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Accelerator, reactor, solar, and atmospheric neutrino oscillations: Beyond three generations
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We perform a phenomenological analysis of neutrino oscillations introducing an additional sterile neutrino.
In such a scenario, more than one spectrum is possible that can accommodate three hierarchically different
mass-squared differences as required by the present experiments. We considered two different spectra. Choos-
ing the Am?s in the ranges suitable for the LSND, atmospheric, and solar neutrino oscillations, limits on the
mixing angles are derived, consistent with the most restrictive accelerator and reactor data as well as the
atmospheric and solar neutrino results. We show that the present data disfavor one of these mass spectra
leaving us with a very stringent choice of mass and mixing angle. The potential of the future heavy water solar
neutrino experiment SNO to distinguish between the four-neutrino mixing and two-neutrino mixing cases is
explored.[S0556-282(97)01603-2

PACS numbeps): 14.60.Pq, 14.60.Lm, 26.65t, 96.40.Tv

[. INTRODUCTION lution to this, attributing the deficit to an inaccurate
prediction of the fluxes by the standard solar modl&)g], is
The question of whether or not neutrinos have a nonzerdisfavored by the present dd@l. If neutrinos are massive, a
mass has remained one of the most tantalizing issues iplausible explanation to the solar neutrino problem is neu-
present day physics. In the standard model of electroweakino oscillations in vacuuni9] or the Mikheyev-Smirnov-
theory neutrinos are considered to be massless. But there Wolfenstein(MSW) [10] effect of matter enhanced resonant
no compelling theoretical reason behind this assumptionflavor conversions. The basic idea is the transitiorvoto
Most extensions of the standard model allow a small bu@nother species—active or sterile—to which the detector is
nonzero neutrino mass. A way for probing small neutrinonot sensitive. The two-generation oscillation explanation for
masses and the mixing between different neutrino flavors ithe solar neutrino problem requirésm?~5.4x10 6 eV?
provided by neutrino oscillations. Considering only two gen-and ~ sif26~7.9x10 2 (nonadiabatic ~ solution and
erations for simplicity, the probability that an initiad, of ~Am?~1.7x10° eV? and siri26~0.69 (large-mixing-angle
energyE gets converted to a, after traveling a distance solution [11] for the MSW transition to an active neutrino.

L in vacuum is If instead one considers oscillations to sterile neutrinos as a
. . possible solution, the large-angle region is excluded at 98—
PwBZSInzZH sir?(1.27Am2L/E), (1) 99 % C.L.[12]. Oscillations in vacuum to an active neutrino

require Am?~0.615<10 1% eV? and sif26~0.864 [13].
where 6 is the mixing angle in vacuumAm? denotes the The sterile neutrino alternative for this case is ruled out by
mass difference squared in @VL/E is in meter/MeV. The the present data at 95-98 % (13,14
oscillatory character is embedded in the second factor in Eq. The primary components of the cosmic-ray flux interact
(1). The detection of this phenomenon in an experiment rewith the Earth’s atmosphere, producing pions and kaons
quiresE/L=Am?. which can decay as

Recently the Liquid Scintillator Neutrino Detector . . _ .. -
(LSND) Collaboration has declared its results for a positive ™ (K*)—u~+wv,(v,), u™—e +ve(ve)+v,(v,).
evidence ofv - v, oscillations[1] (see, however2]). Prior
to this, indications of neutrino oscillations came from the
well-known solar neutrino problem and the atmospheric neu
trino anomaly.

If indeed neutrino flavor oscillations take place, the mos

These neutrinos can be detected by imaging waezekov
detectors—Kamiokand¢15,16 and IMB [17]—or using
iron calorimeters as is done in Fus [18], Nusex[19], and
tSoudan2[20]. To reduce the uncertainty in the absolute flux

sensitive value o\m? for detecting such a phenomenon in values the usual practice is to present the ratio of rafos

LSND is in the e\? range, which is in the right area for the [21):

cold plus hot dark matter scenario for structure formation in _ _

the early universd3]. It remains to be seen whether the R= (vt V) (Ve Ve)obsud )

LSND results stand the test of tinid] but already this has (v, + v ) (vet voluc

added a new impetus to the issue of neutrino mass and mix-

ing and a number of investigations have been carried ouvhere MC denotes the Monte Carlo—simulated ratio. Kamio-

recently, discussing the possible impact of this on particl&kande and IMB findR to be less than the expected value of

physics, astrophysics, and cosmoldgy. unity. This deviation is known as the atmospheric neutrino
The observed suppression of solar neutrino fluxes as conanomaly. Preliminary results from Soudan2 agree with this

pared to the theoretical predictions constitutes the longbut Frgus and Nusex results are consistent with theoretical

standing solar neutrino problem. A purely astrophysical sopredictions. The atmospheric anomaly, if it exists, can be
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explained by eithew ,-v, or v,-v, oscillations in a two- mixing angles to 4. We do not make any assumptions regard-
generation picture. The analysis of the new multi-GeV datdng these mixing angles, allowing them to cover the whole
as well as the previous sub-GeV data of the Kamiokand&ange from O tor/2. Guided by the present data on neutrino
Collaboration predicts the best-fit parameteAm(z,sir?Za) oscillation we consider two different sets of hierarchical
—(1.8x10"2 eV?,1.0) for v,-v. oscillations and (1.6 ~mMass squared differences.
X102 eV4,1.0) for v,-v, oscillations[16]. Since the re- (i) Mass patternA;3=A,3=Ag=A,, the largest mass
quired mixing angle is large, oscillations to sterile neutrinosScale, in the LSND range);,=A,,=4,, the intermediate
for this case as well as for the large-angle MSW and vacuuriass scale as preferred by the atmos.pherl'c neutrino data,.and
oscillation solutions were believed to be inconsistent withA14=4s, the srr_lallgst mass scale, either in the MSW or in
the nucleosynthesis constraif@2]. However, this conclu- the vacuum oscillation range.
sion depends on the bound on the number of neutrino species (i) Mass patternA;=A;5=Ap=A5=A1, A=Ay,
from big bang nucleosynthes[@3,24). If N, is <4, then A14=As. A;=|m?~m. The hierarchy in the absolute
mixing with a sterile species is required to be suppressef@lués of neutrino masses as implied by the above spectra
strongly. If, on the other handy,>4 as suggested recently ¢an be classified in general as follows.
in [25], the possibility of large mixing with sterile neutrinos ~ Case (i): (8 mi=mi~mi<mj or (b) mi=mj
cannot be excluded priori (see alsd26)). ~m§> m%.

The three neutrino oscillation phenomena mentioned Case (ii): (@ mi=mi<m3~m3 or (b) mi=m3
above—namely, the solar neutrino problem, the atmospherig-m3~m3.
neutrino anomaly, and the,-v, oscillations observed by the These are shown schematically in Fig. 1. Theand ~
LSND group—require three hierarchically different masssigns imply that differences bjg and A, are neglected,
ranges which cannot be accommodated in a three-generatiegspectively, while the> or < sign means difference by
picture and many of the studies after the declaration of the, . In each case, the scenari@s and(b) differ only in that
LSND results attempted a simultaneous explanation of anyhe signs of all\;;’s are opposite. Neutrino oscillation analy-
two of the above—the solar plus accelerator and reactor datis remains the same féa) and(b) in both cases and one has
[27] or atmospheric plus accelerator and reactor f2829.  to invoke some other experimental constraints like that from
A recent combined three-generation analysis of solar and akeutrinoless doublg decay for a distinction between these
mospheric neutrino oscillation data can be founfizg—33. [28].
Another approach is to use one common mass scale to ex- Models for neutrino masses and mixings assuming the
plain the accelerator and reactor as well as atmospheric negxistence of sterile states besides the three active flavors
trino oscillations. The other independent mass scale is emhave been discussed bef¢d2]. After the declaration of the
ployed to explain the solar neutrino oscillatid®8—-37. As  |SND results models involving extra singlet neutrinos have
discussed in[37] the common mass-squared differencepeen constructed by many auth@48]. Our investigation is
needed for a simultaneous explanation of the accelerator, rérot motivated by any particular model. Rather, we do a phe-
actor, and atmospheric neutrino data lies in the rang@omenological analysis in which we fix the twom?'s re-
~0.2-0.4 eV, which is one order of magnitude lower than |ated to the atmospheric and LSND signals at appropriate
the value most commonly associated with LSND and ongepresentative values and determine the other oscillation pa-
order of magnitude larger than the mass scale 6" 18V>  rameters from the experimental data. We would like to em-
known to be the best-fit value from two-generation studies ophasize that the two mass differences related to atmospheric
atmospheric neutrino oscillation16]. A recent three- and LSND signals have not been fitted but simply fixed to
generation analysis of the sub-GeV as well as multi-GeVrepresentative values in the analysigile all the other os-
Kamiokande data including matter effects also indicates gillation parameters have been fitied
best-fit Am? of 107 eV? [38]. It has been widely realized  The plan of the paper is as follows. In Sec. Il we summa-
that a remedy of this situation might be the introduction of arize the experimental results relevant for our purpose. In the
fourth neutrino. LEP data reveal that there are three lightollowing section we calculate the survival and transition
active neutrino species. So the fourth neutrino has to be steprobabilities for the various experiments for the mass spectra
ile. (i) and(ii). The results of our analysis and some discussions

Introducing this additional neutrino one can attempt toare presented in Sec. IV where we also examine whether the
separate two-generation treatments for each but a more corfuture solar neutrino experiment SNO can differentiate be-
prehensive approach would be to determine the paramet@feen the two-neutrino and four-neutrino models. We end in

ranges consistent with all the experiments by a combinedec. V with a short summary and conclusions.
analysis in a four-neutrino framework, which can reveal the

full implications of each experimental datum on the others.

