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The possible existence of maximal or near-maximal lepton mixing constitutes an intriguing challenge for
fundamental theories of flavor. We study the phenomenological consequences of maximal and near-maximal
mixing of the electron neutrino with othex{tau and/or muonneutrinos. We describe the deviations from
maximal mixing in terms of a paramete=1—2 sirf 6., and quantify the present experimental status for
|e|]<0.3. We show that both probabilities and observables dependquadratically when effects are due to
vacuum oscillations and they depend efinearly if matter effects dominate. The most important information
on v Mixing comes from solar neutrino experiments. We find that the global analysis of solar neutrino data
allows maximal mixing with confidence level better than 99% for46VZ<Am?<2x10 7 eV2. In the mass
rangesAm?=1.5x 10 ° eV? and 4x10 1° eV2<Am?<2x10 7 eV? the full interval |¢|<0.3 is allowed
within ~4¢ (99.995% CL We suggest ways to measwrén future experiments. The observable that is most
sensitive toe is the ratefNC]/[CC] in combination with the day-night asymmetry in the SNO detector. With
theoretical and statistical uncertainties, the expected accuracy after 5 ydars &07. We also discuss the
effects of maximal and near-maximal mixing in atmospheric neutrinos, supernova neutrinos, and neutrino-
less double beta decay.
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[. INTRODUCTION The mixing angles involved in the explanation of the solar
and atmospheric neutrino data are not just order one. They
The data from both atmospheric and solar neutrino experiare actually near maximal, that is, $29 close to 1. If in-
ments have given rather convincing evidence for nonzeraleed one of the mixing angles is near maximal, it would
neutrino masses and mixing. Furthermore, some features gfovide strong support to the idea that the corresponding
the neutrino flavor parameters are surprising and quite difneutrinos are in a pseudo Dirac state. Such a scenario would
ferent from the quark flavor parameters. In particular, one ohave very interesting implications for theoretical flavor mod-
two of the three mixing angles in the MN$Maki— els. These implications have been recently studied in Ref.
Nakagawa—Sakatanixing matrix for leptong 1] are large. [11]. A precise knowledge of the mixing and, in particular
Specifically, the simplest interpretation of the atmospheridower and/or upper bounds on small deviations from maxi-
neutrino measurements gives 3| mal mixing provides an excellent probe of the related flavor
physics. It is the purpose of this work to study the experi-
Sir? 20,,~0.8-1, AmZ,~(2-5)x10 %eV?. (1) mental ways in which the region of near-maximal mixing
can be probed.

It is important to notice that there exists also a viable

There exist several solutions of the solar neutrino problenyqytion of the solar neutrino problem that does not involve
involving oscillations of electron neutrinos into some Com‘large mixing, the so-called small mixing angle solution

bination, vy, of u and 7 neutrinos with large mixing angle (sma). Clearly, identification of the SMA solution will im-

[4—10] with parameters in the range mediately exclude the possibility discussed in this paper.
Also discovery of the sterile neutrinos will require a change
SiMP20e,~0.7-1, Ami,~(0.2-4)x10 4 eV? of the whole picture. Here we consider only three light active
neutrinos and take theX33 MNS matrix to be unitary.
or (0.05-20)x10 8 eV2, 2) Our main interest lies in the study of near-maximal mix-

ing involving v,. We define a small parameterwhich de-
scribes the deviation from maximal mixing as
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mass eigenstate;, has a large(smalley component ofv,  can be determined as 3). In addition, the mixing ofv,

and the heavier oney,, has a largetsmallej) component of and v, can also be maximal, as favored by the atmospheric
Vy . neutrino data. In this case we have the mixing structure
Which value of deviation from maximal mixing is ex- 5 5 5 1 ) by 1
pected? In the case of theoretical models where the pseudo [Uesl*=0, [Ueq|*=[Uep|*=3, |U,ql*=|U[*=3,

Dirac structure is naturally induced, one expects that the de- @)
viation from maximal mixing is suppressed by a small pa which corresponds to the so-called bi-maximal mixing

rameter that is related to an approximate horizontal symme*- , ;
try. If the same symmetry is also responsible for theScheme[15]. The analysis for the solar neutrino phenom-

smallness and hierarchy of the quark sector parameters, th&70109Y is independent & ,; and therefore the results dis-
it is quite plausible thate|<O(\), wherex=0.22 is the cussed in Secs. lIl, 1V, V, VII B, and VII C apply also to the
Cabibbo angle in the Wolfenstein parametrization. In varioud-Mmaximal mixing case. Only in Sec. VIl A where we dis-
flavor models, the deviation from maximal mixing is related CUSS atmospheric neutrinos, ddggs play a role, and there

to other physical parameters. For example, in a large class §f€ (@ke it to be large and possibly maximal. _
models, we havl?] The plan of this paper is as follows. In Sec. Il we give

some basic physics considerations and useful expressions for
|e|=2m¢/m,~0.01. (4 the survival probability and for various observables. In Sec.
Il we describe the present status of maximal mixing from
The U(1)xU(1) models described in Ref§13,11] give  solar neutrino experiments. The results of a global fit to all
| e[~ (Am?F/Am59) "3 while models ofLe—L,—L, symme- available solar neutrino data are given in Sec. IllA. The
try [14,11] give |e]~Am3/Am3,. Quite generally we have dependence of these results on various aspects of the analysis
|e|=Am7,/Am3;, which could be more restrictive than Eq. is described in Sec. Ill B. In Sec. IV we study the predictions
(4) if the solution to the solar neutrino problem lies at thethat follow from near-maximal mixing for individual, exist-
upper end of thamf2 range given in Eq(2). In a large class ing measurements: total rates, argon production rate, germa-
of models we also havle| of the same order of magnitude hium production rate, the day-night asymmetry in elastic
as|Ug|, the mixing ofv, in the third mass eigenstate, which scattering events, the zenith angle distribution of elastic scat-
can again be tested in the futred]. tering events, and the shape of the recoil energy spectrum. In
Large values of,|e|=0.3, will testify against at least the Sec. V we suggest tests of maximal mixing from future ex-
simplest versions of these theories. Therefore we considd¥eriments. We describe the conditions for having unambigu-

both positive and negative values @fn the range ous tests in Sec. VA. Then we examine individual experi-
ments: GNO and Super-Kamiokande, SNO, Borexino and
le|=0.3 (5 low energy solar neutrino experiments. The effect of extend-

_ ing to three neutrino scenario is commented on in Sec. VI. In
which corresponds to sti26,,=0.91. As concerns the mass- sec. VIl we discuss the effect of maximal mixing in atmo-

squared difference we cover the whole range below the respneric neutrinos, supernova neutrinos, and neutrinoless
actor bound: double beta decay. We present our conclusions in Sec. VIII.
10t eVP<Am3,<10 3% eV, (6)
Il. PHYSICS AT NEAR-MAXIMAL MIXING

Most of our discussion takes place in an effective two
neutrino generation framework. This is justified Uf.; is
zero or sufficiently small. We quantify this condition and  In this section we present general expressions for the sur-
consider the effect of a nonzetd.; in Sec. VI. We find  vival probability of solar electron neutrino in a two genera-
there that, for matter oscillations, the leading corrections tdion framework valid in the full range ok m? which we use
the case of maximal mixing are @(e,|Ug;|?), so that a in our numerical calculations.
reduction to a two neutrino analysis is justified fa.s|2 The survival amplitude for a solas, neutrino of energg
<e. For vacuum oscillations, the corrections are ofat a detector in the Earth can be written as
0O(€%,|Ugl?), and a two neutrino analysis is valid for 2
|Uesl <e. Ace= >, ASAE ex] —im?(L—r)/2E]. 8

On the experimental side, we note that Afim2,>2 o 21 eifie OXFL—IMi (L= 1)/2E] ®
X103 eV?, then the CHOOZ experiment limfil.6] requires
|U¢3l?<0.05[17,6]. For such values ofU.|?, a two gen- HereAS, is the amplitude of the transition,— v; (; is the
eration analysis of matteivacuun) effects is always valid i-mass eigenstatérom the production point to the Sun sur-
for | |>0.1(0.3). On the theoretical side, in a large class offace, A% is the amplitude of the transition,— v, from the
flavor models,|Ugs|~|€| [11]. In such a framework, a two Earth surface to the detector, and the propagation in vacuum
generation analysis of matter effects is a good approximatiofrom the Sun to the surface of the Earth is given by the
while vacuum oscillations should be considered in the thre@xponentialL is the distance between the center of the Sun
generation framework. and the surface of the Earth, ants the distance between the

In the limit |U 43| =0 (which reduces the problem to a two neutrino production point and the surface of the Sun. The
neutrino framework the deviation from maximal mixing corresponding survival probability.. is then given by

A. The survival probability for solar neutrinos
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Pee=P1P1o+ PPyt 2y/P1P,P1 P, COSE tatively understand the behavior of the different observables,
particularly for the case of near-maximal mixing.
=P+ (1-2P;)Pyet+2P1(1—P;)Poo(1— P,.)COSE. The probabilities and observables depend on the mixing

9) angle in matterd,, via cos 2, which enters the probability
of the adiabatic conversion and via %2#,, which deter-
mines, e.g., the depth of oscillations in a uniform medium.
We can write cos &, in terms of the neutrino oscillation
parameters and the electron density in medium as

Here P,=|A3|? is the probability that the solar neutrinos
reach the surface of the Sun Jag) and we usé?;+P,=1,
while P;,=|AF|? is the probability ofy; arriving at the sur-

face of the Earth to be detected aya and we useP;, o —1+7ncos2d (12)
+ =1. is qi cos = .
P,.=1. The phas€ is given by m (1—27cos 20+ 72) 12
—Amz(L_r)M 10 H
= E : (10 ere
h he phases d h lo_ .64 2MVE |(10°0 Cms) (13)
where § contains the phases due to propagation in the Sun =—=0
P propag 7 10 Bev/|  pYe

and in the Earth and can be safely neglected since it is al-
ways much smaller than the preceeding t¢ar@,19.

- . __is the ratio between the refraction length,and the neutrino
From Eq.(9) one can recover more familiar expressions

oscillation length in vacuuml,,:

for Pge.

