysis, we include for simplicity only the
result of CHOOZ.

“Because of its value off/L), CHOOZ is sensitive to oscillations
and for the disappearance parameters the identificatiogith Am2,, rather than wittAm?gy, and therefore it is considered
4de(1—de)<—>sin2265ugey (and similar for CDH$ can be as a long-baseline experiment. However, it turns out to be conve-
made. nient to treat it together with the SBL experiments in the analysis.

093004-4



STATUS OF FOUR-NEUTRINO MASS SCHEMES: A . ..

PHYSICAL REVIEW &5 093004

We use the result of this experiment in two ways. First, we TABLE I. Four-neutrino parameters for the different data sets.

constrain the SBL parametat, similar to Bugey as de-
scribed in Ref[28]. Second, also the parame®®¢ ooz iS
constrained to small values. Comparing E(6) and (18)
and noting that for the (22) schemes (%dg)=|Ug,|?
+|Ugsl?, one can see thaltcpooz is very small in this case
because of the bound on {1d,) implied by Bugey. How-
ever, for the (3+1) schemes the additional information of

CHOOZ is important. Taking again into account that the

electron neutrino must have significant mixing with and
Vo to obtain solar neutrino oscillationsyf~1), we obtain
the bound

90% C.L.

(19

(3+1): 1-de— 7,=4X102 at

for the values ofAm2,, preferred by atmospheric neutrino
experiments.
To summarize, if oscillations of, with AmZ, are re-

quired, bounds from reactor experiments imply in both typeslistancesL =885 m and L=2130 m,

of mass schemes thaf, has to be close to 1: for (22),
Egs.(15) and(16) imply that (1- %,) is bounded by Bugey,
whereas for (3-1) we obtain a somewhat weaker bound
resulting from a combination of the bounds from Bugey, Eq.
(16), and CHOOZ, Eq(19):

(3+1):11— 7,<6x10"2,

(2+2):1— 7,=<2x10 2 (20

Data set Parameters
solar Arnsoll solr 7s
atmospheric Amatm, atms 024, Oz

SBL appearance
SBL disappearance

AmLSNDv OLsnp
2
Amignp, e, d,

The Bugey experimeriB6] searches for, disappearance
at the distances 15 m, 40 m, and 95 m away from a nuclear
reactor. As input data for our analysis, we use Fig. 17 of Ref.
[36], where the ratios of the observed events to the number
of expected events in the case of no oscillations are shown in
25 bins in positron energy for the positions 15 m and 40 m,
and 10 bins for the position 95 m. The CDHS experiment
[38] searches for, disappearance by comparing the number
of events in the so—called back and front detectors at the
respectively,
from the neutrino source. The data are given in Table | of
Ref. [38] as ratios of these event numbers in 15 bins of
“projected range in iron.” The KARMEN experimernB4]

looks for v, appearance in a beam. We use the number of
positron events in nine bms of positron energy as given in
Fig. 2(b) of the second reference [184]. Our reanalysis of
the experiments Bugey, CDHS, and KARMEN is described
in detail in Ref.[28]. To include the results on the,— v
appearance channel obtained by the NOMAD experiment

These bounds can also be translated into bounds on tf{§5]' we perform an analysis similar to that of KARMEN.

mixing angles contained in th®®) factor of the leptonic
mixing matrix. One of three angles in the matfX!) is the
solar anglef,s, which has to be largf45] in order to ac-

count for the results of solar neutrino oscillation experiments

[1-5]. Then the bounds given in E¢RO) imply in all mass
schemes that the other two angles have to be small.

C. Data used from SBL experiments
In this section, we describe the experimental data fro
analysis. We divide thg? function describing the SBL ex-
periments into two parts:
2 2
XseL(AMsnps OLsnp»ded,,)
= Xtev(AMsnps OLsnp»de,d,)

+ A xFsnp(AMEsnp: OLsnp) - (21)

Here xZgy contains the information from the experiments
Bugey, CDHS, KARMEN, NOMAD, and CHOOZ, which

find no evidence(NEV) for neutrino oscillations, while
XEsnp includes the information of LSND, which is the only

SBL experiment reporting evidence for oscillations. For what

concerns the parameter dependence shown inZHg, one
has to keep in mind that in the (31) schemeé, s\p is
related tod, andd,, via Egs.(11) and(13), but in the context

of (2+2) schemes all these three parameters are indepen-

dent.

— — 0,
SBL experiments which we are using for our statisticarFNhere Poxg=1.01, 0sa=2.8%,

We use the 14 data points of the energy spectrunmvof
charged current events given in Fig. 2 of the first reference in

[35].
We include the result of the CHOOZ experim¢a¥] by
means of they? function

({Pcrooz — Pexp)

2
Ostai™ o3

2
XCcHoozZ—

, (22

syst

Osys=2.7% [37], and
Pchoozis given in Eq.(17). In the (2+2) case we adopt the
approximatioMcpooz= 0 (see Sec. Il Band hence(éHooz
depends only on the parametdg. For the (3+1) case,
X200z depends on the two independent parametierand
1e. Apart from the requiremeng.~1, we are not interested
in the exact value of this parameter and we will always mini-
mize with respect to it. In our approximation, the CHOOZ
experiment is the only one sensitive to the small value (1
— 70) (see the following sectionsand therefore the minimi-
zation with respect toy, is trivial and yieldsAcpooz=0.
Again we are using only the information aiy from CHOOZ
in Eq. (21), which is independent ahm?,,,. Therefore, the
dependence ofy, is not shown in Eq(21).

The total number of data points for all NEV experiments
is

Nnev= 60Bugey) ™ 19 cors)t 9karmen) T 14nomab)

+1(cHooz)= 99. (23
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To include the detailed structure of the LSND experiment

[10,11], the LSND Collaboratiofi46] has provided us with a
table of the likelihood function obtained in the final analysis
of their data[11] as a function of the two-neutrino param-
etersAmZgyp and sif26,gyp. Contours of this likelihood

function corresponding to 90% and 99% C.L. are shown in

Fig. 27 of Ref.[11]. The reason that we can use this likeli-

hood function, which was obtained in a two-neutrino analy-
sis, also in the four-neutrino case is that the relevant four-

neutrino probability Eq(9) has the same form as the two-
neutrino probability. We include the LSND likelihood
function in our analysis by transforming it intoy&-function

according to[47] x?=const-2 In L. Because of the event-

by-event based likelihood analysis performed by the LSND
Collaboration, we cannot use any information on the abso-

lute value of they? function. Therefore, as indicated already
in Eq. (21), we use in our analysis only they? relative to
its minimum:

2 2
Axtsno(AMEsnps OLsnp)

=21InL e

LSND™ (24)

21In Ly gnp(A mESND7 OLsND) -

In this way we are able to include the LSND data in an
optimal way, as we are using directly the analysis performe
by the experimental group.