In this paper we perform such an oscillation analysis. Phe- Il. EXPERIMENTAL RESULTS

nomenological analyses involving four massive neutrinos

have been carried out earlier in REB9] and more recently

in Refs.[40,41]. The laboratory experiments can serve as an important tool
In a scenario with four neutrinos there are gbm?’s, for neutrino oscillation search. These are either accelerator or

three of which are independent, and six mixing angles, nereactor based and in general are of two tyg@sdisappear-

glecting C P-violating phases. We assume a minimal four-ance experiments, in which one looks for a reduction in the

neutrino mixing scheme, in which the sterile neutrino mixesinitial neutrino flux due to oscillations to some other flavor to

only with the electron neutrino, thus reducing the number ofwhich the detector is not sensitivéj) appearance experi-

A. Laboratory experiments
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FIG. 1. The possible mass spectra considénad to scalg The scenarioga) and(b) are related aga)«(b) underA;j« —A;;.

ments, in which one searches for a new neutrino flavor, absignificance of this result has been questiop#s]. For the

sent in the initial beam, which can arise from oscillation. purpose of this paper we use the sub-GeV Kamiokande re-
Prior to the LSND results, all the laboratory experimentssults for which matter effects are negligible for values of

were consistent with no neutrino oscillatiop#] and pro- Am?s used in the analysis and the “empty Earth approxi-

vided exclusion regions in thAm?-sir’26 plane. In the re- mation” is applicable(see Sec. IIl B.

gion of largeAm?, the sirf(1.27Am?L/E) term — 0.5 and

Pvavﬁzo.Ssin’Qa Thus the limits on sif26 from the exclu- C. Solar neutrinos

sion plots can be used to extract boundsRgn, .. In Table | At present there are four ongoing experiments that are
we summarize the laboratory experiments which give the@neasuring the flux of solar neutrinos. These experiments
most stringent bounds dﬂwﬁ in the mass ranges of inter- along with the measured rates and theoretical predictions
est. TheAm?, to which these experiments are sensitive, defrom Ref. [7] are summarized in Table II. All the experi-

pends on the./E factor. ments indicate that the measured flux is less than the stan-
dard model predictions. The degree of depletion differs from
B. Atmospheric neutrinos experiment to experiment. Since each type of experiment is

) , . sensitive to different parts of the solar neutrino energy spec-
~Among the experiments measuring the atmospheric neyz,m it is plausible that the suppression mechanism is en-
trino flux, data of the most statistical significance have beeryqy dependent.

collected by the Kamiokande and the IMB Collaborations.
For neutrinos of energy less tharl GeV, IMB finds
R=0.54+0.05+0.12 [17] in agreement with the Kamio-
kande dateR=0.60" 00+ 0.05 in this energy rangi5,16]. For N neutrino generations expressith generalizes to
Recently the Kamiokande group has published the results of

[ll. SURVIVAL AND TRANSITION PROBABILITIES

the measurement of the flux ratio in the multi-GeV energy P =5 .—4 U.U.U .U ~sin2(W—L) 3
range[16]. They foundR=0.57"558+0.07, in good agree- VoV TP JE>I ATPEAEAPE N ) )
ment with the sub-GeV value. Another aspect of this mea- )

surement that can independently point towards neutrino od-j vary from 1 toN for N generations:

cillation is the dependence d&® on the zenith angle. The )\ij=2.47in(E,,/MeV)(eV2/Aij). 4)

multi-GeV Kamiokande data reveal a dependence on the ze-

nith angle unlike the sub-GeV data, though the statisticairne actual form of the various survival and transition prob-

abilities will depend on the spectrum Afm? chosen and the
TABLE I. The characteristics of the most restrictive acceleratorexplicit form of U. If Am? is such that a particulax>L,

and reactor experiments. then the corresponding oscillatory term %ih/A\—0,
whereash <L would imply a large number of oscillations

Experiment E L and consequently the gimL/\ term averages out to 1/2.
Bugey ~5 MeV ~40 m Neglecting CP-violating phasesU is real and, in the
CDHSW 2<E<20 GeV ~1 km minimal mixing scheme, is a function of four angles and can
E776 1-10 GeV ~1 km be expressed in general as the product of foyr4rotation
E531 ~50 GeV 0.949 km matricesR;; . As a consequence @PT andCP invariance
LSND 36—60 MeV 30m there is no distinction betweeF?VaVB, PVQVB, Pvﬁpa, and

P

Vot in our analysis. The oscillations are characterized by
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TABLE Il. The solar neutrino data employed in the analysis and the theoretical predictions froffiy Ref.

HomestakgSNU]  Kamioka[10° cm™?s™ 1]  GALLEX [SNU] SAGE[SNU]

Observed rate 2.550.258 2.89+0.42 77.1x8.525°¢ 69.0+ 13"
BP95 SSM 9.31.1 6.62-1.06 13774 137°¢

aRef. [46].
bRef. [47].
°Ref. [48].
9Ref. [49].

three oscillation wavelengths, , \;, andAg corresponding and

to the three mass scalés , A,, andAg in the problem.

Sincexx<1/Am? [see Eq(4)], A, is the shortest wavelength

corresponding to the largest mass scAle and similarly d2¢,, do
\s denotes the longest wavelength characterized by the N?,B J'mﬁ
smallest mass scalkg. Before calculating the probabilities v vETh
for each mass spectrum we note the following general points.

E, is the neutrino energy, and,, is the flux of atmospheric
neutrinosv,. €(Ep) is the detection efficiency of a final
For the accelerator and reactor neutrinos, the energy antharged lepton state with enerdy;. o is the interaction
length scales are such thag and\;>L and the oscillations cross section for the reactionN—I|*N’. The sub-GeV
driven by these mass scales are absent. Thus the one mdlksxes of[53] and the charged current quasielastic cross sec-
scale dominance often used in the context of accelerator arttbns from[54] are used. The detection efficienc{ds] are
reactor neutrino oscillatior{83,50 is a valid approximation, incorporated. In a general multigeneration analysis of atmo-
the oscillations being driven by, . We further note that for spheric neutrinos matter effects might be important for the

A. Accelerator and reactor neutrinos

Bugey\ <L so that siA(wL/\,) averages to 1/2. v,-v, oscillation modg55]. Assuming a matter density of 5
g/cm® and E=1 GeV, the term relevant for matter effects,
B. Atmospheric neutrinos 2\2Ggn E=3.65x10"* eV2 It has been shown in

456,57,36 that for contained atmospheric neutrino events

For the atmospheric neutrinos in the energy rang . 2 - S
~0.1-1 GeV traveling through a distance in the rangerlno"itﬁe;f’/fzfeg;(fgebg{‘hp‘t’;‘:ﬁ”rtnﬁ‘”’:gev'gntth% rratjrlsgg;elguts_i de
~10-1d km, Ag>L, and the oscillations driven b g are y

absent. Thus the probabilities in this case involve two mas%hIS range, the empty-Earth approach is good enough for our

scalesA, and A,. In the context of the sub-GeV Kamio- purpose. A general three-generation analysis of atmospheric

kande data the oscillatory terms are often replaced by thef?eutrlnos including matter effects for both sub-GeV and

average value of 0.561,31,28. This is a good approxima- multi-GeV Kamickande data is performed 1a8,59.
tion for the sifaL/\, term but not for the sf{wL/\)) term in

our case at\; =102 eV2. Thus an averaging over the inci- C. Solar neutrinos

dent neutrino energy spectrum, the zenith angle of the beam
as well as the final lepton energy, is done following the pro-
cedure of[52]. The general expression of E@) for N fla- For oscillation of solar neutrinos in vacuum_ and
vors in terms of the neutrino transition and survival prob-A\;<<L and the terms involving these average out to 1/2.
abilities is

1. Vacuum oscillations

0 2. MSW mechanism

(P, , )+ g“ (P, ) Solving the neutrino propagation equations in matter for
R— wort Ny, e 5) more than two generations and arbitrary values of neutrino
gﬂ ' masses is, in general, a nontrivial exercise. MSW analyses
Pyt NO (PVMVQ for three neutrino generations and the conditions under
ee which it simplifies have been done by many auth&$,30.
A particularly simplifying assumption is one in which the

where problem reduces to an effective two-generation ¢86e33.
In our modelA 14 is kept in the range suitable for solving the
solar neutrino problem for both the mass spectra and
1 d2¢, A4y, A=A 4,4, Under these conditions MSW resonance oc-
<PVQVB>= W._;Bj dE,d cos, 'a's curs between the first and fourth states while the second and

third states remain unaffected by matter. Thwsv oscilla-
q tion is the dominant mode for depletion of solar neutrinos.
% g e(E)dE,dEzd(cos, ) (6) Hoyvever, in a combined analysis, mixin_g_t_ag with v, and
dE v, is also expected to affect the probabilities.
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D. Mass Spectrum(i)

For this case we take

C12C13C14
U RoRuRR e | 2831014 S16012%23C14
ST ) 805014~ $15C1CosC14

—S1a

wherec;; = costj ands;; =sind;,

C12C237~ S$13512523
—C125237513512C23 C13C23

2935

C13C12514
— C235125147 $13C12523514

$12523514 S13C12C23514
0 0 Ci4

S12C13 S13
S23C13

8

Unm=Ry3R13R15R14q . The mixing between the first and

here and everywhere else fourth generations gets modified by the matter effects as

in the paper. Let us now see what the probabilities for the

various experiments are in this case.