(1) ForAm?/E<5x 10 17 eV, the matter effect supresses 27my 47E
flavor transitions in both the Sun and the Earth. Conse- lo= 2 v L= (14
quently, the probabilitie®, and P, are simply the projec- 2GepYe Am

tions of the v, state onto the mass eigenstated;
=c0g6,P,.=sirfé. In this case we are left with the standard
vacuum oscillation formula:

Here p is the matter density and, is the number of elec-
trons per nucleon.
Around maximal mixing cos&, can be expanded as

PYa°=1—sir? 26 sirf[ Am?(L—r)/4E] (12) 7
cos 20,,= — (1— 26). (15
which describes the oscillations on the way from the surface Vi+7? 1+ 7
of the Sun to the surface of the Earth. The probability is o )
symmetric unded— (/2)— 6. In the limit of weak matter effectsy>1, and in the matter
(2) For Am¥E=10 eV, the last term in Eq(9) van-  dominance casey<1, we get

ishes and we recover the incoherent MSW survival probabil- e, 7>1
ity. For Am?/E~10 *—10"12 eV?, this term is zero be- cos 249m=[ 1 <1 (16)
cause v, adiabatically converts tov, and P,;=0. For v S

2 —12 4\ 2
Am /Ez_l(?] EV , both Py qnd sz are nonzero and the The dependence of coggon € is smooth. It is stronger for
term vanishes due to averaging of ¢os 751 and highly suppressed foj<1. For precisely maxi-

H H — 17 2
<1(8214an thg_ tljntfr_rtnewatg | :agge, d>6trl10 SA;}“ /Et mal mixing we have cos@,=—1/y/1+ 72, which decreases
t~ he Iai) Iat ?('C' y LS violate ta'Ph e cﬁs;o gre_ln t from zero in vacuum to- 1 in the matter dominance case.
erm shou € taken into account. The resuit1s simiar to The expression for s?rﬂam for near maximal mixing is

vacuum oscillations but with small matter corrections. Wegiven by
define this case as quasivacuum oscillatipgi&—20.
The results presented in the following sections have been i 7? ( 2n
obtained using the general expression for the survival prob- 5'n220m21+ 7\ 1+ 1+ 72 €/ (17)
ability in Eq. (9) with P; and P,, found by numerically
solving the evolution equation in the Sun and the Earth matwhich leads to
ter. For P; we use the electron number density of 2000

Bahcall-Basu—PinsonnealiBBP2000 model[21]. For P, 1+ 36’ 7>1,
we integrate numerically the evolution equation in the Earth Sirf 26,,= n (18
matter using the Earth density profile given in the prelimi- 72(1+27¢), n<l.

nary reference earth modé?REM) [22].
In both cases the corrections to the value at maximal mix-
B. The mixing angle in matter ing are strongly suppressed. In vacuum, the correction is

. : , uadratic ine: sir?26=1—é€
While, as explained above, our results are obtained by g ¢

numerical calculation, it is useful to find approximate ana-
lytical expressions for the neutrino survival probability and
for various observables. This is done in this and in the fol- We first consider the survival probability for electron neu-
lowing sections. The analytical expressions help us to qualitrinos without the regeneration effect in the Earth. It de-

C. Survival probability
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scribes thev, flux arriving at the Earth during the day. In 12 0.75 oy vy

daytime, P,.= sir?é. Consequently, Eq9) gives, in the re- 0.7 F — Numerical £
gion where the oscillating term in E¢9) is absent, R e Exponential Approximation ]
Po=3+e(P1—3). (19 0-65 ¢ 7

06 |
The neutrino evolution in the Sun described by the probabil-

ity P, can be approximated by the well-known expression ~ ©-55 &

P,=1+(3—P)cos %s. (20) 05 f
0.45 F
Here 65 is the matter mixing angle at the production point: o
C0S 205=C0S W(1s), 7s=1(psYes), (21 0.35 |
where pg and Y.g are, respectively, the matter density and 0.3 T e P P G T T TP .
the number of electrons per nucleon at the production point. 16720717 407 P40 P e g g g
Equation(20) is assumed to be averaged over the production Am?/(4E) (eV)

region in the SunP. is the jump probability which describes _ N
the violation of adiabaticity. For an exponential density pro- FIG. 1. The dependence of the averaggdurvival probability

file it takes the following form 23,24 inside the Sun oA m?/4E for different values of (numbers at the
curves. The upper curves describe the corresponding negative val-
e 7SIPI_gy o (¥A(1-9_gy ues ofe. Solid lines show results of numerical calculations. Dashed
Pe= 1—e 7 = 1-e 7 , (22 lines correspond to analytical formulas with exponential approxi-

mation for the solar density profile.

where y is the ratio of the density scale height and the
neutrino oscillation length

7

o

_4m, 05( Am?/E
T T 10 Bey

The length scale,=R/10.54 is related to the exponential
approximation to the solar density profijes= po exp(—r/rg). Pp=%(1+¢€% (AMYE>10 ev). (26)

Notice that, originally, Eq(22) was derived for a mixing _
angle#< /4 where resonant enhancement is possible. How- (5) For #s<1 (the resonance layer is far enough from the
ever, both Eq(12) and Eq.(22) can be analytically contin- production point which is close to the center of the Suve
ued into the second octarét;> 7r/4, and used to compute the have cos 2s=—1 and
corresponding survival probability far<0 [10,5-7. P —1(1_ 10~ 15 eV<< AmM2/E<10" 1 >

InsertingP; of Eq. (20) into Eq.(19), we get p=2(1~¢) (107 7e e/ 0 "ev). (@7

From Fig. 1 we see that the analytical expression gives a
good description of the propagation in the Sun for this re-
gion.

(23 (4) For ng>1 (weak matter effegt we have cos@s=e
[see Eq(16)] and the probability25) reduces to the vacuum
oscillation probability:

| = Y
= dpldr

(24) This is the region of strong adiabatic conversion, when
produced in the center of the Sun practically coincides with

the matter eigenstate,,, at the production point and during

its propagation inside the Sun. Therefore, it emerges from

Pp=3+e(3—P,)cos As.

Let us study the properties &%, . In Fig. 1 we plotPy as
a function of Am?/4E for different values of the deviation
from maximal mixing. We show in the figure the results the Sun and rtzaaches _Eférth‘aﬂg . L
obtained by the numerical calculation as well as from the (6) For A_m /E<10" eV, ad!abatlcny IS V'O'Qted- We
corresponding analytical approximati¢22) for exponential see from Fig. 1 that the analytical results obtained for an

density profile. We learn the following points from EQ4) exppnential def!S“y profile Qiffer from the re_sults of the nu-
and Fig. 1. merical calculations. In particular, the analytical result shows

(1) For maximal mixing €=0),Pp=1/2 independently a “slower” transition to the vacuum oscillation regime or, in

of the adiabaticity violatioriencoded inP,), matter effects other words, it overestimates the size of the matter effects in
etc o ' the quasivacuum oscillation region. The same value of the

(2) For near-maximal mixing4#0), solar matter effects survival probability appears for about two times smaller

2 . . . .
lead to an energy dependent probability in the Mikheyev Am</E. Similar conclusions have been drawn in Refs.

irmnov— i ion 4x10-16=Amze 11920,
2n;gp%ve\\/Nolfenstem (MSW) region 4x10 AmE (7) For €+ 0, the effects of the adiabatic edge situated at

21 r1n-12 11 ; .
(3) For Am?/E>10 '° eV, the adiabaticity conditiony A{n /tEd_(ltAo 2/ EO 12 1%\_/’32<n(1109§5thevnobnad'abaF'C edge
>1, is fulfilled [see Eq(23)]. Consequently°.=0 and Eqg. situated atm“/E=( ) eV, become impor-

: tant.
24 .
(24) gives (8) For Am?/E<10 17 eV, as we noted in Sec. Il A, the

Po=3(1+e€cos 25)(AM?/E>10"eV). (25 effect is reduced to the vacuum oscillation between the sur-
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faces of the Sun and the Earth and the average survival prolDenoting by g the parameter, in the Earth:
ability, Pp=1—13 sir?26 (shown in Fig. 1 coincides with

that in Eq.(26). However, in this region averaging of oscil- 7= n(peYer), (32)
lations does not occur and for the survival probability Wewheren is defined in Eq(13), we find from Eq.(30):
should use
2\ ¢ freg: — 25 (32
Pee=1-(1-€?)sif 5, (28) 2(1- 27 cos 29+ 72)

5 . o _ Note thatf . is always(for any valueAm?/E and ) posi-
where ¢=Am“(L—r)/4E is the oscillation phase which tjye, i.e., the matter effect of Earth alwagahanceshe sur-
does not depend og. In principle matter effects strongly vival probability Pee.

suppress the oscillations inside the Sun and the Earth. How- The parametef o, can be expanded aroured-0:
ever, the modification of the observables is small, since the
size of the Sun(and the Earthis much smaller than the . ME
oscillation length in vacuum. The quadratic dependence of "9 2(1+ 52)
the probability one is again restored. Moreover, time varia-
tions of signals and the distortion of the energy spectrunThe regeneration factor has a maximumyat=1 which cor-
originate from the dependence of the phaseloand E.  responds toAm?/E~(2—3)x10 ¥ eV. This determines
Therefore according t@28), both the variations and the dis- the strong regeneration regiom the Am?/E scale. It is situ-
tortion are proportional to (% €?). That is, the dependence ated in the middle of the solar MSW region. Strong regen-
of all observables o®? near maximal mixing is very weak. eration effects are already excluded by the Super-

According to Eq.(27) and Fig. 1, in the MSW region Kamiokande result on day—night asymmetfi32,33.
(more precisely at the bottom of the suppression, iite  Consequently, the strong regeneration region separates two
survival probability depends onlinearly. ForAm?/ E below  (allowed parts within the MSW region in which the regen-
and above the MSW region the probability converges to theration effects are small:l) high Am? region, wherezng
vacuum oscillation probability. The deviation of the latter >1 andf s~ 1/7¢; (2) low Am? region, wherepe<1 and
from the probability at maximal mixing depends ermgua-  f i~ 7g/2.
dratically and the dependence on the signeaflisappears. We will quantify the borders of these regions in Sec. lll.
From this we infer that the sensitivity dPp and conse- In both cases the regeneration effect is suppressed by a small
quently of observables te is much higher in the MSW parameter and it disappears when moving away from the
region. strong regeneration region.