IV. SOLAR NEUTRINO EXPERIMENTS

For solar neutrino oscillations, it is a good approximation
to work in the limit Am?gyp— and AmZ,,—%, so that

PHYSICAL REVIEW D65 093004

20 —————T——T——

SOL

FIG. 2. AX§0| as a function ofyg for the different solutions to
the solar neutrino problem, as presented in Fig. 3 of R3]

and corresponds to3,c3, in the notation of Refs[32,33.
This parameter describes the fraction of the sterile neutrino
participating in solar neutrino oscillations: fajs=0, solar
electron neutrinos oscillate only into active neutrinos,
whereas7,=1 corresponds to pure,— v, oscillations®
Thus this mixing-type parameter can be interpreted as a
model parameter interpolating between the approximate
forms for the leptonic mixing matrix given in Refgl3] and

14], respectively.

To include the information from solar neutrino experi-
ments in our analysis, we make use of the results obtained in
the four-neutrino analysis performed in REB3]. The ex-
perimental data used in this work are the solar neutrino rate
of the chlorine experiment HomestaKe], the weighted av-
erage rate of the gallium experiments SAGH, GALLEX,

oscillations induced by the LSND and atmospheric masszq GNO[4], as well as the 1258-day Super-Kamiokande
squared differences are completely averaged out. Moreovegyig samplg1] in the form of the recoil electron energy

in Refs.[32,33,48,49 solar neutrino oscillations in (22)
schemes have been studied using the approximagienl,
which is justified by the Bugey bound E@L6). The results
obtained there can be applied also toHB) mass schemes,

if again »,=1 is adopted. Note, however, that in this case

only the somewhat weaker bound shown in E2f)) applies.

The solar oscillation probabilities obtained in these works

are valid up to terms of order (d,)? for (2+2) and
[dg, (1— 7e)?] for (3+1). Settingn,=1 reduces the ma-
trix O™ in all cases tdR,,, eliminating the other two mix-
ing angles.

Under these approximations, solar neutrino oscillations d
not distinguish between (81) and (2+2) schemes, and
depend only on the three parameté&rmZ,, s, and 7
[48]. The solar mixing anglé.,= 6, is given by

[Ueol?

tar o= —2
|Uedl?

(29

and corresponds t6,, in the notation of Refd.32,33; it can
be taken in the interval € 6= /2 without loss of gener-
ality. The parametery, is defined by

7755|U31|2+|USO|2 (26)

spectrum for both day and night periods, each of them given
in 19 data bins, and the recent result from the charged current
event rate at SNQ5]. The total number of data points con-
tained iny2, is
Nso= 3(c1,6a,snojt 38sky=41. (27)
Details of the solar neutrino analysis can be found in Refs.
[31,33,5] and references therein.
To include the results of Ref33] in our analysis, we use

2 as a function ofys (minimized with respect to the other
wo parameteramZ, and 6,) shown in Fig. 3 of Ref[33],
which we reproduce in Fig. 2. The¢® is shown relative to the
global minimum, which lies in the large mixing andleMA )
region and has the valug,) min=235.3 forNg,— 3= 38 de-
grees of freedomd.o.f). The three lines in the figure are
obtained by requiring that the solution of the solar neutrino
problem lies in the three regions LMA, low/quasivacuum
(LOW), and small mixing angléSMA), respectively. Note

5The parametety, is similar to the parameter andcg, which
have been introduced in Ref23] and [50], respectively, to de-
scribe the effect of (2 2) mass schemes in big-bang nucleosynthe-
sis.
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that x2,( 7) is the same for all mass schemes. We clearly see ~ *’[7

from this figure that solar neutrino data prefgg=0, i.e., 0,,5f_
pure active oscillations. At 99% C.L., there is the upper«gs |
bound from the solar da{&3]: :1 01p
solar data: 7s=<0.52. (28) s
0’. 1]
11
V. ATMOSPHERIC NEUTRINO EXPERIMENTS N
. . . . - :O\\\ NGW N
For the oscillations of atmospheric neutrinos, it is a good , 1";’”41;,5‘5\ ’__\MACRO *:
approximation to seAmZ, to zero and to also assume the § | . IEE) Mg ge
limit AmZgyp—. In Refs.[32,33,53, fits of atmospheric 3 \\ P
neutrino data in a (22) framework have been performed T T TP TR T T el
by making use of the Bugey constraint Ef6) and setting ¢ w @ @ o &5 eF o 4 W d
ne=1. The approximationAm§0|=O and n.=1 imply that d =0y 0y

the el_ectron neu_trlno decouples completely from _atm_ospherlc FIG. 3. (a) 90% and 99% C.L. allowed regions for the param-
neutrino oscillations. In (3 1) spectra, the contribution of d=c2.c2 (ordi dd —<2 (abscissaf heri
lectron neutrinos to atmospheric oscillations is limited byerers.s‘_cz“c34 (ordinatg andd, =5, (abscissafrom atmospheric
teh hat ker bound sh i h . neutrino data. The best-fit point is marked with a sfiar.A x5, as
e somewhat weaker bound shown in E2(); however, in a function ofdg using old [8] and new[9] MACRO data. Also

Ref.[51] it_WaS found that av, contaminatior_n small enough  gnown are the\ x2 values corresponding to 90% and 99% C.L. for
not to spoil the result of the CHOOZ experiment has only a; g ¢.

very small effect on the quality of the fit of atmospheric

neutrino data. Therefore, it is justified to adopt the approXi-ent CDHS[25,29. Similarly, d.= c§4c§4= 1 corresponds
mation 7e=1 also for (3t 1) scheme$29]. _ _to pure active atmospheric oscillations, whereas dgr0

~ Under these assumptions, atmospheric neutrino oscillgne gterile neutrino fully participates in oscillations with
tions do not distinguish be‘We?” 3l) and _(2+2) Amitm. The cases correspond to the approximations used in
schemes, and reduce to an effective three-neutrino probleg early paperkl3,14: the mixing-typeparameted, can be
involving only the flavorsy,, v, 55 the mass eigenstates ;o reted as anodel parameter interpolating between the
V. V3, V4 and the mixing matrbO™*’ defined in E(g(?). The approximate forms for the leptonic mixing matrix given in
Xam function depends on the four paramet&msy,,,, 6.3, Refs.[13] (ds=0) and[14] (ds=1), respectively.