1. Accelerator and reactor experiments

In this case,
Po.=1-2s7¢5;  (Bugey, (9)
Py =1- 4s5.C341—c2s5)sim(wLIN) (CDHSW),
(10

Py 3= 4cisissasim(wL/N)  (LSND,E776, (11)
Py v, = 4chsaCisi(mL/n)  (ES3D. (12

2. Atmospheric neutrinos

In this case the relevant probabilities appearing in @&4j.

are
P, = 1—2¢5sT,— 4ctsTcisin(wL/N)), (13

Py v~ 2C3 8755591 4C1 L1512 CosC12— $13512529)

X (CpsS12+ S13C12529) SINA(LIN), (14
PVMV#: 1— 2035855+ 2C1 5533~ 4(CoC1o— S15515529)
X (CogS12+ S13C1552) 2SIP(L/ N ). (15

3. Solar neutrinos

(a.) Vacuum oscillationsThe electron neutrino survival

probability in this case is

_ A4 4,44
Pyer,= C13C1P 2vact S13t S1:C13, (16)

A145in204,4
tan2014m: 1 (18)
A1,00520,,— 2\2G N eqE
where we definen.; as
Neff=CaaC2Ne— 3Ny . (19

In the limit ¢43,¢1, — 1 this reduces to the two-generation
expressiori60]. From Eg.(18), the resonance condition be-
tween the first and fourth generations in the presence of the
other two generations becomes

2\2GENgE=A1,00520,,. (20)

The difference between this and the three-generation reso-
nance is to be noted. While the three-generation resonance
condition gets modified by one additional mixing angle here
the mixing angles with the second as well as the third gen-
eration appear in the resonance condition throngh The
calculation of the survival probabilityPVeVe is then a

straightforward generalization of the standard two- or three-
generation MSW scenario and one gets

_ph 444
Pyer.= C12C13PMswt S13t S1:C13, (21)

PMSW= 0.5+ [05_ 6( E— EA)X]COSZH14C082914M .
(22)

EA=A14cosa914/2\/§GFneﬁ gives the minimumv energy
that can encounter a resonance inside the Xusenotes the
jump probability between the first and fourth mass eigen-
states. For this we use the expression due to Pdi6hy
which is suitable for an exponential density profile as in the

where P, is of the form of the two-generation vacuum Sun. This gives

oscillation probability:

Povac=1—Sirf20,,sirf(7L/\g). (17

(b.) MSW mechanisnif the mass hierarchies, mixing
angles, and the density distributions are such that one h

X exf — myr(1—Ccos201,) ] —exg 27 yg]

1-exd —27yR] (23

2R is given by

resonance between the first and fourth mass eigenstates,

while the second and third mass eigenstates remain indepen-
dent of matter density, then the mixing matrix in matter is

Ay Rs

YRT2E (Lingg)dngg/dz’ 24
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wherez=r/Rg, Rg being the solar radius. We note that un- E. Mass spectrum(ii)
like the case discussed [80], the mixing angle<?, and _

c2, appear in the expression of the jump probability, via In this case we take

nes defined in Eq(19).

C1€13C14 $12€13C23~ S13523 C13S155231 S13C23 C13C12514

—S12C14 C12C23 C12523 —S12514
U= Ry3R15R23R14= : (25)
—S13C12C14  —S13512C237 C13523  —S125135231 C13C23  —S13C12514
- 514 0 0 Cl4
[
We next calculate the probabilities for the various experi- Pvﬂvﬂzl_zciﬁiz_ 4C‘112¢§3553sin2(77|_/)\|), (32
ments.
1. Accelerator and reactor experiments 3. Solar neutrinos
In this case, (a.) Vacuum oscillationsThe electron neutrino survival

probability in this case is
Po-=1-2cici,+2cicl, (Bugey, (26)
_ . Py, = ClaCTP 2vacT (S12C15C23— S13529)
v, = 1-sir20,sir(mL/A) - (CDHSW), (27)
+(C1351253+ S13C29) (33
PV—lLV—e=4cizsfch3sin2(7rL/)\,_) (LSND,E778, (29 o
whereP,,..is given by Eq.(17).
P =4c2s2,s2sif(wL/N)  (E53)). (29) (b.) MSW mechanisnin this case the mixing matrix in
moT matter isUy, = R;3R1oR23R14 - FOr this case also the reso-

nance can be assumed to happen between the first and fourth
mass eigenstates whence the mixing amglg, and the reso-
For the chosen mass spectrum and mixing the probabilinance condition continue to be given by E¢k8) and(20).

2. Atmospheric neutrinos

ties appearing in Eq5) are The probability, however, is different and can be expressed
as
P, =1~ 2¢iCirt 2¢1C1,— 4(C181,005— S15520)
4 4
X (C1381,53+ S13C3) 2SIMP(7L/N,), (30) P, .= C1L13Pmswt (S12C15C23— S13529)"

+(c +s 4 34

Py v~ 20140757, 4C3 L3525 C13512023~ S15529) (C1o812523+ S15C29) (39

X (€135128p3+ S13C29) SIP(TL/N)), (31)  wherePygy is defined in Eq(22).

TABLE lll. The constraints on the angular factors of the most restrictive accelerator and reactor experi-
ments at different values o, .

Experiment LSND Bugey’ CDHSW E776 E53F
Angle factorA 4¢75815553 48ty 45Ty (1—CTS5) 4CisSisss: 4C3S5LCls
[Mass spectrunti)]

Angle factorA 4C§25§2C§3 4C§2C§3(1*C§2C53) 4C§25i2 4052'5%2(3%3 4C§zsi23§3
[Mass spectruntii)]

A =05 eV 0.009<A<0.03 A<0.0257 A<0.04 A<0.0257 -

A =2 e\? 0.0015< A< 0.006 A<0.06 A<0.06 A<0.0025 A<0.155
A =6 eV 0.0022 A<0.008 A<0.13 A<0.07 A<0.002 A<0.022
A =10 e\? 0.0024< A< 0.01 A<0.13 A<0.13 A<0.0024 A<0.01
aRef. [1].

bRef. [62].

°Ref. [63].

‘Ref. [64].

®Ref.[65].
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IV. RESULTS AND DISCUSSIONS Figure 2a) is for A, =0.5 eV2. Figure 2a)(i) gives the
llowed area in the first zone mentioned above. In this region

For both the mass spectra discussed in Secs. IIl A an : L !
. L S e permitted values of the mixing angles are determined by
[l B, the survival or transition probabilities for the accelera- ; -
the Bugey and LSND constraints, giving

tor and reactor experiments are functions of any two of the

mixing angleséq,, 613, and 6,3 and one mass-squared dif-

ferenceA, . In a realistic analysis one has to average the

probabilities over thelL/E distributions of various experi- L ) )

ments and fold it with the detector cross sections. We adopt'gure 2Za)(") displays the admitted zone in the largg,

the approach followed |fﬁ33] since one mass scale domi- small S13 region. In this part the most Stringent constraints

nance is a good approximation in our case also. As noted iare from Bugey, LSND, and CDHSW, allowing

[33], in this limit one can make a one-to-one correspondence

between sif2¢ as obtained from a two-flavor analysis and 0.0025s2,<0.006, 0.993%s5,<1.0.

the angular factor appearing in a three-generation calcula-

tion. If we now fix Am? aroundA , then from the bound on Figure 2a)(iii) shows that there is no combined allowed re-

sirf26 at this Am? from two flavor exclusion contours one gion consistent with the constraints from Bugey, CDHSW,

can constrain the three-generation mixings. The followingand LSND in the smalk3;, smalls3, region.

are the steps adopted by us. From Fig. Zb) which is for A, =2.0 eV?, we see that
Choosing four representative valuesif, 0.5, 2, 6, and  again among the three zones mentioned above only two are

10 eV?, we determine the allowed area in t;-s5;  consistent with all the accelerator and reactor data plus

[s2,-s2,] parameter space for mass spectr(ijn[(ii)] from  LSND.

the accelerator and reactor constraints presented in Table Ill. Figure Zb)(i) gives the Iargesf3 region. Here most re-
The probabilities in the atmospheric neutrino case arestraining are LSND, E776, and Bugey, giving

functions of the three mixing anglet,, 6,3, and 6,53 and

two mass-squared differencas andA, . The terms involv- 0.985s57,<0.999, 0.0Zs5;<1.0.

ing A, average to 1/2 and do not make an explicit appear-

ance. We determine the allowed area in ts8:S3;  In Fig. 2Kii) the largesZ,, smalls, region is displayed. In

[si,s%5] parameter space for fixed values €, [s3;] at  this zone the most stringent are the constraints from LSND,

A~10"2 eV for mass spectrunii) [(ii)] solely from the E776, and CDHSW, giving

atmospheric neutrino data. We use the sub-GeV Kamiokande

result 0.0004<s7,<0.0007, 0.985s5,=<1.0.