Notice that there are two transition regioiisetween Let us stress that the SuperKamiokande limit on regenera-
MSW and the vacuum oscillation regionshere the effects tion effects holds for the energy range=5—15 MeV to
are mainly due to vacuum oscillations with small matter cor-which this experiment is sensitive. This corresponds to
rections. We call these regions “quasivacuum oscillation reAm?=(2—3)x 10" % eV2. However, strong regeneration ef-
gions:” we denote by QVQ (QVOy) the one withAm? fects are not excluded for other energies, in particular, for
larger (smallep than in the MSW region. In the QVOand  low energy neutrinos. In this casg can be of the order one
QVOs regions, the linear dependence of the probability ancand f 4 at its maximum.
the observables transforms into quadratic dependence. To first order ine, we obtain from Eq(33):

27me
26

+ . 33
1+ ng (33

D. Regeneration effects in the Earth —_—

2
1+—e) (high),
e

27
For a neutrino arriving at night time, Earth matter effects freg= : (34
should be taken into account. To gain a qualitative under- E(1+27]E6) (low)
standing of the Earth effects, we make the crude approxima- 2

tion of uniform density, such that the mixing angle in the .

Earth is constantdg, along the neutrino trajectory. In this In both the high and low regions the dependence of the re-
case, the neutrino propagation has an oscillatory charactegeneration factor ore is further suppressed by the small
We assume that the oscillations are averaged out, and theri@@rameter mi2/»ne , 25}

The probabilityP,. at night time,P,,, can be writterifor
fore | eeat NNt _ .

. the region where the oscillating term in E®) is absentas

P,o(vacuum =sirf6, follows:
(29) :
P,e(uniform density= [ sir? 0+ sir?(260— 6)]. PN=P1+(1-2Py)(SIPo+ freg)

It is convenient to introduce a regeneration factor which de- :E+ 1(1_2pc)cos 204(cos 20— 2f o).  (35)
scribes the Earth matter effect: 2

freq= P2e(Matte) — Poo(vacuum = 3 sin 20 sin26—26¢).  The average daily survival probability is given fays
(300 <1(cosds~—1) by

013007-5
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E%(PD-F PN)Z%[1+(1_2P1)(freg_COS 2)].
(36)

The day—night asymmetry is given by

Pyv—Po _ 2f eg
P 1(1—-2P;)—cos 20+ e

(37)

An-p=

Let us now consider the dependence’gf  andP on e

PHYSICAL REVIEW D 63 013007

and in the limityg<<1:
(46)

AN—D: Yis 1_2677/2_ %"‘E .

A few comments are in order. The day—night asymmetry is
suppressed by . The e-dependent effect is one of several

in the high and in the low regions keeping the lowest ordersmall corrections to the leading result. For large parts of the

terms ine and in mif g, 1/7g}.

low region it is the leading correction, but for largen?/E,

(1) In the high region, the adiabaticity condition is satis-the subleading regeneration effect could be comparable

fied and we can safely puP.=0. Consequently,P;
=cog6s. Then, Eq.(36) simplifies

P=1[1-cos 204 freg—COS 20)]. (39
With near-maximal mixing, we obtain
— 1 e—1/2 1
:5(1_ \/ﬁig nEns’E)' (39
For »2<1 (small Am?) we find
E~E(l—e+i+i), (40)
2 2ne 77%

while for small Am?/E, the nonadiabatic correction could
give the main correction.

As we mentioned before, a strong regeneration effect with
n~1 andf,4~1 is not excluded for low energy neutrinos.
In particular in the low region strong regeneration can show
up for the beryllium andpp-neutrino components of the
spectrum. In this case, the approximatiga<1 does not
work and one should use the complete expression for the
regeneration factor and the asymmetry.

As seen from Eq940), (44), (42) and(46), the dominant
dependence oa of both P andAy_p arises from the depen-
dence of the solar survival probability @n The dependence
which follows from the regeneration factor is further su-
pressed by mifwe,1/7e}. (For Ay_p the e dependence fol-

where the last term is a small correction which comes fronfoWs from the dependence dhin the denominatoy.
the regeneration factor. For the day—night asymmetry we From Egs(42) and(46) we find that the day—night asym-

obtain
1 N1+ n3-nde [1 e
AN*D: > 1+ 2 +0 2 ||
77E\/1+ s 1+ 7ng e ME

(41)

metry strongly depends odm? due to thezg or 1/5g fac-
tors. In the high regiom\_p<Am? while in the low region
An_p*1/Am?. The dependence of the asymmetry ens
much weaker: In both regionsy_po(1+ €). Consequently,
the measurements &y_p are very sensitive tdm? while
the sensitivity toe is substantially lower.

Notice that thee-dependent effect changes sign between Let us comment on the range of validity of the approxi-

large and smallys. For »3<1 we get

1
AN_Dz_(l"‘E). (42)
e
The asymmetry increases linearly withfor small enough
2
7s-
(2) In the low region we can takejs=0 and, conse-
quently, P;=P.. Then, Eq.(36) simplifies:
P=3[1+(1-2Pc)(freg—€)]. (43)

In low region we havey>1 [see Eq.(23)] and, therefore,

mate treatment of the Earth effe¢®5]. In the high region,
for E~MeV and Am?>10° eV?, the oscillation length,
is much shorter than the size of the Earth and neutrinos un-
dergo many oscillations inside the Earth. The constant elec-
tron number density approximation gives a good description
of Ay_p Which involves integration over the zenith angle. In
the low region, forAm?<10 ® eV?, the oscillation length is
approximately equal to the refraction lendthand the latter
is comparable to the size of the Eartimdependently of
Am?). The details of thé\, profile do not play an important
role, and the effect is determined by the average density
along the neutrino trajectory.

Regeneration effect leads also to seasonal variations of

Pc<1 [see Eq(22)]. In any case, th®.-dependent term in  gjgnalg25-27. These variations, however, are less sensitive
Eq. (43) is suppressed by a small factor and can be netg the oscillation parameters.

glected. We get

— 1 e
—5(1—e+7 . (44)
For the day—night asymmetry we obtain takiRg<1:
2f
An-D = (45)

T 14 2P~ et frog

E. Distortion of the energy spectrum

The distortion of the solar neutrino energy spectrum can
be characterized by the distortion parameter defined as
dP
S, =

(47)

o|l m
o
=
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Averaged over the appropriate energy interval this parametekm? which have different physical pictures. Asm? de-
is proportional to the shift of the first moment of the spec-creases from its upp€€HOO2) bound, we have the follow-
trum or to the slope parameter used in the literature. ing regions(we quantify borders of these regions in the next
To understand the distortion of the spectr@@nergy de- section: quasivacuum oscillation region with large
pendence of the averaged probabljlitwe remind the reader Am? (QVO,); MSW region with highAm? (high); MSW
that 7> 1/E and use Eq(38) for the high and QVQregions  region with lowAm? (low); quasivacuum oscillation region
and Eq.(43) for the low region. with smallAm? (QVOy); region of nonaveraged vacuum os-
(1) The high and QVQ regions: (i) For largeAm?, the cillations (VO). The highAm? part of the VO region will be
effect of the adiabatic edge of the suppression pit which igalled VAG .

encoded in theps dependence is important, As concerns thes dependence of observables in these
) regions, we find two main conclusions.
G~ UR 48) (1) Maximal mixing, e=0, is not a special point as far as

the phenomenology is concernéid contrast with theory

No divergencies or discontinuities appear in the dependence
The distortion parameter is proportional¢oThe slopgshift ~ of observables or. The dependence anis smooth and, in

of the first momentis positive (negative for e<0 (e>0).  Many cases, very weak. To mention a few examples, the day

€E———=.
(14 795)%?

The distortion decreases rapidly witfx. time survival probability is 1/2 at=0. Earth regeneration
(i) For smallAm?, the Earth regeneration which is re- effects, however, enhance the survival probability. In the
lated to theng dependence is important, MSW region the slope of the energy spectrum distortion is
proportional toe in certain regions ofAm?, and conse-
s %L 1+ e— LJF E (49) guently changes sign &=0. The day—night asymmetry is
" 2 27 e/ proportional to (- €).

_ _ o ) (2) The character of the dependence of observables is
The distortion decreases with increasesgf or Am®. The different in the vacuum oscillations and MSW regions. In the
sensitivity toe is much weaker than in the previous case andregions of vacuum oscillation all the effects depend eon

it follows mainly from the dependence on the average probguadratically. More precisely, thedependent factors are of
ability in the denominator. two types:

(2) The low region:(i) For largeAm?, the regeneration

effect is important 1+ €? (averaged oscillations

7e 1— € (nonaveraged oscillations (52
S,,%T(l—F €). (50)
The dependence is symmetric with respect to interchanging
e€——e€. In the MSW regiongboth high and low, observ-
ables depend ore linearly. Obviously the dependence is
nonsymmetric with respect ®©— — €. In the region of strong
adiabatic conversiofbottom of the pit we get for the sur-

The slope increases with: . The dependence anis weak.
(i) For smallAm?, the effect of the nonadiabatic edge of
the solar suppression pit gives the dominant effect:

dP. o vival probability, the day—night asymmetry and the distor-
S,=2eE - ~eye " (51  tion parameter:
Pox(l—¢€), Ay_p, S,*(1+eé). (53

The distortion is proportional te. The slope is positive
(negative for e>0 (e<0). The effect is suppressed for rela- p¢ the edges of the MSW regiofedges of the suppression

tively weak violation of the adiabaticity. it) we find
As we have mentioned previously, for nonaverageap
vacuum oscillations,(1— €?), that is, the dependence of S, > €. (54)

distortion one? is very weak. . o _
The quasivacuum oscillation regions, Qva@nd QVQ;, are

transition regions between the MSW and vacuum oscillation

regions, where the linear dependence of observables trans-
Let us summarize the results of our analytical studies. Weorm into quadratic dependence.

have found simple analytical expressions for various observ- Thus, fore<1 the sensitivity of experiments to deviation

ables(rates of events given by the survival probability, day—from maximal mixing is much higher in the MSW regions. It

night asymmetry, distortion of the spectrum, gtn.terms of || be difficult to measuree near maximal mixing ifAm?