034, and024[32,33, and to cover the full physical parameter  £or the atmospheric data analysis, we use the following
Space one can ghoose the ranges(Bz4,0s)<m/2 and  yata from the Super-Kamiokande experimpft e-like and
—ml2< ‘9223§ m/2.> Therefore, in addition to the two param- , jike data samples of sub- and multi-GeV, each given as a
etersA Mgy, and fm= 023 corresponding to the two-neutrino fiye-hin zenith-angle distribution, up-going muon data in-
parameters, we need two more angles to describe atmeiyding the stoppindfive bins in zenith angle and through-
spheric neutrino oscillations in a four-neutrino frameworkgoing (ten angular binsmuon fluxes. Further, we use the
[48]. recent update of the MACR{®] up-going muon sampl@en

To understand the physical meaning of the anglgsand  angular bing We obtain a total number of data points con-
034, let us consider their relation to the parametgsand  tajned iny?2,, of

ds, which we have defined in E¢8). Under the approxima-

tion »,=1, we obtain in all the schemes Nam= 35sk)+ 10macro) = 45. (30)
— 2)|12_ 2
dﬂ—|O§L4)| =S4 For further details of the atmospheric neutrino analysis, see
) ) Refs.[32,33,5] and references therein.
ds=[0F)|2= c3,c%. (29 In Fig. 3, we show the results of our atmospheric neutrino

analysis regarding the anglés, and 65,. This figure corre-
The quantity (+-d,) [(1—ds)] corresponds to the fraction sponds to Fig. 6 of Ref33], but now using the updated
of the muon(sterilg neutrino participating in “atmospheric”  results of MACRO. In the upper panel we show the 90% and
neutrino oscillations. Fod,=s3,=0, the muon neutrino lies  99% C.L. allowed region2 d.o.f) for the parameters,
completely in the atmospheric sector, while for tseongly  =c3,c3, andd,=s3,. To obtain these regions, we minimize
disfavored cased, =1 there are no oscillations of, with 12 with respect to the other two parametefig,, and
the scaleAmy,,. Hence, atmospheric data will constralp ~ Am?,_. As expected, atmospheric data constijrto small
to be small. Depending on the value dMfgyp, the bound  values, implying a large fraction of, participating in atmo-
ond, is strengthened by the SBL disappearance experi- spheric oscillations. For what concerns the paraméter

values close to 1 are preferred, which means thabscil-

lates mainly to active neutrinos. This can be seen clearly

SNote that (@s4,6,4,055) in our notation correspond to from the lower panel of Fig. 3, where we display

(24,923, 034), respectively, in the notation of Ref2,33. A)(gtm(ds)zxgtm(ds) - (thm) min- Here (xgm) min=27.9 for
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Nam—4=41 d.o.f. andy?,, is minimized with respect to all @
other parameters. We show the line for the updated MACRO
data[9] and compare with the line obtained from the old
MACRO data[8], which corresponds to the data used in Ref. | sOL 4_@_>
[33]. For large values odl, the lines are very similar, how-
ever for small values the fit gets worse. This means that
atmospheric data get stronger in rejecting a sterile compo- @
nent in atmospheric neutrino oscillations.

R

e bin®,

SaklsS
O

FIG. 4. Parameter dependence of the three data sets solar, atmo-
spheric, and SBL. Exact definitions of the parameters are given in

VI. FOUR-NEUTRINO PARAMETERS IN THE COMBINED Secs. IIl, IV, and V.
ANALYSIS
In the previous sections we have discussed the parametri- Xso sob Usols 7s) s

zation of the four-neutrino problem for the different data sets 2 m(Am2 0. d )
separately. We summarize our choice of parameters in Table Xat aum Vatm: S 77s)

I. Note that for (3+ 1) schemegy, is an additional indepen- X2 (AMZsnos OLsnp 0, 76). (32

dent parameter, but we do not list it in Table | because in our

approximation CHOOZ is the only experiment sensitive to itye jllustrate the parameter dependence of the data sets in
and we always minimize with respect to it. In €2)  Fig. 4. The three angley,, 6.m, and 6 snp are related
schemes we have.=d, according to Eq(15). We have directly to the amplitude of the oscillations in the corre-
chosen the parameters listed in Table I in such a way thadponding experiments solar, atmospheric, and LSND, while
they have a well-defined phySical meaning in the context the two quantities»,?s and d’u account for the Coup“ng be-

a given data set. Note that this physical interpretatioimis  tween different data sets. As indicated, the paramegiés in
dependendf the mass scheme: for example, regardless ofommon to solar and atmospheric neutrino oscillations; if we
whether we assume (B1) or (2+2) schemesy; is the  express it in terms of the atmospheric angles, we obtain the

fraction of sterile neutrinos in solar osciIIati0n§24 de- different relations, depending on the mass schemes:
scribes the fraction of, in at(rp)osp_r)\eric oscillationsee Eq.

(29)], sirf26,snp is the SBL v — v amplitude, and so on. (3+1)a: 75=|0Z|?= (S24C34Catm— SaaSatm) >

The fact that it is possible to describe the results of any of the

given set of experiments in terms of physical quantities in- (3+ l)b:775:|Og)|2:(SZ4C34Satm+334Catm)21
dependent of the mass scheme implies that none of the con- (33
sidered data setésolar, atmospheric, SBL appearance, or