0.994<5%2,<0.998, 0.3Z%s%,<1.0.

0,
0.48<R<0.73 (0% C.L), B9 e smallss;, small s, region shown in Fig. @)(iii) is

whereR is given by Eq.(5). ruled out by the combination of LSND, CDHSW, and

Next we find the allowed regions of mixing angles admis-Bugey'

sible from accelerator, reactor, and atmospheric neutrino data F'ggres Z0) and 4d) display the situation fon, =6 and
and compatible with the solar neutrino oscillations. 10 eV¥, respectively. In both these cases one finds no al-

Finally the region in theA,,-si?26,, plane consistent lowed region consistent with all the accelerator and reactor

with the solar neutrino data is determined by aanalysis neutrino oscillation data mainly because of the incompatibil-

for both vacuum and MSW oscillations for the case of the't%’ of the E2776 apd LSND results. In region 3, viz., the smgll
5 small s7; region, the E531 constraint is also not consis-

mixing of four massive neutrino fields. In this analysis the 2 ) . 2
other three mixing angles are kept in the range permitted®nt With LSND bounds as is shown in Figs(cRiii) and
from accelerator, reactor, and atmospheric neutrino con?(d(iii) for A =6 and 10 eVf, respectively.

straints. For purposes of comparison the two-generation

ve-vs regions are also shown. 2. Mass spectrum (ii)

Below we discuss the results for each mass spectrum.  From the constraints given in Table Ill, one gets three
allowed areas of parameter space from nonobservance of
A. Accelerator and reactor data neutrino oscillations of all the accelerator and reactor neu-

trino oscillation experiments apart from LSND. These re-
gions shown in Fig. 3 aré) 0<s2,<1.0, larges?, region,
The constraints on the mixing angles from the various(ii) large s, small s2, region, and(iii) small s2;, small
accelerator and reactor neutrino oscillation experiments arg%2 region.
given in Table Ill for values oA = 0.5, 2.0, 6.0, and 10.0  When the LSND constraint is included, only two of these
eV2. The nonevidence of neutrino oscillations from accelerazones survive for a narrow range &8, <2 e\
tor and reactor data gives three allowed sectors in the Figure 3a) is for A, =0.5 e\?. Figure 3a)(i) gives the
SiyS5s plane: (i) 0<s,;<1.0, large s, region; (ii) large larges?, region. Here most restraining are LSND, E776, and
s33, smallsi, region; (iii ) smalls3;, smalls?, region. CDHSW, giving the bounds
These zones are shown in Figga2-2(d) for different
values ofA, . Some of these zones are ruled out when the ) )
constraint from the LSND experiment is included. 0.99<51,=0.998, 0<s13=0.80.

1. Mass spectrum (i)
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FIG. 2. (a) The allowed region in the§3-s§3 plane from accelerator and reactor data for mass spedijuior A, =0.5 e\?: (i) The 0
<s5,<1.0, larges?, zone. The region between the solid lines is allowed by LSND; the areas to the right of the dashed line marked E776,
below the dashed line marked CDHSW, and to the right of the line marked BUGEY are allowed from these experiments, respectively. The
region marked “Allowed” is consistent with the oscillation signal found in LSND and the null results of other accelerator and reactor
experiments(ii) The highs3,, low s2; regime. Here, the region between the solid lines is allowed from LSND, and those to the left of the
dashed line marked E776 and solid line marked Bugey are allowed from these experiments. The region above the dashed line marked
CDHSW is allowed from it. The zone admitted from all the experiments is marked “Allowéid )’ The low s5;, low s3, region. In this,
the areas below the dashed lines marked E776 and CDHSW and to the left of the solid line marked Bugey are allowed. There is no allowed
zone in this regime consistent with all the experime(tigi), (ii), and(iii) Same as irfa)(i), (ii), and(iii ), respectively, except that these are
for A, = 2 eV2. At this value ofA, the constraint from E531 is also relevant. The area above and below the line marked E531 is allowed
from this experiment ir(b)(ii) and (b)(iii) respectively(c) Same as ir(b) but for A, =6 eV?. (d) Same as ir(b) but for A, =10 eV?.

In Fig. 3a)i) the larges2., smalls?, region is displayed. In region consistent with the constraints from Bugey, CDHSW,
- 'g' ) : e ng iSlS’im " nlzu ?' cln il tpntywiih th@nd LSND. Figure ®)(iii) shows the smalks;, small s2,

S ZOne no regio simultaneously consiste eregion. In this part the most stringent constraints are from
Bugey, LSND, and CDHSW constraints. .

. 5 2 . Bugey, LSND, and E776, allowing

Figure 3a)(iii) shows the smalk?,, small si; region
where the most stringent constraints come from LSND,
Bugey, and E776, giving

5xX10 *<s?,<7x107% 0.0<s2,<0.015.

2.5x10 %<s2,<6.5x10 %, 0.0=52,<0.004.

As in the case of mass spectruim, no allowed region
consistent with all the accelerator and reactor neutrino oscil-
Figure 3b) is for A, =2.0 eV2. Figure 3b)(i) gives the lation data is found foA =6 and 10 e\f mainly because of
allowed area in the first zone mentioned above. In this regiothe incompatibility of the E776 and LSND results.

the permitted values of the mixing angles are determined by

the E776, CDHSW, and LSND constraints, giving B. Atmospheric neutrino data

The area in thes?,-s3; [S1,-555] parameter space allowed
by the sub-GeV Kamiokande data for fixed valuessés
[s35] is shown in Fig. 4Fig. 5] for mass spectrurti) [(ii)].
Figure 3b)(ii) displays the admitted zone in the Iargieg, These plots are drawn by keeping fixed at 102 eV? and
small siz region. In this part there is no combined allowed using Egs(5) and(35). We have chosen this form of repre-

0.985<s7,<0.998, 0.6ss3,<0.98.
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sentation here over the more common mass-squared diffegilowed sectors in the?,-s2, plane for 0.5<A, <2 e\?. In
ence vs mixing angle plots in order to facilitate Comparison, o of these zones shown in Figga)2i) and 2b)(ii) for
with t_he aIIowe_d areas from accelerator and reactor data. AﬁL:O.S and 2 eV, respectivelys;s stays close to 0 and
mentioned earlier, thd | -dependent short wavelength mode . S I

: : %\fﬁl. From Table I\a), in this limit v.-v, oscillations
averages out and the results are valid for the entire range Otake lace in the atmosphere which drives the ratio of ratios
eV?<A, <10 e\’ considered. The regions shown in Figs. 4 P P

and 5 include genuine three-generation regions where botﬁ in a direction opposite to that required. Thus these rggions
v,-ve and v,-v, channels simultaneously contribute to at- are not expec.ted _to be consistent Wlth the atmospheric neu-
mospheric neutrino oscillations in addition to the two-flavor iN© data, which is borne out by Fig. 4. ,
limits. The two-flavor limits are obtained when any two of ~ On the other hand, from Fig. 4 for values s; andsi;

the mixing angles assume their limiting values of 0 and/odying in the allowed range displayed in@(i) and 2b)(i)

/2. The possible two-flavor limits and the correspondingthere are some regions consistent with the atmospheric neu-
mass scale driving the oscillations are listed in Table@lV trino data depending on the choice ef,. This is the
and IMb). Because of the greater latitude allowed by thes?,—1 limit. As can be seen from Table (&), in this limit
presence of two mass scales and three mixing angles, thege -, _oscillations occur, which can explain the atmospheric
are more choices compared to the one mass scale dominanggutrino problem. However, for the solar neutrino survival
limit case [55] W_h_ere the probabilities involve one mass probability, Eq.(21), the limit s2,—1 would imply that the
scale and two mixing angles. coefficient of the vital term responsible for the MSW effect,
Pusw, becomes very small. Consequenlﬂyeve—& due to

the factorsy; in Eq.(21) contrary to the results from the solar

In this section we discuss the combined allowed zoneseutrino experiments discussed in Sec. Il C. Similarly for the
which are permissible from accelerator and reactor data angacuum oscillation probabilityEqg. (16)] also one would re-
atmospheric neutrino anomaly and are compatible with thQ]uire that the factorcilsc‘:tz multiplying the energy- and
solar neutrino problem. Am?-dependent ternP,, .. should not be too small which
would again prefer Iowsf3. Thus this area is disfavored by
the solar neutrino data.