Am? and the deviation from maximal mixing. These ap- turns out to be in the VO or QVO regions.

proximate analytical expressions reproduce correctly the

functional dependence of the observablestor? and e and

allow us to understand all the features of the exact numerical

calculations. In this section we describe the present status of maximal
The effects and the dependence of observablese on as well as near-maximal mixing. We use for this purpose the

change withAm?. Accordingly, we define several regions of latest available results on solar neutrinos from Homestake

F. Summary

Ill. PRESENT STATUS OF MAXIMAL MIXING
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[28], SAGE [29], GALLEX+GNO [30,31], and the 1117 £

days of data sample of Super-Kamiokar@2,33 experi- FIG. 4. Contours of constant? in the Am?— e plane for indi-

ments. vidual experimental results. The various panels show the contribu-
We calculate the acceptability of maximal and near-tions of different results to the tota: (a) total rates in SAGE and

maximal mixing as a function ahm? in the whole allowed GALLEX, (b) total rate in Homestake, and the Super-Kamiokande

range, that is, below the upper bouAh?< 10~ 3 eV? from measurements @t) the total rate(d) zenith angle dependence, and

the reactor experimenfd6,34. The goal of this study is to (e) recoil electron energy spectrum. (f) we show iso-contours of

find excluded regions of the oscillation parametara®—e, ~ the totaly®.

as well as the regions of these parameters which are allowed o

and most plausible. We quantify our statements in terms o@bility of realization or excluded. We study the dependence

confidence level at which a given region is accepjgab- ~ Of our conclusions on uncertainties in the solar neutrino
fluxes (the SSM uncertaintigsas well as on the procedure

employed in the analysis. Some model- and the procedure-
"HIGH Qvoy independent statements are formulated. The extent to which
! the results of this section hold in a three generation frame-
] work with |Ugs|#0 is discussed in Sec. VI.

A. Global fit: allowed and forbidden regions

§ The results of a global fit to all existing experimental data
1 on solar neutrinos are shown in Figs. 2—5. The analysis in-
7 cludes rates in Chloring28], Gallium [29-31], and Super-
| Kamiokandd 32,33 experiments, as well as the zenith angle
S dependencE32,33 and the shape of the recoil electron spec-
| . trum [32,33 in Super-Kamiokande.
S e T -y I In Fig. 2 we plot the contours of constant confidence level
LR A L Anlzo(evg)o (iso-contours in the Am?—e plane. Points inside a given
contour are accepted at a lower confidence level than on the
FIG. 3. The dependence afy? from the global analysiéwith contour itself. In the “global” analysis we combine the in-
the boron neutrino flux of the SSMbn Am? for e= —0.3 (dashed  formation on the day—night variation of the event rates and
line), 0 (solid line), and+ 0.3 (dashed-dotted lineDotted horizon-  the recoil energy spectrum at Super-Kamiokande by using
tal line marks 99% CL. Below this line the corresponding oscilla- their independently measured spectra during the day and dur-
tion parameters are accepted at a confidence level lower than 99%g the night. With this the total number of independent ex-
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860 FIG. 6. Contours of constant day—night asymmetry at Super-
= Kamiokande(thin lineg and of constant Ar-production ratégures
m at the thick curves in SNUin the Am?—e plane.
) 340 ; 2 2
g In Fig. 3 we show the dependence &f“ on Am* for
M three different values oé (—0.3,0,+0.3). This figure cor-
< responds to threAm? profiles(cut9 of the confidence level
20

from Fig. 2.

What is the impact of individual experimental results on
| the global fit? Panel&)—(f) of Fig. 4 show the contours of
oo v vl il ol 0l ol oo constanty? for each individual observablie As mentioned

1070707 1081077 10% 10 10 * 1070 above the totak? in panel(f) is obtained by combining the
Am? (eV?) x? of the individual rategincluding the correlation of their
theoretical errorswith the corresponding? for the Super-

FIG. 5. The dependence dfy” on Am?® for e=—0.3 (dashed  Kamiokande night and day recoil energy spectra.

“ne), 0 (Solld |ine), and O.3(dashed'd0tted ||r)e Dotted horizontal Our calculations allow us to define regions of oscillation
lines mark 99% CL. Below this line the corresponding oscillation parameters that are excluded and others that are allowed. It
parameters are accepted at a confidence level lower than 99%. Th§|iows from Fig. 2 that there are two main regionsAxfnz

three panels correspond to the following fi@): only total rates{b) which areexcludedat a very high(more than 99.99%) con-
all the data except for the Homestake res(dj; all data with the fidence level y hight ' )

boron neutrino flux treated as a free parameter. . . . . .
P (1) The regeneration region: for maximal mixing we find

perimental inputs in the global analysis is 38 which includes Am?=(0.6-8)x10 % eV? (e=0). (56)

3 rates, and 35 data points for the Super-Kamiokande day

and night recoil energy spectra X28 bins minus 1 overall The excluded region increases wighfor positive values of
normalization. We do not include in the analysis the new €. In particular, for e=0.3, the excluded range becomes
lower energy bin as its systematic uncertainty is still underAm?~ (0.4—10)x 10" ¢ eV?. The excluded region also ex-
study by the Super-Kamiokande Collaborat[&3]. We use pands for negative values efat e<—0.25.

the solar neutrino fluxes from the standard solar model In the regeneration region the solar neutrino observables
(SSM of Ref.[35] (BP98. The contours have been defined are strongly modified by the.-regeneration in Earth. As we
by the shift iny?,Ax?, with respect to the global minimum have discussed in Sec. II, the regeneration is always positive,
in the whole plane of the oscillation parameters. The mini-thus leading to an increase in the flux. Correspondingly,

mum lies in the LMA solution region: the counting rates in all experiments increase. There are two
2_ main physical effects in the regeneration region that are in-
=33.4 for 36 d.o.f. 55 . i .
X or © (55) consistent with observations and therefore lead to the exclu-
sion.
which corresponds to a probability of 59%. For details on the (i) A large day—night asymmetrnAy_p=0.2 [see Figs.
statistical analysis we refer to R¢#]. 4(d) and g, is in contradiction to the Super-Kamiokande
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result and plays a dominant role for positige g 1 gy e
(i) A large Ar-production rateQa>4 SNU [see Figs. & [ VO V0.~ Low HIGH Qv0y
4(b) and §, is in contradiction to the Homestake result and 9-8 [, o | (a)+
leads to the increase of the excluded region for negative o W fiden oo — ijﬁuﬂf S—
(2) The vacuum oscillation region: T FE Ealid S SSS | S
Am?=(0.14-4)x 10 0 V2 (¢=0). (57) 0.4 < .

0.2 =]

The size of this region depends very weakly enn the
interval — 0.3< e< + 0.3. The exclusion follows from the in-  _
terplay between the total rates and the shape of the reco”
electron energy spectrum. Notice that the rates fsde Fig. 0.8
5(a)] can be reproduced rather well in some parts of the
region in Eq.(57). However, in these regions the distortion 0.6
of the recoil electron spectrum is in contradiction with the

L AL B "W = B B L L L B

Super-Kamiokande resulfsee Fig. 4e)]. More specifically, 0.4

for Am?~10"1%eV?, a negative slopéor shift of the first 2

momenj in the “reduced” spectrum is expected. The re- C

duced spectrum is defined as the ratio 5 L 4
R(E)=N;(E)/N;(E)SS, 58 o8l ]

whereN;(E)[N;(E)SM] is the number of events in a given g [ S

electron energyE, bin i with (without) oscillations. In the . EEr LA | S Sl

same way we define any “reduced” observable as the ratio 0.4 - :

of its value with respect to the expected one in the SSM in r b

the absence of oscillations. 0.2 ]

(3) There is another region forbidden at 99.99% CL ex- T T T
tending from Am?=(0.3—2)x10 8 eV? for €=0.3 to 10100 10° 1678 107 106¢ 19°° 10* 103
Am?=6x10"9 eV? and e=0.22. As seen in Fig. 3 this re- Am* (eV?)
gion is forbidden with a lower CL. The exclusion follows
mainly from the effect of the rates as seen in Fig) ®eing FIG. 7. (@) The germanium production ratéy) the argon pro-
mainly driven by the bad fit to the Gallium rafsee Fig. duction rate, andc) the rate of events at Super-Kamiokande, as
7(@]. functions ofAm? for 3 values ofe: + 0.3 (dashed-dotted lingsO

We distinguish five regions of the oscillation parameters(solid lineg, —0.3 (dashed lings The rates are normalized to the
where maximal mixing isllowedat a confidence level that BP98 no oscillation expectation. Also shown are the experimental

is lower than 99.9%: constraints and the SMA prediction. See the text for more details.
(1) Quasivacuum oscillation region with large
AmM?(QVO,): €=0.3, the 90% CL allowed region expands Amm?=(2
—10)x10 ° eV2. In contrast, the goodness of the fit de-
Am2~(3 —8) X 1074 eV?, (59 creases when we shift to negative values of
10 Mev (3) MSW region with lowAm? (low):

whereE is the average detected energy for a given experi- Am?~(0.1-3)x10 7 eV, (61)
ment. The upper bound comes from reactor experiments

[16,34]. Here the flavor conversion is mainly due to averagetHere maximal mixing is acceptable at99% CL in the in-
vacuum oscillations with only small matter corrections insideteryal

the Sun and the Earth.

(2) MSW region with highAm? (high): Am?~(0.1-2) X107 eV? (CL<99%). (62
Ami~|01-3 X104 e\2. 60 For posmveg the fit improves while for negative it wors-
m ( 10 MeV) © (60 ens. In particular,e=0.2 is accepted at-90% CL for

_ . . - Am?~(0.8—1.5)x 10"’ eV2. The local minimum occurs at
This region corresponds to the maximal and near-maximak m2=1.0x 107 eV2 and e=0.21. With increase ot the
miXing part Of the LMA SOIUtion. It iS restricted from belOW accepted region cﬂmz Shifts to |arger Va|ues_ M: 03 we

by strong Earth regeneration effectarge day—night asym-  gptainAm?=(0.6—2)x 107 eV2. Conversely negative val-
metry and large Ar-production rgteMaximal mixing is ac-  ;es ofe are disfavored.

ceptable at confidence level larger than 99.1%. As follows (1) Quasivacuum oscillation region with small
from Fig. 3, the dependence afy”* on Am? is rather weak. Am? (QVOg):

The global fit becomes substantially better with increase of

(shift to positive values €=0.25 is accepted at 90% CL. For Am?~(0.1-1)x 10 8 eV (63
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In this region the flavor conversion is due(tfainly nonav-  gion. At 99% CL only small interval in the low region is
eraged vacuum oscillations with small matter effects. Maxi- allowed. The fit improves however with increaseeofThis

mal mixing is acceptable at 99% CL in the interval means that it is the data on the spectrum and the zenith angle
) PR . distribution which favor maximal mixing.
Am®~(0.5-1)x10"" eV* (CL~99%). (64) (i) Allowed regions appear in the VAC solution range.