SBL disappearangecan be usedn its ownto distinguish (2+ 2);ns:|ogi)|2zcg4cg4_

between different mass spectra. This follows from the ap-
proximation 7e~1, which is motivated by the bounds from On the other hand, the parametgris in common with SBL
reactor neutrino experiments, and from the strong hierarchgnd atmospheric neutrino oscillations; here the coupling is
among the mass-squared differences indicated by the datge same in all mass schenisee Eq(29)]. Another impor-
This hierarchy implies that for any set of experiments, onlytant difference between (81) and (2+2) arises due to the
one mass scale is relevant. In the following, we show incombination of the SBL appearance and disappearance ex-
detail that the differences between the mass schemes mamjeriments[see Eqs(11) and (12)]. There is no direct cou-
fest themselves only if two or more data sets are combinedsling between solar and SBL oscillations; they do not depend
i.e., if the relation among parameters belonging to differenbn a common parameter. This simple coupling of the data
data sets is considered. sets is a nice feature of our parametrizatiomithin the
For the combined analysis, we will describe neutrino osadopted approximationswhich renders the combined analy-
cillations by means of the following parameters: beside thesis possible, despite the large number of parameters in-
three mass-squared differenc®esiz,, Am3,,, andAm’syp,  volved. Note that only the SBL experiments involve the ad-
we use the six parameters ditional parametety, explicitly, since—as stated in Secs. IV
and V—for what concerns the analysis of the other two data
0 0. 0 d 31) sets it is safe_to assumzee=1._ In the (2+ 2) s_cheme, we
sol» Yatms YLSND» s+ 8 » 7e - have the relation;,=d, and this parameter is important for
the SBL disappearance amplitude, whereas ia- {3, only
It is easy to check that indeed for all mass schemes these sike long baseline reactor experiment CHOOZ is sensitive to
parameters—defined as in the previous sections—can bg. and we always minimize with respect to it.
used to describe, in a physically more convenient way, the For the unified analysis of all the mass schemes, we will
most generalCP conserving leptonic mixing matrik39].  considerAm?gyp, Amz,, and Amjs, as the three indepen-
Each of they? functions describing the three data 8L,  dent mass-squared differences. Rffeas a function oﬂmfll
solar, atmospherjaepends only on a subset of these paramwill have three local minima corresponding to the schemes
eters: (3+1),, (3+1),, and (2+2), at the values given in Eq.
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(5). Beside this parameter indicating the scheme, we will 20— T
display the results of our numerical analysis using the fol- I ! ]
lowing parameters. For the analysis of solar and atmospheric
data in Sec. VII, we consider the’ as a function ofyg; the
results of the analysis of atmospheric and SBL d&ac.
VIII') are given in theAmESND,sinZZGLSND) plane, while for

the fully global analysigSec. IX we use all three param-
eters @mESND,aLSND,nS). Note that in ay? analysis the
size of the allowed regions depends crucially on the number
of parameters considered. Our aim was to identify which
parameters describe the most relevant features of the physics
in each case.

Before closing this section, let us note some subtleties
related to our parametrization. As described above, some of
the parameters shown in E®1), which we are using for our
global fit, obey different relations depending on the mass ) ) ) ) )
scheme considered. The question arises of how to treat these FIG. 5. A).(atm'as a function of the fractlpn of the sterile neutrino
different relations among parameters in a common frame™” solar oscillationszg for all four-neutrino mass schemes, (3
work for the two mass schemes. Indeed, we are using thé Da, (3+1)p, and (2+2).

2 . . s

paeted o ormaly G s ST o e e s srames), (-1,

L ; . ation of 272)- In Fig. 5 we show AXZd 19 = X 75)

et us consider a completely arbitrary parametrization o 5 _oooan ,sam

the general four-neutrino problefa9]. We have three mass- _ (Xaim)min, fOr the threez.\ cases, minimizing with respect to
squared differences and six angles, e.g., the argjestro- the other parameterAmgy, 6am, andd, . The line corre-
duced in Egs(6) and (7). Now one can think of a fit to the _spondmg to the (2 2) s_cheme is identical to the one s:hown
data in this general parametrization. In practice, it is almost the Iowzerzpanel of Fig. 3 because of the#{2) relation
impossible to perform this general nine-parameter fit with7s=ds= C54C34 [See Eq(33)]. Atmospheric data prefer large
current computer technology. However, the results of such aMalues of s, which corresponds to active, atmospheric
analysis would be six well separated regions in the nineheutrino oscillations. From the figure, we can read off the
dimensional parameter space, corresponding to the six mag9% C.L. bound
schemes shown in Fig. 1. In these islands, our approxima- )
tions hold and it makes sense to adopt a parametrization aimospheric datazs=0.54 for (2+2) schemes, (34)

parameters shown in E{31), which have a simple physical gi\:/Len inh Eq. (28)' gnf tzhze othher hanq, concgrni?g the (3
interpretation. Inside any given island, it is clear which rela- " ) schemes in g[ ], t e very mterestmg act was
tions among the new parameters have to be applied. Obvf10t6d thalat.mospher'lajata give a F:ongtramt on the f.ract|on
ously this reasoning is only valid under the assumption tha?f the sterile neutrino participating isolar oscillations.

. . . . i (2)|12 (2))2_1_(+ i
various regions are well separated. This assumption can H&©M Ed.(29), it follows that[O’|*+|O0g3)|*=1—d, is the

justified by noting that to move continuously from a (2 fraction of sterile neutrinos in atmospheric oscillations which

+2) to a (3+1) scheme one has to break up the hierarchf'hO”'d be small according to the d4&0]. Comparing this
among the mass-squared differences, and we can expect tH4fh Ed. (33), we expect that for (3 1) schemes, atmo-
at least one data set will give a largé which separates the SPheric data prefer small values g{. Indeed, from Fig. 5,
corresponding allowed regions. we find the 99% C.L. bounds

7s=0.35 for (3+1), schemes,

VII. ANALYSIS OF SOLAR AND ATMOSPHERIC atmospheric data:
NEUTRINO DATA 7s=0.42 for (3+1), schemes,

In this section, we combine solar and atmospheric neuwhich are even stronger than the one from solar data, Eq.
trino data. In Ref[33], these data have been considered in(28).
the (2+2) scheme. Here we discuss some slight changes in From Fig. 5, one can see that, although there are quanti-
this case(due to the updated MACRO dataVe extend the tative differences between the two schemes- (3, and (3
analysis also to the case of the43) mass scheme inaway +1),, the qualitative behavior is similar. Looking at EQ.
that allows a direct comparison of the fit for these two(33), it is easy to see that the relation betwegnand the

schemes. atmospheric angles in the ¢3L), scheme reduces to the one
Before combining the two data sets, let us consider thén the (3+ 1), scheme under the transformati@g,— 6am
impact of atmospheric data alone on the parameterde-  — /2. Such a transformation, when applied to the atmo-

scribing the fraction of sterile neutrinos in solar oscillations.spheric oscillation probabilities, is equivalent to changing the
The relation ofy; to the atmospheric parameters is given insign  of Am2,,, hence we have x2,{(AmZ,, 0am
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30 1 . . ]
 {8r) (2+2) ]

25 - |---- LMA .
72 S | M PP LOW

20} - .