As discussed before, for this mass choice all the accelera- Thus for mass spectrurti) both regions admitted from
tor and reactor data including the LSND results give twothe accelerator and reactor constraints are disfavored when

C. Combined allowed zone

1. Mass spectrum (i)
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combined with the results from atmospheric and solar neuallowed by the atmospheric neutrino constrai8b) are

trino flux measurements. We conclude that mass spedijum shown in Fig. a). It is found that for o.1&s§3< 0.82 the
cannot reconcile all the existing evidence of neutrino oscil-whole of the region permitted by the accelerator and reactor
lations consistently. constraints is allowed by the atmospheric data. i is
decreased or increased above these limits the allowed region
slowly tapers off and beyor$§3=0.17 on the lower side and

The allowed zones for this mass spectrum from acceleraSss=0.83 on the upper side there is no allowed region con-
tor and reactor data were presented in Fig. 3. There are tw@stent with the atmospheric data. Similarly in Figbwe
admitted Zoneq:i) 0$S§3$ 10, |arges§2 region presented in show the allowed area of F|g(m(|") that is Compatible
Figs. 3a)(i) and 3b)(i) for A, =0.5 and 2.0 eV, respec- with the atmospheric neutrino constraints satisfying
tively; (i) smalls?,, smalls?, region shown in Figs. @)(iii) 0.18<55,<0.82.
and 3b)(iii). In the combined allowed regions of Figs(aband Gb)

For A, beyond~ 2 eV? no allowed zones are obtained. both ¢;, andcy; stay close to 1 and thus these regions are

As can be seen from Fig. 5 in tisg,— 1 limit, there is no  compatible with the solar neutrino probabilities.
allowed area from the atmospheric neutrino data irrespective Thus for this mass spectrum the smafl;, small s7,
of the choice ofs3;. From Table I\b), this is thev,-», ~ ZOnes presented in Figs(ep and Gb) are compatible with
oscillation region and is not consistent with the atmospheri@ccelerator, reactor, atmospheric, and solar neutrino results.
neutrino data. Thus one is left with the allowed zones of
Figs. 3a)(iii) and 3b)(iii). This is thes;»—0, s;3— 0 limit,
in which v ,-v, oscillations occur for atmospheric neutrinos.  In this section we determine the allowed area in the
The areas shown in Figs(d&(iii) which are simultaneously A ,,-sir’26,, plane for mass spectruifii). This exercise is

2. Mass spectrum (ii)

D. Solar neutrino data

1.0

@)

CDHSW

1 \
A |
W
)
N
%
0.0 iad T A T y TR
0.985 20990 0.995 1.000
512
1,00 e ——— 0.008 -
BUGEY P ;
ii) b (iii) ‘
E o a 1
0.95 | k % i
3 0.006 F\ 3 :
r [\ H
q a \ |
£ A
0.90 8 \510 \ " 5 :
E o N £ =} i
0.004 | o ©
i m F \ i
= . w” b N !
Uoss £ / e w ; |
. . N i
/ d@ 002 s 3’%‘ i
3 0. o
0.60 F 3 ?' 2 i
E s & § AR &
/ &v/ < \ l
t 7/ F \ l
0076 s " INUE SR B daliasn IVAETUTEN O.ON n L L PR Y P | P n
0.00 0.01 0.02 0.03 0.4 .05 . 0.000 LXCTI 0.008 0.012
2 2
(a) $%a A=0.5 eV S

FIG. 3. The allowed region in the§2-5§3 plane from accelerator and reactor data for mass spediiyifor A, =0.5 e\?: (i) The 0
<s2,<1.0, larges?, region. The area between the solid lines is consistent with LSND, and the areas above the dashed lines marked E776
and Bugey are allowed from these experiments, respectively. The area to the right of the vertical solid line is allowed from CDHSW. The
region marked “Allowed” is consistent with all the experiments) The larges?;, smalls?, region. The area between the solid lines is
admitted from LSND while the area to the left of the dashed line marked E776 is allowed from it. The zone above the dashed line marked
Bugey is allowed by Bugey and that to the left of the vertical line is allowed from CDH@WThe smallsig, smallsi2 zone. The region
between the solid lines is allowed from LSND. The area below the dashed line marked Bugey is admissible from it while the areas to the
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Same as in@(i), (i), and(iii), respectively, except that these are fqr=2 eV?, for which the constraint from E531 is also important in
some regions. Iitb)(i) the area belovjwhile in (b)(ii) the region to the leftthe line marked E531 is allowed.
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FIG. 3 (Continued.

not performed for mass spectrui since it is already dis-

to the solar neutrino problem has been pursued by many

favored by the combination of all present data. We observauthors. We have done a two-flavgf fit to the solar neu-
that for mass spectrurtii) the solar neutrino survival prob- trino data of Table Il for vacuum oscillations to active and
abilities, Eqs.(16) for the vacuum oscillation case and Egs. sterile neutrinos. The, survival probability

(21) for MSW resonant conversions, depend An, and

014 as well as on combinations of the other three mixing
anglesé,,, 613, and#f,;. Fixing the values of these mixing
angles in the region permitted by the atmospheric and labo-
ratory result§shown in Fig. 6 one can find the allowed area
in the A, +sirf26,, plane using the solar neutrino data.

We have performed g2 analysis of the present solar
neutrino data for both the two-generatiogvs case as well s folded with the detector cross sectidi6g], the solar neu-
as for the(3+1) model under consideration for both vacuum trino fluxes[70], and the neutrino production profile func-
oscillations and MSW resonant flavor conversion. Thetions [7], integrated over the enerdy and the production
method consists of minimizing the function locationr, and averaged over 1 year when compared to the
)2 time-averaged data(t) in the above is the Sun-Earth dis-

tance given by

whereR™? denotes the experimentally observed rate for the t
ith experiment(given in Table 1) and AR™ is the corre- 1-ecos2m<]|,
sponding error obtained by combining the statistical and sys-

7R(1)

P2va&E7raR(t)):l—Sir?20 S|n2 )\

Nexpt

%

=1

Riexpt_ Rith

2_

X°= (36)

(39

R(t)=Ry

tematic errors in quadratur(ﬁ?ith is the theoretically calcu-
lated rate for a particular value afm? and sif26. The
parameter values minimizing th¢? function defined in Eq.
(36) give the best fit to the data.

1. Vacuum oscillations

The possibility of vacuum oscillations of, to active
[11,13,14,66,6F/and sterile[13,14,68 flavors as a solution

where Ry=1.49x 10" cm is the mean Sun-Earth distance,
and e=0.0167 is the ellipticity of the Earth’s orbit.is the
time of the year at which the solar neutrino flux is measured
andT is 1 year.

Our results are displayed in Table V in which we give the
x? minimum and the best-fit values of the parameters for the
two-generation vacuum oscillations to active as well as ster-
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FIG. 4. The allowed areas in tt#,-s5; plane from Kamiokande sub-GeV atmospheric neutrino data are shown shaded for various values

of s2, for mass spectrurfi). In these figures,

=10"2 eV?

2 2 4 4 2 2 4 4
+ P, , ~C1L13~ C1L13T (C1LT13™ C1L13) Povac

(39

e’r

VeV,

ile neutrinos. Our results compare well with recent vacuum p

13,14,6% The small

differences can be traced to the use of different input data.

oscillation analyses in the literatuk&l

where we have neglected a tertd2UZ, since it is small in

Next we investigate for any possible changes in e
minimum and the best-fit values of the parameters if insteathe combined allowed region of Fig. 6 from the accelerator,

of the two-flavor probabilities one uses Eg?3) fixing 6.,

reactor, and atmospheric neutrino data. Scanning over the

613, and 6,3 from the combined allowed zone shown in Fig. allowed regions in Fig. 6, the minimum value that the factor

6. We find that for the admissible values of these mixingc
angles the last two terms of E(3) are negligible and the

probability reduces t®, , ~C1,C1,P2vac. ANy change over
the two-flavorve-vg case will thus be brought about by the

factorci,cy,. In addition,

1.1, can take is 0.97. Fixingic], at this value they?

minimum and the best-fit values of the parameters obtained
are listed in Table V. The change over the two-generation

This is expected because the factor

1.1, is close to 1. Also the contribution to Kamiokande

coming from(39) is ~0.015+0.015°,,,.. Thus the maxi-

Ve-Vg Case is nominal.
only but here one has the additional possibility of a simulta-mum contribution from this channel is0.03/6 whenP, ..

in the two-generation case involv- C

ing just v, and v, Kamiokande would be sensitive t.’'s

is 1. The factor of 1/6 comes because the neutral current

neous transition te,’s as well asv,’s which can interact in

he detector are suppressed by this factor com-

pared to the charged current interactions. The 90% C.L. al-

the Kamiokande detector by virtue of their neutral currentinteractions at t

interactions. For the mass spectryin) this contribution is

given by

2

lowed area f*<y

int4.61) for the two-generation sterile

min
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FIG. 5. The allowed areas in tt8,-s2; plane from Kamiokande sub-GeV atmospheric neutrino data are shown shaded for various values
of s3, for mass spectrurfii). In these figures\,=10"2 eV2.

neutrino solution and for thé3+1) model under consider- species. Thee? minimum and the best-fit values of param-
ation is shown in Fig. 7. In this analysis we have confinedeters obtained are given in Table VI. Instead of numerically
ourselves within a particular standard solar md&SM) [7] integrating the evolution equation we make use of the well-
and have not considered the theoretical uncertainties arnikhown analytic expression of the two-flavor survival prob-
their correlations. It has been shown[i8] that inclusion of  ability of the form(22). This is folded with the energy spec-
theoretical errors does not change the best-fit values and theum and detector cross sections and integrated over the
x% minimum significantly. Only the confidence regions be-production points. Our algorithm for determining the reso-
come larger. For our purpose of comparison between thaance position and the logarithmic derivative at the reso-
two-flavor v.-v case and the four-massive-neutrino model anance point follows the prescription given [iii7]. We use
determination of thee> minimum and the best-fit values suf- the density profile$60]
fices.