) . ) We learn that the data on the spectrum and the zenith angle
The fit becomes worse with increase|ef, but while for e distribution exclude(otherwisg allowed VAC regions.

>0 the QVQ region is essentially excluded, fer<0 we (i ) The regeneration region is still strongly disfavored by
still have a reasonably good fit. the high Ar-production rate.
(5 Vacuum oscillation region with relatively large  The Homestake resulConsider the impact of the Ar-
Am?(VAC)): production rate on our results. In Figibd we show the fit to
Am?~(0.4-1)x 10~ eV2. (65) only this rate. From the figure we see that the Homestake

result strongly disfavors maximal mixing for alm? above
0 %eV2 that s, in all the globally allowed regions. In Fig.
(b) we show the result of a global fit to the datéhoutthe
Homestake result. Clearly, the acceptability of maximal mix-
Am2~6.6x 10710 eV2 (CL<99%). (66)  ing improves for alAm?*=10"'° eV? with the best fit points
being in the low regionAm?=10"" eV?. For e=0.3 the
In this interval, the goodness of the fit dependseomery ~ best fit is in VAG region. We would like to emphasize the

Maximal mixing is accepted at a confidence level better tha
99% only in a very small interval centered at

weakly. following points about a fit without the Homestake result.

lowed at 99% or slightly lower CL in several small intervals & 1.7 o with very litle dependence oa.

of Am? in the QVQ , high, low, QVQ;, and VAG solution (|(|j)fln the whole low region, maximal mixing gives a very
X f ' X od fit.

domains. The values=0.05,0.1,0.2 are allowed at 99, 95, g0
and 90% CL, respectively. Atd, practically the whole high,
low, QVO, and VAQG ranges are allowed.

(iii) In the whole QVQ region, maximal mixing gives a
very good fit, but positive values af are still disfavored.
(iv) Regions of strong regeneration and VAGmall

Let us point out the role of individual experimental resultsAmz) solutions are excluded by the Super-Kamiokande data
in constraining maximal mixingsee Fig. 4. The rates in the on the spectrum and the day—night asymmetry.

gallium and Super-Kamiokande experiments can be well ac- gq|ar neutrino flux uncertaintie©f all the relevant solar
counted for at maximafor near-maximalmixing, although  heytrino fluxes, the boron neutrino flux suffers from the larg-
the Super-Kamiokande measurement slightly disfavors st uncertainty, leading to systematic errors in the predicted
negativee. The zenith angle distribution measured by Superdetection rate that cannot be estimated reliably at present.
Kamiokande gives some preference to the high region anthne way to avoid this problem is to determine the boron
excludes the strong regeneration region. In contrast, thaeutrino flux experimentally, using the total rate measured in
Super-Kamiokande result on the recoil electron energy speehe Super-Kamiokande experiment. Similar results are ob-
trum gives some preference to the VAChigh, and low tained if the boron neutrino flux is treated as a free parameter
regions and excludes the ranfyen=(0.3—4)x 10 °eV2.  in the analysigin this case the Super-Kamiokande rate, be-
Both the zenith angle distribution and the shape of spectrunng the most precise and sensitive to the boron neutrino flux,
have weak dependence enlIn contrast, total rates are sen- will fix this flux). In Fig. 5c) we show the results of a global
sitive to €, especially in the high and low regions. fit with the boron neutrino flux treated as a free parameter.
We plot the dependence afy?, the x? shift with respect to
B. Dependence of the results on features of the analysis the absolute minimum, oam? for three different values of

e. The shape of the curves is very similar to that in Fig. 3.
Let us study tr;e dependence of the allowed and excludeg|s, the allowed and excluded regions at a given CL prac-
regions in theAm-— e plane on features of our analysis.

tically coincide with those in Fig. 3(One should take into

Total rates versus spectrum and zenith angle distribution’; .ount that now we have one additional free parameter and

The total rates give the most stable, reliable, and statisticallyarefore a 99% CL correspondsAg®=11.36) The reason

significant information. We have carried out a fit to the threeg, - s similarity lies in the fact that both the spectrum and
rates only. In Fig. &) we show the dependence of the shift e qay_night variation are flux independent. Furthermore in

of x? for this analysis with respect to the absolute MINIMUMp ot cases the boron neutrino flux is fixed by the Super-
in the whole plane of oscillation parameters. The absolute ,miokande result.
minimum for the analysis of the three rateg;=0.76 (for A comparison of Fig. 3 and Fig.(6 shows that the re-

one d.of is achieved in the SMA region. Comparing Fig. gyits of our analysis are stable with respect to the way that
5(a) with Fig. 3, we learn that if we exclude the information the uncertainty in the boron neutrino flux is treated.

from the recoil electron energy spectrum and the day—night
variation of the event rates from our analysis, then the al-
lowed and forbidden regions are substantially modified. In
particular, we note in Fig. (®) the following three features.

(i) The goodness of the fit at maximal mixing from the In this section we consider the predictions @fear)
analysis of the three rates only is worse in whole MSW re-maximal mixing for various observables. This will clarify the

IV. MAXIMAL MIXING AND PREDICTIONS FOR
INDIVIDUAL EXPERIMENTS
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sensitivity of individual experiments to the neutrino oscilla-  (2) The QVQ; and VAC regions withAm?<10 8 eV2.
tion parameters in the relevant range. The extent to which thelere we have essentially nonaveraged or partially averaged
results of this section hold in a three generation framework/acuum oscillations which take the form of E88). In prin-

with [Ugg| #0 is discussed in Sec. VI. ciple matter effects strongly suppress the oscillations inside
the Sun and the Earth. However, the modification of the
A. Total rates observables is small, since the size of the Gmd the Earth

In Fio. 7 lot th | £ th ted  rat is much smaller than the oscillation length in vacuum.
n Fg. 7 we piot In€é values ot the expected event rates. (3) The matter conversiofMSW) region is between these

Germanium production rate, argon productpn rate, and th?wo QVO regions. The oscillation effect is strongly sup-
rate of events at Super-Kamiokande as functiona wf for ! . o
pressed. As explained in Sec. Il, Earth matter effect is im-

three values oé: +0.3,0,-0.3. The rates are normalized to . - . . :

the no oscillation expectatioR =, /QiSSM For each value portant but msensm\(/e )t@. Tkze )expressmn oP in this re-
) ‘ ) gion is given in Eqs(40) and (43).

of € we plot three curves: the central curves give the ex From Egs.(26), (27), and (28) we can find straightfor-

pected rates using central values of the BP93 fluxes and_ thv?/}ardly the dependence of the observables on deviations from
upper and lower lines represent the theoretical uncertaint

(without the error for the interaction cross sectipfi®m Xwaxmal mixing. For the VO, QVE, and QVQ regions,

. ; ; . the following points are in order.
varying the_ nine parameters in the SSM wnhtnlla..The (1) The observables depend very weakly enCorrec-
horizontal lines give the experimental values withinlo

experimental errors. The vertical lines in the ranym? tions to maximal mixing are oD(e).
—(3-10)x10° evé give the expectation from the SMA (2) The dependence is symmetric under the exchange

99% CL region(again, including the theoretical uncertainties GH_IE' M|_n|_mum fOf the survwal_ protr)]abll_lty, and C(.)ns?'
in each poink quently, minima of rates, are at=0, that is, at maxima

Let us first discuss the dependence of the rated ori, ml)l(ilgg.the MSW regions, the following points are in order
The rates are proportional to the survival probability. There- Vv reg o 9p X :

: ) (1) The survival probability and the rates depend linearly

fore, the main features of Fig. 7 reflect the dependence of the . ) -
survival probability onAm?/E [see Fig. 1 and Eqs26), on e. Corrections to the maximal mixing case are conse-
(27), and(28)]. For maximal mixing the survival probability quezntlynzarger. ival babili d th d ith
in the Sun as a function afm?/E is constantPp=1/2 [see (2) The survival probability and the rates decrease wit

- . increase ofe.
sgr.\g?ti]ér-nrheef?erzgtbatf)cl)“rtyAPr;% /'é e?rr]]arlﬁgd ?gntgs Ea%q;e' There are two transition regions between VO and pure

~ . matter conversion. In these regions, the symmetric depen-
—10 1Y eV [see Eq(36)]. Fore+0, the effects of the adia- . .
batic edge situated ahmZ/E—(10-12—10-1% eV [Eq. dence of the observables transforms into a linear dependence

. . . th itivity to deviati f imal mixi in-
(40)], and of the nonadiabatic edge situated /an?%/E g?edasez ?.ehrésgr\gb);glﬁ e\ﬂaelg?sa;%rgagaxma mixing n
— —16__ — 15 H . @ .
;(12?E<1g*>1610V ) eV [Eﬁll' (43)]'bb$]"°me |mportanta For Thus, in the region of pure matter conversiamside the
mre= ev, an osci atqry ehavior appears due toSur) the sensitivity of measurements of rates to a deviation
nonaveraged vacuum oscillations between the Sun and tr*po

: X Y m maximal mixing is maximal. It is in this region that the
Earth[Eq. (28)].' W'.th certain mgdlflcatlons all these fgatures possibility of maximal mixing can be tested with the highest
can be seen in Fig. 7. The simplest dependence is for th

: , ; . Th ihgm? h -
Super-Kamiokande rate since only offron neutrino flux gccuracy e correspondidgn” range depends on the neu

. . . . trino energy. For the highest energies of the solar neutrinos
gontrllb#tes[F;g. Z(C)]' ;’he f\r-pro?ggtlgn rat? has a:jnd.etl.dd"l(E~10 MeV) we get the range of maximal sensitivity:
lonal Tin€ structure due 1o contributions from adaitional y .2 15-7_ 1974 g\2, while for the lowest energiesE(
fluxes, and in particular the beryllium neutrino flux. As can

be seen from Fig.(b), an additional enhancement appears in~0'3 Mev) the range isAm’=3x10"°-3x10"° eV".
the regeneration region Am?=3x 10" eV2 and the prob- Studying effects by the experiments with different energy

i . - n hresholds w n high sensitivi viations from
ability as a function ofAm? becomes asymmetric in the thresholds we can get high sensitivity to deviations fro