FIG. 6. Combinedy? function for solar and
atmospheric neutrino data for ¢3L) and (2

b +2) for different solar neutrino solutions with
: respect to the global minimurtsee text for de-
RS- = tails).
Ay ey
10 02 04 06 08 1

— 712,054, 032) = X 2l — A2, Oatms 024, 034) . Therefore,  value (x2o. au) min=63.2 forNgo+ Nogm— 7=79 d.o.f. As ex-

the origin of the difference between the two schemes (Jected, solar and atmospheric neutrino data prefer 18

+1), and (3+ l)b can be explained in two different ways. If because in this case both can be explained by active neutrino

we requireAmZ,>0, then we end up with two different oscillations. The dotted line in Fig. 6 shows the value of

relations betweem, and the atmospheric angl®g,, 624, A x?=9.21 corresponding to 99% C.L. for 2 d.o.f., which are

and #5,, as we have done so far. Alternatively, if the defini- the two parametergg andAm41 Therefore, for the uncon-

tion of the atmospheric angles is adjusted so that their relastrained and LMA cases, (22) is disfavored at more than

tion with 7, is the same in (3 1), and (3+1), schemes, 99% C.L. with respect to (31). If we compare the local

then it is no longer sufficient to restrict to the ca[sengtm minimum with respect toy, in (2+2) with the global mini-

>0, and the casdm3,<0 should be investigated as well. mum in (3+1), we find for the unconstrained case

In the latter approach, it is clear that the difference arises

because of the presenceroétter effect$n atmospheric neu- A= (222 = (28 in=10.3. (37

trino oscillations, which are sensitive to the signoiZ,,,.

Since in this work we are mainly interested in the compari-Conversely, the LOW (2 2) solution is still allowed at the

son of (2+2) with (3+1) in general, from now on we will 99% C.L. The reason for this is that the LOW solution is not

always minimize with respect to (81), and (3+1), by as strong to reject a sterile component in solar oscillations as

choosing from the two corresponding values\afZ, the one  the LMA solution(see Fig. 2, so that the disagreement with

with the lower y2. atmospheric data in the context of {2) schemes is some-
From Eqgs(28), (34), and(35), one expects that combined What weaker. Let us note that for the unconstrained case,

solar and atmospheric neutrino data will prefer{B) mass large values ofps~0.76 (corresponding to a large compo-

schemes over (22). In order to quantify this statement, let nent of sterile neutrino in solar oscillationare slightly pre-

us consider the following? function: ferred over small ones. This means that the inclusion of the
updated MACRO results makes atmospheric neutrino data
X§o| a7 Amil)s X§O|+ thm! (36) slightly more powerful to reject the sterile neutrino than the

unconstrained solar data.
where we minimize with respect to the parametAmgo,,
AMZ, Osors Oam, andd,. As explained beforésee Sec. Vil ANALYSIS OF ATMOSPHERIC AND SBL NEUTRINO
), the parametea&m41 relates the different schemes. In Fig. DATA
6, we show theA y? projected onto they, axis for the two
regions ofAmf11 corresponding to the schemes«3) and
(2+2) according to Eq(5). In both cases, (3-1) and (2
+2), we refer to thesameminimum, which occurs for the
(3+1) scheme withyp,=0. For the dashetdashed-dotted
line, we restrict the solar solution to be LMAOW), while Xatms se1(AMi, AMPsyp, OLsno) = Xamt X3eL- (38)
for the solid line(labeled “unc” in the figure we choose the )
solution which gives the weakest restrictiamconstrained ~ From Eq.(32), we can see that the terms on the right-hand
This corresponds to our current knowledge of the solution tide_ in general depend on the parameters
the solar neutrino problem. The reason why the line for LOW(AME snp, AMZin, atm, OLsn » 7s..d u+7e)- To obtain the pa-
is sometimes below the one for the unconstrained case is thedmeter dependence as shown in E2f), we proceed as
it is referred to the minimum for the LOW solution, which is follows. First, we minimizex?2,,, with respect taAmZ,,, faum.
higher than the minimum for LMAwhich coincides with the andz. In a second step, we minimize with respectitand
minimum in the unconstrained caseas can be seen from d, by taking into account the relatidd) or (12), dependmg
Fig. 2. For the unconstrained case, the minimum has then the mass scheme considefed., on the value oAm3,).

In this section, we combine the data sets from atmo-
spheric and SBL neutrino experiments. To this end, we con-
sider they? function
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(2+2)

FIG. 7. Combination of atmospheric and SBL
data. We show projections of the three-
dimensional 90% and 99% C.L. regions corre-
sponding to (3+1) and (2+2) in the
(AmZgnp.Sirf26 snp) Plane. The best-fit point
lies in (2+2) and is marked with a star, the local
best fit point in (3+1) is marked with a circle.

The dotted line is the 99% C.L. region from
01F T b = LSND data alond11].
i vl Lol L .......::.......I ol 3
10° 10?

.2, .2
$in"20 sin"20 o

wleV’]

2
LS]

Am

The allowed regions in the parameter spacesary to perform a combined analysis of all the data. To this
(Am3,, AmPe\p.0isnp) are given byAy?=6.3(11.3) for end, we consider thg? function
90% (99%) C.L. (3 d.o.f). In the right panel of Fig. 7, we
show a projection of the three-dimensional regions corre-  x3 o AM3;, AMsnp, OLsn s 7s) = X oo Xam™ X361
sponding to the (2 2) case, which include the best-fit point (40
(Am?5p=0.91 eV, sirf26, snp=3.16x10 %). One can
see that the allowed regions cover a large part of the twoWe minimize the right-hand side of this equation with re-
neutrino allowed region by LSND alone, which is shown asspect to all the parameters, except the ones shown on the
the dotted line. The allowed region disappears for values oleft-hand side. Allowed regions are given by
Sinf26,snp=0.06 because of the constraint from the Bugey

experiment. At large values dim?gyp, the bounds from 20 preer ARERY SRR T [T T T
KARMEN and NOMAD are important. In the left panel, we . @0 (2+2)
show the projection of the three-dimensional volume corre- 15 9% G.L (e dofi] b .
sponding to the (3-1) case with respect to the global mini- 5 | 1t ]
mum, which lies in the (2 2) plane. Only four small islands  «3 10} . 1F .
appear at 99% C.L. If we compare the local best-fit point for ~ | e 'f')f \//-\ ]
(3+1) at Amigp=1.74 e}, sirf26 gyp=1.41X10"3) 5 S I \_.;
with the global best-fit point, we find : 1F ]
e b b b 0 b b b byl
Ax2=(x 2By (222 6. (39) 05 0z 04 06 08 10 02 04 06 08 1

T

The conclusion from Fig. 7 and E@39) is that SBL data
combined with atmospheric data clearly preferq(2) over

the (3+1) spectra. Figure 7 is a beautiful confirmation of
the results of our previous woiR9], where we have ana- iy
lyzed a similar data set in the (31) framework, but using a 2
very different statistical method. The reason for the+@) o
preference by the SBL data is well knoy22—-27 and can

be understood from Eq$l1) and(12). For the (3+1) case,
bothd, andd,, must be small because of Bugey and CDHS,
respectively, which leads to a double suppression of the
LSND amplitude sif26, snp according to Eq(11). In con-

trast, for the (2-2) case, (+d.) andd, have to be small

and Eq.(12) implies only a linear suppression of & syp -

(@242)