e

2. MSW resonant flavor conversion N=NoNavo€X z, (z+b)/)" (40
There are several recent two-flavor MSW analyses of the

solar neutrino datd11-13,71-76 which agree well with The parameten, is 98.8 and 48.4, respectively, fag and
each other up to small differences due to the different inputi,. z=r/Ry, and np,,=6.03x10?¥cnr. b is 0.15 and
data and their treatment. We have done a two-flavor fit to th®.02, respectively, fon, andn, with z;=0.09 for both. For
current data for MSW transitions to both active and sterilethe case where oscillation to an active species is considered,
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TABLE IV. The possible two-flavor approximations for atmo-

spheric neutrinos. 0008 r !
: (a)
(a) Mass spectrunti) b ’
Angle limit  Equivalent two-flavor mixing Relevant mass scale 0.008 5_\ %
N
S1,—0, 813—0 v, V. AL EoN
F \
512—71, S13_)0 VuVr AL E \\ g E
512—’0, 313—>1 V,u_VT A| n0'004 E_ E B 8
S1o—1,813—1 vV, A, o . I
1433
S15—0, Sp3—0 V, Ve A : 1$333)
S13—0, Sp3—1 VeVr A s EEESEE\!?&;’
S13—1, S,3—0 Vv, A 0.002 [ y;»_
S15= 1, S5 1 A : HHN g
I svsrzeeseaa s
51270, 52320 AL F R,
120, Sp5—1 AL L3 T N
S12—1, 83—0 VeV, Ap "70.000 0.004 0.008 0.012
512—’1, 523—>1 Ve'VM AL S 12
(b) Mass spectruntii)
312—>0, 513—>0 V/L-VT A|
Slz—>1, 513—>0 VeV, A| 0.020 r
Slz—>o, 513—>l VM'Ve A| " . (b)
S1o—1, 8131 VeV, A " :
313~>0, 5234>0 VM‘Ve AL E .
Slgﬂo, 3234>1 V;/,'Ve AL 0.01% E— - - P ey Te b~ -
S13—1, 5;3—0 Vv, Ay r et BUGEY ~ ~ ~ -~ -
C a bt
S13—1, Sp3—1 Vv, Ay C g pasiils
S1o—0, Sp3—0 VeV, Ay _0.010 é_ §§§§§§§v
Slz—>0, 523—>1 VeV, AL N"‘ r :::::::g 2
r prossan
Slz—>1, 523—>0 VeV, A| 0 L EE;EEE% 5
S1o—1, 553~ 1 VeV, A C HiE
r 333333
0008 ¢ HHE
. . - : pioiiiy
only n, appears in the expression for the probabilities. For F I}
this case we have compared ti@minimum obtained using t Biiitis )
HY H i i 000 PRI 53133 3 WU TNU A I SN AT IR S o e
the _SSM dens!tles given in a tab_ular form [iA] with that 0.000 o s POrS PYYIT o 0020
obtained by using the density profile of E40). The results Sew

are almost the same.

Next we determine thg? minimum and the best-fit val- . . _
ues of the parameters for the model consisting of four mas- FIG. 6. The combined gllowed area conS|_stent with the accel-
sive neutrinos under consideration for which we use th&"ator, reactor, atmospheric, and solar neutrino results are shown
probability (34). Compared to the two-generation scenarioShaded in(@ for ALjo'Sze\’e and (b) for A, =2 eV In the
the following points of qualitative difference are there in our 200Ve figurest; =10"% eV* and 0.18<55,<0.82.
case.

The survival probability given in Eq(34) depends on
three additional mixing angleg;,, 613, and 6,3.

tor, and atmospheric data, depicted in Fig. 6.
As before, for the allowed zones of Fig. 6 the last two

i L . terms in EqQ. (34 are negligible and one has
The resonance condition and the mixing angle in matte 4 4 . .
) . . ~C7,L13Pusw- In the allowed region of Fig. 6 the
are now determined by« given by Eq.(19) which depends veve 127130 M 4 a ] . }
on the mixing angle®,, and 6;5. minimum possible value of7,C15 is 0.97. With this choice
In earlier studies of the three-generation MSW effect, ) _ ) 2
conversion between active species was considered and hence TABLE V. The yi;, and the best-fit values dfm” and sin2¢
the term involving the neutron density was absent and th or vacuum oscillation of solar neutrinos. Note that for the four-
: - . : . generation casAm?=A,, and sif26=sirf26,,.
jump probability retained its two generation forf80,33.
Here, because of the asymmetric interaction between the ac-

t@ve and the sterile speqies, the jump probabili_ty betw'een the gegggtion gegggtion gesgﬁ;ﬂon
first and fourth states is also affected by mixing with the (active (sterile cheh —0.97
second and third states. 112~ 7,
Our aim is to see whether these can make any quantitativg? 3.0 8.15 8.07
difference in the two-generatiom-v, confidence regions Am? [10 1 eV?] 6.1 7.87 7.89
and best-fit values for the allowed values of the mixingsj?2g 0.93 0.81 0.80

angles#,,, 6.3, and f,3, consistent with accelerator, reac-
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FIG. 7. The 90% C.L. region in thAm?-sin’26 plane for the

vacuum oscillation solution to the solar neutrino problem. The FIG. 8. The 90% C.L. region in thAm?-sirf26 plane for the

dashed line is for the two-generatiog-v4 solution while the solid ~ MSW solution to the solar neutrino problem. The dashed contour is

line is for the four-neutrino case witf,c1,=0.97. Note that for the ~ for the two-generation,-v solution while the solid contour is for

four-neutrino cas&Am?=A,(Ag) and sif26=sir?26,,. the four-neutrino case witle},c$,=0.97. The “+” denotes the
best-fit solution in the first case whileX” denotes that in the

new Of Eq. (19) differs at most by 7% from the profile of second. For the four-neutrino situatorAm?=A,, and

Ne— 3N,, which is relevant for the two-flavor sterile neutrino sir?26=sir?26,,.

solution, in the region of neutrino production in the Sun.

Here (1heg)(dneg/d2) differs from the logarithmic deriva- - y6_generatiorv,-v case and this four-generation scenario.

tive relevant for the two-generation,-vs case by~5% ex-  The SNO heavy water experime}it8] will probe, in addi-
cept ?t very interior points in the sun. The best-fit values andiop, o neutrino electron scattering, neutral and charged cur-
the x* minimum obtained are presented in Tables&d/and  en¢ deuteron disintegration reactions initiated by neutrinos
VI(b) for the small-angle and large-angle solutions, respecy;s the reactions

tively. The large-angle solution is disfavored for both the
two-generationv.-v4 case as well as for our model consist-
ing of four neutrinos for the allowed values of the other
mixing angles from accelerator, reactor, and atmospheric
neutrino data. The 90% C.L region for the two-generation
and the four-neutrino cases is shown in Fig. 8. The change is vyt+d—p+n+v, (NC dissociation, (42
not significant. The large-angle region is not present in both

cases at 90% C.L.

ve+d—p+p+e” (CC absorptiohn (41

wherex can bee, u, or 7. The charged current event rate

)(RCC) and the neutral current event rate\c) are given in

theory errors or their correlations into account. Further wey, o presence of neutrino flavor conversion by the following
have not considered the day-night effect in the Kammkand%xpressions
£ :

data and the effect of neutrino regeneration in the Earth. |
this respect our two-generation MSW studies are similar to ) ) )

the recent analysis if11] and our results compare well with ~ TABLE VI. The xp,, and the best-it values oAm® and
them. Since our aim is a comparative study between the tWos_ln220 for the MSW solution to the solar neutrino problem. Note

) ) 5 170 Pro
and four-neutrino models, these omissions are not importarif@ for the four-generation caseam”=A 4 and sif26=sin’26,,.

for us. Two Two Four
. generation generation  generation
E. Future experiments (active (sterile 01‘301‘2:0.97
The mass spectruitii) discussed in this paper reduces to :
the three-generation case discussed[26] in the limit () Small-angle region
0,4—0. The implications of the allowed areas shown in Fig. Xain 0.26 2.15 2.13
6 for the mass spectrufii) for future short base line experi- Am? [10°° eV?] 5.1 3.95 4.48
ments like CHORUS and NOMAD and the proposed longsin‘26 7.8X10°°  9.2x10°°  8.1x10°°
base line experiments have been discussg@% where it
has been shown that with their projected sensitivity (b) Large-angle region
CHORUS and NOMAD will not be able to probe these xZ;, 2.58 9.68 9.83
zones but some of the long base line experiments might. Am? [1075 eV\?] 1.8 1.18 1.5
In this article we discuss whether the future solar neutrinair?2¢ 0.725 0.793 0.802

experiment SNO will be able to differentiate between the
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1. ve-vy(v,) transition 2. ve-v, transition (two flavor)
In this case, Recc is given by Eq.(43) while Ryc is
JE(E)oc(E)P,, (E)E
Rec= R —rmeoge — @ <o/ FE)ONC(EIP,,, (E)IE
oee RN RN TR (E)one(B)GE 49

JF(BE)onc(B)[P,,, (E)+ P, (E)]dE E , . Lo .
valuating this quantity with the current best-fit parameters
JF(E)onc(E)dE ' (the small-angle MSW solutignfor oscillations to sterile
(44 neutrinosRyc/RSEMis 0.35 whileRec/REMis 0.346. Thus
(Ree/REM/(Ryc/RSEM ~1 modulo the small differences
betweenocc andoyc.