. . . maximal mixing in whole range oAm? excluding VO.
regenerat_|on ‘r‘eg|on,.' I.n the VAC and Q\g@eglons: the bo- In the next two sections we consider the dependence of
ron neutrino “wave” is modulated by the beryllium wave

. . : specific rates on the oscillation parameters and evaluate the
with a smaller amplitude. For the Ge-production rate, all the b P

. sensitivity of their present measurements to deviations from
features of the curves are shiftédith respect to the Super- VI OF P
. 2 maximal mixing.
Kamiokande curvesto smaller values of\m- by a factor
~30. This feature is due to the fact that the main contribu-
tion to Qg comes from the p-neutrino flux with an average
detected energy of 0.3 MeV, about 30 times smaller than the Let us now study the implications of the results presented

B. Ar-production rate

average energy of the boron neutrino flux. in Fig. 7(b) for the Ar-production rate and in Fig(@) for the
Let us consider now the dependence of the rates. We Super-Kamiokande rate in the variofisn? regions. As can
distinguish here between three different regions\of?. be seen in Fig. (b), the Ar-production rate for maximal mix-

(1) The QVQ region withAm?=3x10 * eV2. Here we ing in all favorable regionghigh, low, VAC,) lies in the
have essentially averaged vacuum oscillations, so that th@ngeRg=0.50+0.08 (Q,=3.9+0.6 SNU), which is 2
survival probability is given by Eq.26). above the Homestake result. The predictions der+ 0.3
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Kamiokande rate. Expressing the boron neutrino figwia
the SK rate,

Rsk
o~ pa—n+r (67)
we obtain
QArRsk ,
QArN(l_rr—H/P)JFQﬁrP : (68)
I —
(d) vo Herer is the ratio of thev, — e andv,— e cross section®y,

andQ® are the SSM contributions to the Ar-production rate
from the boron neutrino flux and from all other low energy
fluxes, respectively, anB and P’ are the effective survival
probabilities for the boron neutrino and low energy neutrino
fluxes, respectively. The bands in Fig. 8 refleot drrors due
to the uncertainties in all, but the boron, neutrino fluxes.

As expected, in the QVO regions, Qy@nd QVQ;, the
02 00 -02 e dependence is symmetric arourd=0, Qu=Qn(€?),
£ £ while in the pure matter conversion regions, high and low,
Qar depends or linearly. In the linear regime, the change in
ous values ofvm? within the (a) high, (b) low, () QVOs, and(d) e Ar-production rate i\Qx~(0.7-0.8) SNU for—0.3
VO regions. Full, dashed, and dotted lines correspon@jtam? <e<+0.3. This is abOUt 8 for the present ?Xpenmem.al
-4, 08, and 0210 °5e\? (b) Am?=1, 0.7, and 0.3 ©€ror In the quadratic regime the change is substantla_llly
x10°7 eV2, (c) Am?=10, 5, and & 10~° eV, (d) Am?=5, 0.3, s_mall_er:AQA,~(0.1—0.2) SNU._C_?IearIy, the_present sensi-
and 1x 10710 eV?, respectively. For each mass the three curvediVity is not enough to draw definite conclusions. Moreover,
correspond to the predicted central value plus and minughto- ~ €ven after normalization of the boron neutrino flux to the
retical uncertainties. The boron neutrino flux is normalized to theSUper-Kamiokande rate, the predicted rate is higher than the
measured rate at Super-Kamiokande. The horizontal band corrédomestake result for all globally allowed values A2,
sponds to the Homestake experimental result anddt®dor. The only statement that one can make is that the Homestake
result favors a significant deviation from maximal mixing in
the MSW region. Therefore checks of the Homestake result
and improved accuracy in measurement€qf by a factor
of 2 or higher would have important implications for maxi-
mal and near-maximal mixing.

FIG. 8. The dependence of the Ar-production ratesdor vari-

(—0.3) are belowabove the values for maximal mixing by
just about Ir. As mentioned above, the highest sensitivity of
Qar to € is achieved already in the high region, wh&)g,
depends ore linearly. For the Super-Kamiokande rate, we
get that for maximal mixing in all favorable regioi®sy
=0.58£0.12 which is Ir above the Super-Kamiokande re-
sult. Moreover, comparing Figs(l?) and 7c) we see that the Let us now study the implications of the results presented
Ar-production rate and the Super-Kamiokande rate arén Fig. 7(a) where we show the Ge-production rate as a func-
strongly correlated as they are both dominated by the contrition of Am? for different values of thes parameter and in
bution from boron flux neutrinos. Fig. 9 where we ploQg as a function ofe in the various
Next, in order to reduce the SSM uncertainty we normal-Am? regions. While the results plotted in Fig(ay are ob-
ize the boron neutrino flux to the Super-Kamiokande ratetained within the SSM, the predicted rates shown in Fig. 9
More precisely, for each pair of the oscillation parametershave been obtained after normalization of the boron neutrino
(Am?,€) we find the boron neutrino flux which reproduces flux to the Super-Kamiokande measured rate as described
the Super-Kamiokande event rate. All other fluxes and theipreviously for Fig. 8. In this case, unlike in the case of Ar-
uncertainties are taken according to the BP98. Using thigproduction rate, the results are very slightly modified by the
procedure we calculat®,, (and in the next section also ©°B flux normalization since the Ge-production rate is domi-
Qgo - The results of this calculation are shown in Fig. 8.  nated by the contribution from thep-neutrino flux and the
From Fig. 8 we see that after boron flux normalizationcorresponding theoretical uncertainties are smaller.
procedure the dependence @Qf, on e is relatively weak In the QVQ region, the rate is determined by averaged
since the ratio between the boron neutrino flux contributiorvacuum oscillations and therefore the expected rate is sym-
to Q4 and the contribution from charged current interactionsmetric around maximal mixing. According to E(8), P(e
to the Super-Kamiokande rate is independent of the survivak £0.3)=0.545 which  corresponds to Qg.=70.3
probability and therefore ot. The € dependence of,, +3.5 SNU(with 1o theoretical error For exactly maximal
comes directly from the suppression of the beryllium andmixing we have P(e=0)=0.5 and the rate is minimal,
other(CNO and pepneutrino fluxes, and indirectly from the Qg.=64.5+3.5 SNU. As seen in Fig.(@) the bands for the
contribution of neutral current interactions to the Super-different e values almost overlap and all the predictions are

C. Ge-production rate

013007-13



GONZALEZ-GARCIA, PENA-GARAY, NIR, AND SMIRNOV PHYSICAL REVIEW D 63 013007

= 20 (9) HIcH 20 could have important implications for the mixing provided
= 85 that Am? will be fixed by some other independent measure-
— 80 80 ment. Notice that in the low region one expects maximal
S 75 75 regeneration effect for thep neutrinos which can be de-
70 70 tected as, e.g., seasonal variation of the Ge-production rate
65 65 | [27].
60 I 60 £ The situation is similar in the QV®region down to
- 55 ¢ Am?=5x10"° eV?: the Ge-production rate depends en
50 50 linearly andA Qge~30 SNU[see Fig. ).
90 90 In the VO region, deviations from the maximal mixing
2 g5 a5 | result are determined by* and the variationgfor a given
2 5o 80 E: Am?) are small as shown in Fig.(@: AQges~5—-7 SNU.
& o 75 Thus the sensitivity of present data is still low and practically
o8 - Ithe \;vhole intervak e (—0.3,+0.3) is allowed at th€2—-3)o
evel.
Zz 22 In_ consequence serious impIicatio_ns for maximal mixing
require further decrease of the experimental error bars down
7 > to 3—4 SNU.
50 50
2 2 D. The day-night asymmetry in electron scattering events
FIG. 9. The dependence of the Ge-production rateeofor In Fig. 6 we show contours of constant day—night asym-

various values oA m? within the (a) high, (b) low, (c) QVOs, and  metry of thev—e scattering events in them?—e plane. The
(d) VO regions. Full, dashed, and dotted lines corresponéato  Super-Kamiokande 1117 days result
Am’=4, 0.8, and 0.210°eV?, (b) Am’=1, 0.7, and 0.3 N—D

—7 2 2__ —9 2 2 __ -
X 10 eVﬁ,l(()c) Azm =10, 5 and X10° eV~, (d) Am*=5, 0.3, Ay p=2 ~0.034-0.026 (69)
and 1xX10 " eV*, respectively. For each mass the three curves N+D
correspond to the predicted central value plus and mirushko- ) .
retical uncertainties. The boron neutrino flux is normalized to theexcludes at the & level the regionAy_p=0.11 which cor-
measured rate at Super-Kamiokande. The horizontal band corréesponds, at maximal mixing, to
sponds to the averaged Gallium result and its€lrror. 4x10 '=Am?<1.3x 10 ° eV2. (70

In agreement with the present experimental _re_su_lt. In O.tha'i'he exclusion interval increases slightly wi¢h The prefer-
words, with present experimental error bars it is impossible . > -

o . s able regions oAm- for e=0 are
to measure deviations from maximal mixing.