10 10%

i 2 i 2]
$in"20, o $in"28, o\

= 10

FIG. 8. Global combination of current neutrino oscillation data:
IX. GLOBAL ANALYSIS solar, atmospheric, and SBL. We show tkwélobm as a function of

. . ) .75 (upper panelsand projections of the four-dimensional 90% and
The results of the previous section, i.e., that atmospheriggy, c L. regions on theAmZsyp.Sirf26,.sno) plane (lower pan-

+SBL data prefer (2 2) over (3+1), are in direct conflict  ¢|g (see text for details The global best-fit point lies in (81) and
with the results of Sec. VII, where we have found that solalis marked with a star, the local best-fit point in42) is marked
+atmospheric data prefer (31) over (2+2). This shows with a circle, and the local minimum in (22) is marked with a
that there is some tension in the existing data in a fourtriangle. The dotted line in the lower panels is the 99% C.L. region
neutrino framework, and to clarify the situation it is neces-from LSND data aloné¢11].
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TABLE II. Parameter values at the best-fit points in+(8) and (2+2) and at the local minimum in

(2+2).

AmZsyp (€VA) Sinf20_snp 7s d, de
global best fit (3+1) 1.74 1.4%10°3 0.0 1.98< 10 2 1.79< 102
best fit (2+2) 0.87 3.55%10 % 0.93 6.56<10 3 0.99275
local minimum (2+2) 0.87 3.55%10°° 0.21 1.3%10°? 0.99275

A XGiobar= X5iobar (Xaioba) min= 7-8(13.3 (41) =10 e\?, constraints from KARMEN and NOMAD are
important® In contrast, in the (3 1) case(lower left panel
for 90% (99%) C.L.(4 d.o.f). From this equation, we obtain of Fig. 8) the allowed regions consist of several islands and
two four-dimensional volumes in the space ofare very different from the two-neutrino ones. The most
(Am3;, Amigyp,Sif20 snp, 7s) corresponding to (31)  prominent islands are at the valuesm?gyp~0.9, 1.7,
and (2+2), which we display in Fig. 8 in the following way. 6 e\?, and sif26,snp~10 3. These are the values of
In the lower panels, we show projections of the four—AmESND where the bounds of all NEV experiments have
dimensional volumes onto the\fsyp,SiP26Lsnp) Plane.  some marginal overlap with the LSND allowed region
In the upper panels, we showyg i,y minimized with re-  [21 22 2729 However, at 99% C.L. there appears an al-
spect to all parameters except. The projections of the |gwed region atAm’g\p~0.5 e\2 and a very marginal is-

four-dimensional 90% and 99% C.L. volumes onto the land atAmESND~2.5 e\2. There is also an allowed region

axis are given by the intersections of the solid lines in thefor large values of\mZ.. =10 e\2. However. in this re-
upper panels with the corresponding horizontal dotted lines. " g LSND™ . ’

Let us discuss the results of the global analysis. We find/iO" there are further constraints from experiments not in-
that the global minimum lies in the (81) scheme. This cluded in our analysis, which are BNL E7784] (v — v,
minimum is marked as a star in Fig. 8. In{2), there are  appearangeand CCFR[55] ( v ,— v, appearance ana
two local minima: the (2-2) best-fit point is marked with a  disappearange Therefore, we do not display values of
circle and corresponds to large values mf, whereas the AmESND>20 e\2.
second local minimunimarked with a triangleoccurs for Discussing the upper panels of Fig. 8, we note that, as
small 7.” The values of the parameters at these minima argyready found in Sec. VI, large values gf are preferred for
given in Table Il. However, the difference between the bestihe (2+2) case. Comparing the shape of §fein the global

fit points in (3+1) and (2+2) is not very big: analysis with the one shown in Fig. 6, we observe that the
5 2(2+2) 2(3+1) inclusion of SBL data strengthens this trend to some extent.
Ax“= (Xgiobai ) min— (Xgiobai ) min=3-7- (42)  This implies a large component of the sterile neutrino in

solar neutrino oscillations and corresponds to the LOW or
We conclude that the schemes+#3) and (2+2) give a  quasivacuum solution of the solar neutrino problaee Fig.
comparable global fit to the data. This can also be seen from). But also the local minimum for smallej, values, which
the fact that there are large allowed regions for both masgorresponds to the LMA solar solution and implies a large
spectra. The conflicting values given in E§7) (for solar  sterile component in atmospheric oscillations, is well inside
and atmospheric datand in Eq.(39) (for atmospheric and the 90% C.L. region. The difference j? between the two
SBL data cancel each other to some extent. Solar plus atfocal minima in (2+2) is 2.7. Moreover, the minima ig?
mospheric data seem to be stronger than SBL data, therefogge not very deep so that all valuespfbetween 0 and 1 are
(3+1) is slightly preferred over (2 2) in the global fit to  within the 99% C.L. region. Only values around 0.5 are ex-
current neutrino oscillation data. cluded at 90% C.L. The results shown in Fig. 8 were ob-

The shape of the allowed regions in the tained by using unconstrained solar data. We have also per-

(AmPgyp . SiMP26 sp) plane for (2+2) (lower right panel of  formed the analysis by restricting solar data to the LMA and
Fig. 8 is similar to the one expected from a two-neutrino LOW region. The results are very similar to the uncon-
analysis of SBL data alone. In the region 0.182eV strained case. For the LMA solution, we obtain approxi-
=Am?gp=8 e\?, they follow closely the two-neutrino mately the solution corresponding to the local minimum in
LSND region. The slight shift to smaller valueszts)l‘nESND is  (2+2), which means that (22) is sightly more disfavored
because of the constraint from KARMEN. Large values ofagainst (3-1), whereas for the LOW case the difference

sirf26,snp=0.06 are excluded by Bugey, and fam?g,,  Would become even smaller than shown in ).
Recently, solar neutrino data have been analyzed using a

new prediction of théB flux [56]. From Table 3 of Ref{56]

"Note that the two stars in the lower and upper panels actually
correspond to the same single point in the four-dimensional space.
The same holds for the two circles. We do not show the triangle in All the relevant SBL bounds are shown, e.g., in Fig. 27 of Ref.
the lower right panel, because it would coincide with the citske  [11]. A combined analysis of LSND and KARMEN in a two-
Table ). neutrino framework has been performed in H&8].
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TABLE Ill. Ax? for the different data sets of the best-fit points in{8) and (2+2), the local minimum
in (2+2), and for the (3-0) case(see text for details Also shown is the number of d.o.f. and the
corresponding parameters for each data set.