_ RSSM
Rne=Rne

SinceP,, +P,,, = 1 for two flavors,Ryc= Ry, This
conclusion is valid for three active flavors as well. A simple-
minded estimate neglecting the detector efficiency and en-
ergy resolutions giveRec/R32¥~0.3, using the current
best-fit small-angle MSW parameters from Tablday| Rcc continues to be given by E@43) but Ry is

3. Mixing of four neutrinos

B SSMIF(E)UNC(E)[PVGVG(E) + PVeVI_L(E) + PvevT(E)]d E
Rne= R [F(E)ond E)IE '

(46)

This is qualitatively different from the two-generation the LSND range. For both cases one can parametrize the
ve-vs Case because of contributions in the neutral currenmixing matrix in such a way that the probabilities for the
event rate fromw, and v.. However, for values of the pa- accelerator and reactor experiments are functions of only two
rameters from Table V&), the quantitative difference is not mixing angles and one independeh?, viz., A, . Fixing
significant and one geRyc/Rye" is 0.37 whileRec/R2" A, around 0.5, 2, 6, and 10 évive map out the allowed
is 0.34 and Rec/REM/(Ryc/Rua™) =0.93. Thus the pres- zone in the sifssintbys [Sird,-sird,s] plane for the
ence of two other active neutrino states does not make muafass spectrurt) [(ii)]. Using the atmospheric neutrino con-
of a difference. This is expected because for our model thetraint the above area can be further restricted and the per-
allowed values of the mixings angles, and 613 are very  missible ranges for the remaining mixing angle can be deter-
small. We conclude that although future solar neutrino exmined. Next we examine whether the combined allowed area
periments can distinguish in principle between the two-thys obtained is compatible with the solar neutrino results.
neutrino and four-neutrino miXing mOdeIS, given the present In genera| for both mass Spectra the fo”owing picture
experimental constraints on parameters these differences aggherges: The accelerator and reactor experiments including
not appreciable. LSND give two allowed sectors of relevant mixing angles
for 0.5<A_ <2 e\2. In one of these zones a simultaneous
solution to the atmospheric anomaly is possible. For mass
spectrum(i) this zone is disfavored by the solar neutrino data
We have performed a combined analysis of the acceleravhereas for mass spectruin) a narrow region is simulta-
tor, reactor, atmospheric, and solar neutrino data in a fourneously compatible with the Kamiokande atmospheric neu-
neutrino framework introducing a sterile neutring. In  trino data and the solar neutrino results. Thus our analysis
such a scenario there are in general six mass-squared diffeshows that mass spectrufm is eliminated by combining
ences, three of which are independent, and six mixingimultaneously all present data on neutrino oscillations.
angles, neglectin@ P violation in the lepton sector. We as-  Finally, we determine the allowed area in the
sume thatvg mixes only withv,, thus reducing the number A,,sir26,, plane from the solar neutrino data for mass
of mixing angles to fours,,, 6,3, 0,3, andf,. Fixing the  spectrum(ii), which is favored by the combination of the
three independenfhm?'s around the ranges suitable for current data. In a four-neutrino framework the solar neutrino
LSND, atmospheric, and solar neutrino oscillations, we deprobabilities are in addition functions of three other mixing
termine the mixing angles consistent with all the experimenangles,f,,, 6,3, and 6»,3. Taking these from the combined
tal constraints. We consider a picture whevg, is fixed in  allowed zone, the possible changes of the allowed area in the
the solar neutrino rangeither MSW or vacuum oscillation A, sirf26,, plane are determined. No significant changes
Then one can think of two different mass spectee Fig. 1  over the two-generation-vg case is found. The small-
for the remaining fiveAm?’s: mass spectruni), in which  mixing angle MSW solution continues to give the best fit to
two Am?®'s are in the atmospheric range and the other thre¢he data with ay? minimum of 2.13 for two degrees of
in the LSND range, and mass spectruin), where one freedom.
Am? is in the atmospheric range and the remaining four in In analyzing the accelerator and reactor data we have used

V. SUMMARY AND CONCLUSIONS
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the two-flavor plots presented by the experimental groups Both mass spectra considered are consistent with the cold
adopting the approach followed B3] since one mass scale plus hot dark matter scenario of structure formation with
dominance is a good approximation. A rigorous reanalysis ofhree almost degeneraftmass spectrunti)] and two almost
the raw data in the one mass scale limit of the threedegeneratdmass spectruntii)] neutrinos in the eV mass
generation picture is performed jB84]. The results that we range[3,81]. For certain choices of the cosmological param-
have obtained using the two-flavor plots are more or less irters such scenarios can provide a better fit to the existing
agreement with their analysis. For atmospheric neutrinos wdata than the single-neutrino case.
have gone beyond the one mass scale limit and explored the In conclusion, we would like to mention that though a
effects of the presence of all three mixing angles and twdhree-flavor mixing scheme cannot accommodate the three
mass scales. This scenario offers some new solution regiorserarchically different mass ranges required for LSND, at-
over that obtained in the one mass scale dominance limit. Anospheric, and solar neutrino oscillations, introducing an ad-
detailed analysis of the atmospheric neutrino problem in thiglitional sterile neutrino, there is more than one possible mass
framework including matter effects and the multi-GeV Ka- spectrum. We have considered two different mass spectra
miokande data will be presented elsewhgf8]. and have shown that one of these is favored by the current
Massive neutrinos are known to be important in superdata on neutrino oscillations whereas the other is ruled out
nova r-process nucleosynthesis and the effect of two-by the combination of all data at 90% C.L. Our analysis
generation mixing om-process nucleosyntheis has been con-assumes that the solar neutrino oscillation is driven mainly
sidered in[80]. It has been shown ih37] that in the one by v.-v transitions. If this scenario is confirmed by the fu-
mass scale dominance limit the results of two-neutrino mixture solar neutrino experiments and the other experimental
ing can be applied to the three-generation case. For magsputs do not change significantly as more data accumulates,
spectrum(i) only A5 is in the relevant range of resonant then the case for a fourth sterile neutrino will become very
flavor conversion in the post core-bounce supernova envirorcompelling.

ment and hence the one mass scale QOminanpe limit i; appli- ACKNOWLEDGMENTS
cable and the results of two-generation studies continue to
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[37] and merits further scrutiny. Research, India is acknowledged.

[1] C. Athanassopoulost al, Phys. Rev. Lett75, 2650 (1995; [9] S. M. Bilenky and B. M. Pontecorvo, Sov. Phys. Ugp, 776
W. C. Louis, inNeutrino 94 Proceedings of the 16th Interna- (1977).
tional Conference on Neutrino Physics and Astrophysics[10] L. Wolfenstein, Phys. Rev. B4, 969(1986; S. P. Mikheyev
Ei'lat, Israel, edited by A. Daet al. [Nucl. Phys. B(Proc. and A. Yu. Smirnov, Sov. J. Nucl. Phyg2, 913 (1985;
Suppl) 38, 229(1995]. Nuovo Cimento C9, 17 (1986.

[2] J. E. Hill, Phys. Rev. Lett75, 2654 (1995. Here the data of [11] J. N. Bahcall and P. I. Krastev, Phys. Re\v63)4211(1996.
[1] were interpreted to be consistent with no neutrino oscilla-[12] P. I. Krastev and S. T. Petcov, Nucl. Phy149, 605(1995.

tion. [13] E. Calabresiet al, Astropart. Phys4, 159 (1995.
[3] J. R. Primaclket al, Phys. Rev. Lett74, 2160(1995. [14] N. Hata, University of Pennsylvania Report No. UPR-0605T,
[4] The recent results of the LSND Collaboration, C. Athanasso- 1994 (unpublisheg P. I. Krastev and S. T. Petcov, Phys. Rev.
pouloset al, Phys. Rev. G4, 2685(1996), including the data Lett. 72, 1960(1994.
taken in 1995, corroborate their initial results. [15] K. S. Hirataet al, Phys. Lett. B280, 146 (1992.

[5] G. Raffelt and J. Silk, Phys. Lett. B66, 429 (1996; G. M. [16] Y. Fukudaet al, Phys. Lett. B335 237 (1994.
Fuller, J. R. Primack, and Y. Z. Qian, Phys. Rev5R 1288 [17] D. Casperet al, Phys. Rev. Lett66, 2561(1991); R. Becker-
(1995; D. O. Caldwell and R. N. Mohapatra, Phys. Lett. B Szendyet al, Phys. Rev. D46, 3720(1992.
354, 371(1995. [18] Ch. Bergeret al,, Phys. Lett. B227, 489 (1989.
[6] J. N. Bahcall and M. H. Pinsonneault, Rev. Mod. P184.885  [19] M. Aglietta et al,, Europhys. Lett8, 611(1989.
(1992; S. Turck-Chige and I. Lopes, Astrophys. 408 347  [20] M. Goodmanet al, in Neutrino 94[1], p. 337.