In the part of the high region with smallm? the effects Am?=(2.5-10)x10 ° eV?,
for pp neutrinos occur in the transition between linear and ) N (71)
guadratice regimes. Consequently, the sensitivity @§, to Am®=(0.6-2.2X10 " eV*.

e is still below the present experimental accuracy. We fin
from Fig. 71a): Qgde=0)~Qgd e=+0.3)~60-68 SNU,
while Qgde=—0.3)~70+=4 SNU, approximately & (ex-
perimental higher. From Fig. @) we see that after théB
normalization the variation of theQge in € range
(—0.3+0.3) is AQg~(10-12 SNU, which is about & In Fig. 10 we show the zenith angle distribution of events
(present experimental erpor in Super-Kamiokande for maximal and near-maximal mixing
In the low region the sensitivity te is maximal: thepp  and for various values oAm? from the allowed regions.
neutrinos undergo pure matter conversion and the rate de&ignificant enhancement of the night rate is expected in the
pends one linearly. We get, forAm?=10"" eV?: Qgde  high and low regions.
=—-0.3)=93=4 SNU, Qgde=0)=77.5-3.5 SNU, and In the high region the distribution of events during the
Qcd €=0.3)=61+3 SNU. The difference between the pre- night is rather flat and the dependenceedn weak, so it will
dicted values ofQge=—0.3) andQgde=+0.3) is more be difficult to use the shape to measuteThe dependence
than 2o (experimental From Fig. 9b) we see that after the on Am? is also weak. Maximal signal is expected in 1H8
8B normalization the variation of th@g, in the € range or/andN5 (core bins.
(—0.3,+0.3) is AQg~(33-35 SNU, which is more than In the low region the oscillations occur in the matter
50 (present experimental erpoiin this case one gets certain dominated regimésee Sec. )l when the oscillation length
restrictions one, although the confidence level is low. For practically coincides with the refraction length,~|,. For
example, forAm?=10"" eV?, the combined SAGE and those trajectories crossing the mantle only1(N4), the
GALLEX +GNO result gives the & range —0.12<e< latter can be approximately determined by the average den-
+0.2. Therefore, further decrease of the experimental errasity along the trajectory. Maximal effe¢ivhich corresponds
bars by a factor of 2, from the present 5 SNU to 3—4 SNUto the oscillation phase- ) is realized for the trajectories

%e emphasize that these results are SSM independent and
have no ambiguities related to the analysis of the data.

E. Zenith angle distribution of electron scattering events
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20.58 I Am*=2 107 eV £¢=0.3 B Am*=2 107 eV £=0.3 i 20175 L Am*=2 10" eV e=0. | Am*=6 10 eV? e=0. _|
g F—— =2 107 8\ e £ —— A= T a0 ] g S Am?=2 107 eV? e=—0.31 ....._.. Am*=6 10 &V? ¢=—0.3
80'56 e Am:=2 1_(3‘ i\/ e=-0.3 e Am2=2 10:’ e\/2 e=-0.3 . OU 0.7 - Am?=2 107 V2 e=0.3 ... Am’=6 107 V2 £=0.3 —
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FIG. 10. The zenith angle distribution of events in Super-
Kamiokande and the predictions withearymaximal mixing for FIG. 12. The “reduced” spectrum for Super-Kamiokande for
various values o m? within the (a) high and(b) low regions. (@ Am?=2x10"*eV? and (b)) Am?>=6x10"8eV? with €
=-0.3,0,0.3.

with cos#,=0.3, i.e., in theN2 bin [see Fig. 1(b)]. The

phase 2r is collected at co8,~0.5 which corresponds to a probably resolve the high/low ambiguity but are unlikely to
minimum of the signal. Notice also that the zenith anglepjay a significant role in the determination ef

distribution depends oavery weakly. For a given trajectory

the amplitude of the oscillation is determined by the mixing

angle in the Earth matter F. The recoil electron energy spectrum
i 1 In Fig. 11 we show the expected recoil electron spectrum
Sir? 2 g~ (72} for maximal mixing with various values ckm? in the re-

-2, 9 -1
et 1-2eme gions allowed by the global fit. In the high and low regions

. ! _ the “reduced” spectraR(E), are flat. Strong distortion is
where 7¢ the parameter in the Earth defined in Eq3D). expected in the VACregion. Thus further improvement on

Thus sif26¢ is an increasing function ot [see al_so Eq._ the measurement of the recoil electron spectrum can dis-
(17)]. As a consequence the number of events in Maximaiminate between the MSW and VAGegions.

increases withe as seen in Fig. 10). Present data do not For large enouglm? and e+ 0 a distortion in the spec-

show any enhancement in the bin. rum appears due to the effect of the adiabatic efdgg.

We conclude that precise measurements of the zenithya)) This feature can be traced from the dependence of the
angle distribution would allow the determination®fm”and ¢ ,yival probability onAm?E (see Fig. 1 For a positivee

conversion inside the sun leads to negative slope of the re-

= 038 LARARARERE AR AL AR AR R R A duced spectrunR(E) is larger at low energies. For negative
80 75 L Am*=2 107% eV? i €, R(E) increases withE and the slope is positive. In the
} B —— Am*=3 1078 eV? ] small Am? part of the low region the distortion of the spec-
5 07 . AmM*=6 107" eV? - trum is induced by the effect of the nonadiabatic egig.

o i 1 1, Am?/4E=(0.3-3)x 10" *° eV. Here the situation is oppo-
0.65 - B site to that for the high region. The slope is positive for
0.6 positive e and negative for negative as illustrated in Fig.
12(b).

0.55 As follows from Figs. 11 and 12, the measurement of the
electron energy spectrum provides information mainly on the
0.5 value of Am? but it will be difficult to determinee by mea-
0.45 (¥ suring the slopéfirst moment of the spectrunin the inter-
L val —0.3=e<0.3 at Super-Kamiokande. At present Super-
0.4 Kamiokande has presented the measured véle-8.14
0.35 L ] +0.02 MeV. The precision of this measurement is to be
’ 6 7 8 9 10 11 12 13 14 15 compared with the maximum theoretically expected varia-
E, (MeV) tion  A(T)=|(T)(e=0.3)—(T)(e=—0.3)<0.025 MeV

which occurs for the two values &m? shown in Fig. 12.
FIG. 11. The “reduced” spectrum for Super-Kamiokande for Thus with the existing experimental precision, in the MSW
€=0 and various values afm?. region, the full range ot is allowed at~10.
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V. TESTS OF MAXIMAL MIXING IN FUTURE 107 s —— 107
EXPERIMENTS “%

In this section we consider the prospects of testing“e
(nearymaximal mixing of the electron neutrinos in future <
experiments. We study various possibilities to measure the
deviatione and we estimate the accuracy at which maximal -
mixing can be established or excluded. The extent to which

the results of this section hold in a three generation frame-
work with |Ugg|# 0 is discussed in Sec. VI.

107

A. General requirements

There are two requirements for a precise determination ol | 0,2‘ ' 0,0' | ‘_0,2
the mixing: €

(1) Uncertainties in the original neutrino fluxes should not FIG. 13. Iso-contours ofA at Super-Kamiokanddthin
play a role. For this purpose we will consider SSM indepen—“nes) and on (thick curves vviEthumbers in SNUn the AmP—
dent observables, or at least observables which do not d%’plane for thgehigr(a) and low(b) regions.
pend on the uncertainties in the boron neutrino flux.

(2) At least two independent observables should be meas 155 eV2, and in the low region-0.10<e=< +0.15 and
sured. As we have seen in Sec. lll, the survival probabilityAmz~(0_5_2)>< 10~ 7 eV2. Inclusion of the theoretical un-
Pee and consequently all observables depend on kaihd  ;erainties will expand these regions, especially in the high
Am?. Even in the case of maximal mixing when the solargse where the sensitivity @, to € is rather low.
survival probability is constan®p=1/2, a dependence of  Ngice that the present Gallium data somewhat disfavor

Pee ON Am? appears due to the Earth regeneration effect. mayimal mixing in the high region. We estimate that the 1
Thus, to determine the mixing, one should find two '”de'accuracy of the determination efis

pendent observables whi¢h are free of flux uncertainties,
(i) can be measured with high accuracy, &iiid depend on Ae~0.15-0.20 (10). (73
different combinations ot and Am?. In what follows we
will identify such observables and study the accuracy a
which mixing can be measured.

1078

yVithin 20 experimental errors the allowed regions cover
most of high parameter space of Fig.(d3 and practically
the entire low parameter space of Fig.(3 All values of
ee (—0.3+0.3) become allowed at thes2level.
With more data from GNO and higher statistics Super-
The main objective of the GNO experimef81] is to = Kamiokande measurements of the asymmetry one can reach
reach an accuracy 3 SNU in the measurement of the Ge- better sensitivity.
production rateQg.. Also seasonal variations Qfc will be
studied. Super-Kamiokande will continue to collect data for C. SNO

at least 10 years. With an energy threshold as low as 5 MeV . . .
the accuracy in measuring the day—night asymmetry will im-, The SNO experimeri36] will study various observables

prove to~0.010—0.015 in three types of processes.

Notice that, in the MSW regiorAy_p is mostly sensitive
to Am?, wherea€Qg, has strong dependence enTherefore
the pair of observablesA_p,Qge IS, in principle, very
useful for measurements of the oscillation parameters in the
matter conversion region.

In Fig. 13 we show simultaneously contours of constant
An_p at Super-Kamiokande site arfige in the Am?—e
plane. The iso-contours f@s. have been obtained for cen-
tral values of the solar fluxes according to BP98. The theo-
retical (1o) uncertainty is about-2 SNU.

The iso-contours o . andAy_p are nearly perpendicu-
lar to each other, which reflects the fact that these observ-
ables depend on different combinations of the oscillation pa-
rameters. However, the accuracy of the present experimentgince the SNO observables depend on the boron neutrino
results is not enough to put statistically significant bounds orlux only (we neglect the effect of the hep—neutrino fiutkhe
the mixing. The present experimental intervals areQge  ratios of rates are flux independent. Also relative time varia-
~69-80 SNU andA\_p~0.01-0.06. The resulting con- tions and energy spectrum distortion are flux independent. In
straints on the mixing parameters can be read from Fig. 13wvhat follows, all the results will be presented for an energy
in the high region, —0.2=¢ and Am?~(1.5-8) threshold of 5 MeV.

B. GNO and Super-Kamiokande

(1) Charged current neutrino—deuteron scattering: the to-
tal rate above a certain threshdie denote the re-
duced rate of events B C]), the energy distribution
of events(electron energy spectrymand the time
variation of events which can be characterized by the
day—night asymmetrASS, the zenith angle distri-
bution, and the seasonal asymmetry.

(2) Neutrino—electron scattering: the total r@ES)|, elec-
tron energy spectrum, and time variations.

(3) Neutral current neutrino—deuteron scattering: the total
rate[NC], and time variations.
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€ 2 where, again, the last equality is valid in the MSW region.

From Eq.(76) we get for the accuracy in the determination

FIG. 14. Iso-contours of the double ratios of rates in Ara’— . .
of € in the MSW region:

€ plane:(a) [ES)/[CC]; (b) [NC]/[CC] for SNO.

f ([NC]) 77

In Fig. 14(@) we show the iso-contours of the double ratio Ae~—Al —2
[ES)[CC] in the Am?— € plane. In terms of averaged sur- 2-\[cCq]

vival probability, P(Am?,€), the ratio can be written as )
Here the prefactor is smaller than 1. Moreover, the double

E~1— LT 2r (7 ratio [NCJ/[CC] will be determined with much better accu-
[CC] ' P ' f(l—e)’ racy than[ES]/[CC]. The theoretical uncertainties related to
the neutrino—deuteron cross sections essentially cancel out.