Data set d.o.f. Parameters 13) (2+2)pest (24 2)0cal (3+0)
solar 3 AMZ,, Osol, 7s 0.0 10.7 1.6 0.0
atmospheric 4 AMZ, Oam, 75, d,, 0.0 0.2 115 0.3
LSND 2 AmZgp s OLsno 3.0 0.7 0.7 29.0
NEV 2/3 Oisnp, de, d, 8.8 3.7 4.1 2.3

one can see that LMA becomes relatively better than LOWAdistribution to the decay-at-rest events of the LSND data is
This would lead to an upwards shift of the LOW line in Fig. given for two typical values oA mégyp as x?=4.9 and 5.8
2 of approximately 3 units. Consequently, solar data becomgor 8 d.o.f., which corresponds to a very good GOF of 77%
stronger in rejecting the sterile neutrino. Regarding the fourand 67%, respectively. From Fig. 8, one can see that for (3
neutrino analysis, this would disfavor the £2) scheme +1) as well as for (2-2) the best-fit point lies well inside
slightly more against the (81) case. the 99% C.L. region of LSND. Therefore, we expect that the

In our framework, it is also possible to test the fit of the contribution of LSND will not worsen the global fit signifi-
(3+0) scenario, where the solar and atmospheric neutringantly (see also Table I}l
problems are explained by oscillations among three active |n the following, we evaluate thg? functions for all ex-
neutrinos and the explanation of LSND is left out. This periments except LSND,
would correspond to the standard model situation. We obtain
this case by gonsidering the €31) scheme(this fixes the X5iobal-LSNG=Xbor+ X aum XRev (44)
parameterAmg;) and setting the parametedy=d,= 7;
=0. Then the sterile neutrino is completely decoupled andt the global best-fit point in (81) and the best-fit point in
we are left with three active neutrinos and the mass splittingg2+ 2):
AmZ, andAmZ,,. We find a difference in? to the best-fit
point of (3+1): X50parLsno= 150.0/176 d.of.,

2_ . 2(3+0 2(3+1 —
Ax?=Xglonal ~ (Xglobal I min=19.8. (43 (2+2): XioparLsno=156.1/176 d.of.  (45)

For4d.of. @d¢.,d,, s ,Am3,), this corresponds to an exclu-
sion at more than 99.9% C3We conclude that the data of
LSND (using the result of the analysis performed by the
LSND collaboration play a very significant role and that the
global fit in a four-neutrino scenario is much better than in
the three-active-neutrino case.

The number of d.o.f. is given bjsee Eqs(23), (27), and
(30)] Nggi+ Nggm™ Nney= 185 minus nine fitted parameters.
Usually a fit is considered to be good if the value of jffes
approximately equal to the number of d.o.f.
The GOF implied by the/? values and the corresponding
number of d.o.f. given in Eq45) would be excellent for
both schemes. However, one has to be careful in the inter-
pretation of these numbers. Thi3 test for the GOF is not a
In the previous sections, we have restricted ourselves t¥ery restrictive criterion in a global fit of different experi-
the relative comparison of the fit in the different mass ments with a large number of data points and many param-
schemes. Here we discuss the absolute goodness of fiters. One reason is that in such a case a given parameter is
(GOP). A common way of evaluating the GOF is to consider constrained often only by a small subset of the data. The rest
the absolute value of the? function at the best-fit point. We Of the data(which can contain many data pointare fitted
are aware of the fact that GOF values obtained in this wayerfectly by this parametébecause it is insensitive to).itA
are not very restrictive in a global analysis with many datadiscussion of this problem can be found in Réf7] or in the
points as in our case. Therefore, we will also consider in thigontext of solar neutrino analysis in R€88].
section the quality of the fit in the four-neutrino schemes In order to obtain more insight into the quality of the
(3+ 1), (2+ 2), and for the three-active-neutrino case (3 global f|t, we will consider the fO||0WIng qUantmeS:
+0) for each of the different data subsets separately. _ )
As explained in Sec. Il C, we are not able to use any Axo=xo(a@) = (X&) min- (46)
information on the absolute value gfgyp from the LSND
data. However, let us note that the fit for LSND is expectedHere x5 is the x? function of the data set=sol, atm,
to be rather good. In Ref11], the x? for the fit of theL/E LSND, NEV, and ()(i)min is the minimum ofxi. This quan-
tity can be used to test if a given poiat in the parameter

space is in agreement with the data sefor «, we will use

Regarding the exact value of this C.L., see also the discussion ghe best-fit points from the global analysis for£3) and
the (3+0) case in the next section. (2+2), the local minimum in (Z2), and the point corre-

X. GOODNESS OF FIT
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sponding to the (3-0) case. This approach is similar to the (3+ 1) because of Eq11). Depending on the mass scheme,
method proposed in Ref57]. we fix Am?g,p at the best-fit values given in Table II; for
Let us discuss the results of this analysis, which arg3+0), we use the best-fit value dfmZg, in the (3+1)
shown in Table Ill. One can see that solar and atmospherischeme. Although the NEV experiments are in agreement
data are in perfect agreement with the global best-fit point irwith no oscillations, the vaIuAXﬁ,EV=2.3 for (3+0) shows
(3+1). The reason is that in this case both effects are exthat a small contribution of\mZgyp can improve the fit
plained by active neutrino oscillations, which is preferred byslightly.
the data. Also & y?=3 for LSND is in good agreement; the ~ Table Il confirms the results of Secs. VIl and VIII. A
best-fit point lies within the 90% C.L. region for the two combination of only solar and atmospheric data prefers the
parametergmeSND and sif26,snp. However, the (3-1) (3+1) schemes. Therefore, these data are in perfect agree-
best-fit point gives a rather bad fit to the SBL experimentsment with the global fit in (3-1), but fit worse in (2-2).
finding no evidence of oscillations: a value &f?=8.8 for ~ On the other hand, atmospheric and SBL data prefer the (2
2 d.of. d, andd,) is ruled out at 98.7% C.L. +2) scheme;. the (31) best—ﬁt. point is somewhat in dis-
Regarding the (2 2) scheme, we observe some prob|emsagreement with NEV data. _Thls conflict _betvv_een different
in the fit of solar or atmospheric data: At the best-fit d2ta sets does not show up in frievalues given in Eq(45),
(2+2) solution, we obtain for solar data y2=10.7 for since the coupling between the data sets is rather weak. As

3 d.o.f., which is ruled out at 98.7% C.L.. while the fit of the diScussed in Sec. VI, only the parametgy is common to

other data sets ATM, LSND, and NEV is very good. Thesolar and atmospheric oscillations, only the parameler

) . ... links atmospheric and SBL data, while there is no direct
reason for the problems in the solar data is that the best fit foéoupling of solar and SBL data. All of the other seven pa-
(2+2) prefers a large value ofys (corresponding to the :

. T . _rameters can be adjusted to give a good fit of the correspond-
LOW.SOIL.H'OW' This '”.‘p"?s a Iargg component of the sterile ing data set. The remaining conflict between the data sets is
neutrino in solar oscillations, which gives a bad fit. In the

local minimum for (2+2)—which is marked with a triangle completely washed ot by the large number of data points,

in the upper right panel of Fig. 8 and corresponds to theWhICh are fitted perfectly.