(1993. [21] The usage of the “ratio of ratiosR as a valid indicator of the

[7] J. N. Bahcall and M. H. Pinsonneault, Rev. Mod. PHgia. 1 neutrino anomaly has been recently critically examined. See G.
(1995. L. Fogli and E. Lisi, Phys. Rev. B2, 2775(1995.

[8] N. Hata and P. Langacker, Phys. Rev4D) 2220(1993; J. N. [22] X. Shi, D. Schramm, and B. Fields, Phys. Rev.4B, 2563
Bahcall, Phys. Lett. BB38 276 (1994; W. Kwong and S. P. (1993.

Rosen, Phys. Rev. Leff3, 369(1994; S. Parkejbid. 74, 839 [23] C. J. Copi, D. N. Schramm, and M. S. Turner, Phys. Rev. Lett.
(1995. 75, 3981(1995; N. Hataet al, ibid. 75, 3977(1995.



55 ACCELERATOR, REACTOR, SOLAR, AD . .. 2949

[24] A chronological discussion on the bounds obtained by differ- L165 (1980; V. Barger, K. Whisnant, and R. J. N. Phillips,
ent groups and the various uncertainties involved can be found,  Phys. Rev. 22, 1636(1980; A. De Rujulaet al, Nucl. Phys.

e.g., in S. Sarkar, Rep. Prog. Phys. 59,1996 B168 54 (1980.
[25] P. J. Kernan and S. Sarkar, Phys. Rev54) 3681(1996. [51] A. Acker, J. G. Learned, S. Pakvasa, and T. J. Weiler, Phys.
[26] R. Foot and R. R. Volkas, Phys. Rev. Letb, 4350(1995. Lett. B 298 149(1993.

Here the big bang nucleosynthesis bounds on mixing with sterfs52] v. Barger and K. Whisnant, Phys. Lett. 29, 365 (1988.
ile species are reexamined and it is shown that large mixing§53] G. Barr, T. K. Gaisser, and T. Stanev, Phys. Re\39)3532
with sterile neutrinos are allowed if the relic neutrino asymme- (1989: T. K. Gaisser, T. Stanev, and G. Baibjd. 38, 85
try is large. (1988.

[27] K. S. Babu, J. C. Pati, and F. Wilczek, Phys. Lett380, 351 [54] M. Nakahataet al, J. Phys. Soc. Jpi&5, 3786(1986.
(1995; 364, 251(F) (1995; S. M. Bilenky, A. Bottino, C. 55 5 panialeone, Phys. Rev.4d, R2152(1994).
Giunti, and C. W. Kim,ibid. 356 273 (1995; H. Minakata, [56] E. D. Carlson,’ Phys. Rev. B4 1454(1986.

ibid. 356, 61 (1995. o N
) [57] E. Akhmedov, P. Lipari, and M. Lusignoli, Phys. Lett.3®0,
28] H. Minakata, Phys. Rev. B2, 6630(1995.
[28] inakata ys. Rev (1995 128(1993.

[29] S. Goswami, K. Kar, and A. Raychaudhuri, Int. J. Mod. Phys ;
A (to be publishex [58] G. L. Fogli et al, Report No. IASSNS-AST 96/41, 1996in-

[30] A. S. Joshipura and P. I. Krastev, Phys. Rev.50 3484 published.
(1994 [59] T. K. Kuo and J. Pantaleone, Rev. Mod. Ph§s, 937 (1989
[31] A. Acker, A. B. Balantekin, and F. Loreti, Phys. Rev. 49, and references therein; See also D. Harley, T. K. Kuo, and J.
328(1994. Pantaleone, Phys. Rev. &, 4059(1993. Recent studies in-
[32] M. Narayanet al., Phys. Rev. D63, 2809 (1996. clude G. L. Fogli, E. Lisi, and D. Montaninabid. 54, 2048
[33] G. L. Fogli, E. Lisi, and D. Montanino, Phys. Rev.49, 3626 (1996.
(1994. [60] V. Bargeret al, Phys. Rev. D43, R1759(199).
[34] G. L. Fogli, E. Lisi, and G. Scioscia, Phys. Rev.2, 5334  [61] S. T. Petcov, Phys. Lett. BOO, 373(1988; Nucl. Phys.B13,
(unpublished (1995. 527 (1990.
[35] O. Yasuda and H. Minakata, Report No. TMUP-HEL-9604, [62] B. Achkaret al, Nucl. Phys.B434, 503 (1995.
1996 (unpublishedl [63] F. Dydaket al., Phys. Lett. B314, 281(1984).
[36] G. L. Fogli, E. Lisi, and D. Montanino, Astropart. Phyk.177 [64] L. Borodovskyet al, Phys. Rev. Lett68, 274 (1992.
(1995. [65] N. Ushidaet al, Phys. Rev. Lett57, 2897 (1986.
[37] C. Cardall and G. M. Fuller, Phys. Rev. &3, 4421(1996. [66] Z. G. Berezhiani and A. Rossi, Phys. Rev5D, 5229(1995;
[38] O. Yasuda, Report No. TMUP-HEL-9603, hep-ph/9602342, Phys. Lett.B367, 219 (1996.
1996 (unpublishegl [67] P. I. Krastev and S. T. Petcov, Phys. Rev58) 1665(1996.
[39] J. J. Gomez-Cadenas and M. C. Gonzalez-Garcia, Z. Phys. (58] V. Bargeret al, Phys. Rev. D43, 1110 (199)); Phys. Rev.
71, 443(1996. Lett. 65, 3084(1990; 69, 3135(1992; A. Acker, S. Pakvasa,
[40] S. M. Bilenky et al., Phys. Rev. Db4, 4432(1996. and J. Pantaleone, Phys. Rev4B 1754(1991).
[41] N. Okada and O. Yasuda, Report No. TMUP-HEL-9605, hep-[69] J. N. Bahcall and R. K. Ulrich, Rev. Mod. Phy80, 297
ph/9606411, 1996unpublished (1988.
[42] L. Bento and J. W. F. Valle, Phys. Lett. B4, 373(1991); J. [70] J. N. Bahcall,Neutrino Astrophysic§Cambridge University
Peltoniemi, A. Yu. Smirnov, and J. W. F. Valliid. 286, 321 Press, Cambridge, England, 1989
(1992; J. Peltoniemkt al, ibid. 298 383(1993; D. O. Cald-  [71] N. Hata and P. Langacker, Phys. Rev5D, 632 (1994; 52,
well and R. N. Mohapatra, Phys. Rev.48, 3259(1993. 420(1995.
[43] See, for example, E. Ma and J. Pantaleone, Phys. Ré2,D [72] E. Gates, M. Krauss, and M. White, Phys. Rev5D 2631
3763(1999; E. Ma and P. Royibid. 52, R4780(1995; E. J. (1995.

Chun, Anjan S. Joshipura, and A. Yu. Smirnov, Phys. Lett. B[73] S. M. Bilenky and C. Giunti, Astropart. Phyg, 353(1994.
357, 608(1995; N. Okada, Report No. hepph/9606221, 1996 [74] G. Fiorentiniet al, Phys. Rev49, 6298(1994); V. Berezin-

(unpublished sky, G. Fiorentini, and M. Lissia, Phys. Lett.B8}1, 38(1994).
[44] For reviews see L. Oberauer and F. Von. Feilitzsch, Rep. Prod.75] P. I. Krastev and A. Yu. Smirnov, Phys. Lett. 838 282
Phys.55, 1093(1992; S. M. Bilenky and S. T. Petcov, Rev. (19949.
Mod. Phys.59, 671(1987. [76] P. I. Krastev, S. T. Petcov, and L. Qiuyu, Phys. Rev5f{
[45] D. Saltzberg, Phys. Lett. B55 499 (1995. 7057 (1996.
[46] B. T. Clevelandet al, in Neutrino 94[1], p. 47. [77] P. I. Krastev and S. T. Petcov, Phys. Lett2B9, 99 (1993.
[47] K. S. Hirataet al, Phys. Rev. D44, 2241(1991); Y. Suzuki [78] The Sudbury Neutrino Observatory Collaboration, Phys. Lett.
et al, in Neutrino 94[1], p. 54. B 194, 321 (1987; G. T. Ewanet al, “Sudbury Neutrino
[48] P. Anselmaret al, Phys. Lett. B285 376 (1992; 327, 377 Observatory Proposal,” Report No. SNO-87-12, 198ipub-
(1994. lished; “Scientific and Technical Description of the Mark I
[49] A. I. Abazovet al, Phys. Rev. Lett67, 3332(199J); G. Nico SNO Detector,” edited by E. W. Beier and D. Sinclair, Report

et al, in Proceedings of the XXVII International Conference No. SNO-89-15, 1989unpublished

on High Energy Physics (Glasgoyedited by P. J. Bussey and [79] S. Goswami, K. Kar, and A. Raychaudhgin preparation

I. G. Knowles(Institute of Physics Publishing, Bristol, 1995 [80] Y. Z. Qianet al, Phys. Rev. Lett71, 1965(1993.

p. 965. [81] K. S. Babu, R. K. Schaefer, and Q. Shafi, Phys. Re%30606
[50] V. Barger, et al, Phys. Lett.93B, 195 (1980; J. Phys. G6, (1996.