LMA solution—the fit of solar data is very good, whereas

atmospheric data give AX2=_ 11.5 for 4 d.o.f.,. vyhich is XI. CONCLUSIONS

ruled out at 97.8% C.L. In this case, the bad fit is a conse-

guence of the large sterile component in atmospheric oscil- We have presented a unified global analysis of current

lations implied by the small value ofis. The interesting neutrino oscillation data within the framework of four-

shape OfXSIoba( 7s) in (2+2), which disfavors equal sterile Nneutrino mass schemes, paying attention to the inequivalent
admixture in solar and atmospheric oscillations, implies thatlasses of (3-1) and (2+2) models. We have included all
either the solaror the atmospheric fit is bad in the ¢2) data from solar and atmospheric neutrino experiments, as
case, but never both. well as information from short-baseline experiments includ-
From the last column in Table lIl, one can see that alling LSND and the null-result oscillation experiments. We
experiments except LSND are in perfect agreement with th&ave mapped the leptonic mixing matrix into a set of param-

(3+0) scenario. However, as expected the fit of LSND iseters in such a way that they have a well-defined physical

very bad in this case and yields\a?= 29 for 2 d.o.f. Inthe ~Meaning in each data set, independently of the mass scheme

Gaussian approximation implied by E@4), this would be  [(3+1) or (2+2)] considered. For example, one of these

ruled out at an extremely high C.L. Let us note that far fromparameters isps, the fraction of sterile neutrinos in solar

the allowed region of LSND this approximation may not be 0scillations. Similarly, 6,, describes the fraction of, in
completely justified. However, it is evident that LSND data atmospheric oscillations and &/, sp is characterizing the
are in strong disagreement with no oscillations. According tacSBL v — v amplitude. The fact that it is possible to describe

Table X of Ref.[11], the probability that the observed num- the results of any of the given set of experiments in terms of

ber of excess events is due to a fluctuation of the expectephysical quantities independent of the mass scheme implies

background is between 28L0™° and 1.8<10"3, depending that none of the considered data sésslar, atmospheric,

on different selection criteria applied to the data. SBL appearance, or SBL disappeargncan be used on its

Some remarks are in order regarding this analysis for thewn to discriminate between different mass spectra. This fol-

NEV experiments. These experiments do not see any eviews from the approximatiom.~1, which is motivated by

dence for oscillations and hence they obtain no informationthe bounds from reactor neutrino experiments, and from the

on a mass-squared difference; only an upper bound on thstrong hierarchy among the mass-squared differences indi-
oscillation amplitude can be derived. Therefore, we considecated by the data. We have shown how the differences be-

AxZey at afixedvalug® of Am?gyp. Hence, thed y? values  tween the mass schemes manifest themselves only when two

shown in the table have to be evaluated for 3 d.o.for more data sets are combined.

(fLsnp»de,d,,) in the (2+2) scheme and for 2 d.o.f. for We have found that combining only solar and atmospheric
neutrino data, the (81)-type schemes are preferred,
whereas atmospheric data in combination with short-baseline

ONote that the original analyses of the Bugk86] and CDHS  data prefer (2-2) models. By combining all data in a global

[38] Collaborations were performed in this way. analysis, the (3-1) mass scheme gives a slightly better fit
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than the (2+2) case, though all four-neutrino schemes areshown in Ref[61], the information obtainable from the neu-
presently acceptable. The LSND result disfavors the threetral current measurements currently performed at SNO will
active neutrino scenario with onlAmZ, and AmZ,, at  be limited because of the relatively large uncertainty in the
99.9% C.L. with respect to the four-neutrino best-fit model.flux of solar 8B neutrinos. On the other hand, more data on
We have also performed a detailed analysis of the goodness, and/or v, SBL disappearance probabilities could help to
of fit in order to identify which subset of the data is in dis- splve the (3+ 12)versus (2-2) puzzle. Especially the exist-
agreement with the bestjfit _soluti_on in a given mass schem%g bounds or;vu disappearance are rather weak. This will

We have found that, in isolation, the LSND data play ape improved by theviniBOONE experiment, which—beside
crucial role in suggesting the need for a four-neutrino SCeyesing thew,— 1, appearance channel—uwill also provide a
nario, at odds with every other piece of information. The \o\\ measurement for the, survival probability[59].

upcomingMINIBOONE experimen{59] will test the very im- In view of the ambiguities implied by the present data, we

portant result of LSND in the near future. However, we have, o 5oking forward to the results of future neutrino oscilla-
shown in this work that the existing data cannot decide be

, - fion experiments, which may unravel the secret behind the
tween (2+2) and (3+1) mass schemes in a statistically gircture of the leptonic weak interaction.

significant way. Most likely this problem will remain also if
MINIBOONE would confirm the LSND result, and to resolve
the ambiguity, more experimental information will be
needed. We thank P. Huber and C. PaGaray for many useful

Such information could be provided by experiments withdiscussions and W. Grimus for comments on a preliminary
a high sensitivity to the sterile component in solar and/owversion of this paper. We are very grateful to W.C. Louis and
atmospheric neutrino oscillations. One possibility to improveG. Mills for providing us with the table of the LSND likeli-
this sensitivity for atmospheric neutrinos could be the contood function. This work was supported by Spanish DGI-
sideration of neutral current events in atmospheric neutrin€YT under Grant No. PB98-0693, by the European Commis-
experimentd 60]. Concerning solar neutrinos, we note thatsion RTN network HPRN-CT-2000-00148, and by the
the different oscillation solutions show very distinct behaviorEuropean Science Foundation network Grant No. 86. T.S.
with respect to a sterile componefsee Fig. 2 hence, the was supported by the European Commission Research Train-
identification of the true solution is important. Moreover, im- ing Site Contract No. HPMT-2000-00124 of the host group.
proved measurements of neutral current event rates may iM.M. was supported by Contract No. HPMF-CT-2000-
crease the sensitivity to sterile oscillations. However, a©1008.
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