The last equality applies in the MSW region. The factor The total 1r error, which includes a statistical error for 5000
=0O(1) and deviates from unity due to Earth matter effectscC and 2000 NC events, is about 3.6%. According to Eq.
which are smal[see Eq(34)] andr is the ratio between the (77), this corresponds td e~0.04 for fixed Am2. As fol-
vy—e andve—e (ES cross sections. The ratf@&S)/[CC]is  |ows from Fig. 14a), in the MSW region the ratigNC)/
larger than 1 and depends rather weakly on the oscillationcc] increases withe for fixed Am?. It varies within the
parameters. From Eq74) we find the relation between the |imits 1.2—2.7 fore in the range ¢ 0.3,+0.3). This variation
accuracy of measurements|&S|/[CC], A([ES]/[CC]), and s much larger than the expected- %rror, A([NC]/[CC])

the corresponding accuracy of determinationeof ~0.08 (for [NCJ/[CC]=2).
f [ES] In the allowed regions of the oscillation parameters, the
Ae~ o7 (ﬁ) . (75  ratio[NC]/[CC] depends strongly oa. A precise determina-

tion of Am? in these regions can be achieved from measure-
That is, the accuracy is lowered by factor 1#23. As fol- ments ogctime variations, in partigular, the day—n(i:ght asym-
lows from Fig. 14b), in the MSW region the ratifES)[CC] =~ MetryAg~p . In Fig. 15 we show iso-contours 8\ p and
increases withe for fixed Am2. It varies within the limits [NCJ[CC] in the Am*—¢ plane. Notice that the asymmetry
[ES]/[CC]~1.15+0.10 for e=0.0=0.3. This variation is ©f the CC events is larger than the asymmetry of the ES
comparable with the expectedrlerror which is dominated €vents for the same values of the oscillation parameters. The
by the uncertainty in the neutrino—deuteron cross sectiofontours have weak dependenceeohe combined analy-
(~6%) [37,39 (statistical error has been calculated assumsis Of[NCJ[CC] (sensitive mostly ta) andALS, (sensitive

ing 5000 CC and 500 ES eveht€onsequently no signifi- t0 Am?) can give a precise determination of the oscillation
cant constraints on the oscillation parameters can be otparameters. According to this figure, measurements yielding
tained, unless the uncertainty in the cross-section is reducefNCI[CC]~2x (1+0.04) and A®p~0.1x(1+0.3) will
According to Eq.(75), 10% precision iN[ES|/[CC] corre- determinee to an accuracy of order

sponds taA e~0.3.

In Fig. 14b) we show the iso-contours of the double ratio Ae~0.05-0.07 (10). (78)
[NCJ/[CC] in the Am?—e plane. In terms oP(Am?, ), the
ratio can be written as Notice that the same pairs of valueA{C, [NCJ/[CC])
appear in the high and low regions. The low/high ambiguity
[NC] 1 _ 2 (76 can be resolved by the KamLANEB9] reactor experiment

[CC] P f(l—e)’ which will give a positive oscillation signal in the case of the
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107 T S — high/low ambiguity which may remain after the measure-
] : ) ments at Super-Kamiokande and SNO.

Am? (eV?)

E. Low Nu experiments

A new generation of experiments aiming at a high preci-
sion real time measurement of the low energy solar neutrino
spectrum is now under study#l]. Some of them such us
HELLAZ, HERON, and SUPER-MuN{#42] intend to detect
the elastic scattering of the electron neutrinos with the elec-
trons of a gas and measure the recoil electron energy and its
direction of emission. The proposed experiment LENS plans
to detect the electron neutrino via its absorption in a heavy
nuclear target with the subsequent emission of an electron
€ and a delayed gamma emissiptB]. The expected rates at
those experiments for the proposed detector sizes are of the
order of ~1-10pp neutrinos a day. Consequently, with a
running time of 2 years they can reach a sensitivity of a few
percent in the total neutrino rate at low energy, provided that
they can achieve sufficient background rejection. This would

high solution. It can also be resolved by the Borexino experi-aIIOW the determination of with a similar precision of a few

ment which will show strong Earth regeneration effect in thepercent, n parucylar In hthef QVQ wgere S'EO 2.”?1
low region as discussed next. Borexino cannot give much information due to their higher

energy threshold.
_ Sensitivity to the oscillation parameters in the LMA re-
D. Borexino gion can also be achieved in experiments detecting low en-

The Borexino collaboratio40] will measure the total ergy v, fluxes from nuclear reactor@etection threshold is
rate of ES events and search for time variations of the signabboutE,,= 1.8 MeV). The Borexino experiment, in addition
In Fig. 16 we show iso-contours of the reduced g  to detecting solar neutrinos, aims to detect the diffuse fluxes
(suppression factpand iso-contours of the day—night asym- from nuclear reactors in Europe, mainly in France and Ger-
metry in theAm?—e plane. As discussed before for Super- many, at an average distanee800 km. The KamLAND ex-
Kamiokande and SNO, the day—night asymmetry is sensitivgeriment[gg] aims at detecting the low energy diffu%
mainly to Am? while the deviation from maximal mixing can fluxes from reactors in Japan from an average distance of
be restricted by the rate for which we can write ~200 km. Both experiments can provide important informa-
Rge=Tpget (1—go) P, (79 tion in discriminating between the high and low sqlgtions.
However, they are expected to be very weakly sensitive to
where rg,~0.24 is the ratio of thev,—e to v,—e cross Given the short distances traveled by the neutrinos, matter

1 0-4_

1107

1072

FIG. 16. Iso-contours of the reduced rdthick lineg and the
day—night asymmetrythin lines predicted for the Borexino ex-
periment in theAm?—e plane for the QVQ and high(a), and low
and QVQ; (b) regions.

sections for the beryllium neutrinos. effects are negligible for both experiments. Consequently,
From Eq.(79) and Fig. 16 we observe the following be- the survival probability for these experiments takes the
haviors. vacuum form of Eqs(26) and(28) which depend only qua-

(i) In the QVQ_region, the survival probabilitp depends ~ dratically one. With the expected achievable limits on the
quadratically one. We find Rge~0.62 with very weake  Survival probability of about-10-209%, a measurement of

dependence. |e|<0.3 seems unfeasible.
(i) In the high region, the transition between the quadratic
and lineare dependence occurs. Farm?~10 ° eV? the VI. EFFECTS OF THE THIRD NEUTRINO

rate increases from 0.54 to 0.71 whedecreases fromt 0.3

to —0.3. The day—night asymmetry is very small here. In the general case of three neutrino mixing when;|

(iif) In contrast, in the low region Borexino has higher #0 the deﬁnition of deviation from ma"_‘ma' mixing_ be-
sensitivity to the éscillation parameters. For maximal mix-COMes ambiguous. Formally, maximal mixing of the in
. 7 . ' the three neutrino context can be defined as the equality
ing, Rge is in the interval 0.65-0.70, and the asymmetry can, ~_ /4 wheref.. is the rotation anale in the plane of the
be as large as 30%. The probability depends linearly,so le 7 12 : g P .
that we get the following from Eq(79): f|_rst_ and second mass eigenstates. Phe.nomenologlcallly, de-
o viations from maximal mixing can be defined as a deviation
of the averaged probability from 1/2 or a deviation of the
ARge. (800  depth of oscillations from 1.
Let us consider neutrino mass spectrum which explains
also the atmospheric neutrino problem vimainly) v,— v,
oscillations. This implies

Ae~

1-rge
Still, the sensitivity toe is low but Borexino will play a

crucial role in fixingAm? and in particular by the measure- 5 ) 5 5 )
ment of the day—night asymmetry will be able to resolve the |AMG [=[Am5y|<|Amgy|=|Am3] =[Amg,].  (81)
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In this case(as far as solar neutrinos are concepnéte In the case of averaged vacuum oscillations (QY@e
oscillations driven byAmZ,, can be averaged. This situation results for the three-neutrino scenario can be read from the
justifies our use ofys as defined in Eq(21) and »z as  results presented here with the replacemenéofvith €.
defined in Eq.(31) in the calculation of the survival prob- For long wavelength oscillations (Q\W&nd VO, the results
abilities. We get the following expression for the survival for the three-neutrino scenario cannot be directly derived
probability [44]: from our results. Thus our predictions in these regions only
hold for very small values of the mixing ang|& |, well

Pee=(1—[Ugs/?)?Po+[Ugs|*, 82 pelow the present CHOOZ bound.
whereP,=P(Am? 6,V) is the two neutrino mixing survival ~ Concerning the value ofls, although certain improve-
probability determined by ment on th_e present CHOOZ bound may be expected from
5 ) 5 long baseline experiments, such as K2K and MIN[@S],
Am*=Amg, tanf=|Ue/Ug|, V=Vo(1—|Uel). their final sensitivity is still unclear as it depends on their

(83) capability of discriminating against the, beam contamina-
tion. Ultimate sensitivity can be achieved at experiments per-
formed with neutrino beams from muon-storage rings at the
so-called neutrino factorig<6].

where V, is the matter potentiaVo=2GgpYe/my. In
principle we can define a parameter which describes the
deviation from maximal mixing of¢ defined in Eq.(83)
similarly to the two neutrino paramete¢sand 6, of Eq. (3).
Then the deviation from maximal mixing in the three neu-
trino context will depend on the specific physical situation. If | the preceding sections we have concentrated on effects
the mass splittingAm? and the mixing angled induce in the solar neutrinos. Mixing of the electron neutrino can be
vacuum oscillations, theR,~(1+ eg)/z and Eq.82) gives  probed in a number of other experiments.

2
+ % — | Ue3|2- (84) A. Atmospheric neutrinos

VIl. MAXIMAL MIXING AND OTHER EXPERIMENTS

Pee~ 5

2
Maximal and near-maximal mixing of the electron neutri-

Thus one can define the deviation from maximal mixing innos can be probed in the atmospheric neutrino studies. The
the three neutrino context in this case &is=e3—2|Ug|2.  oscillations in the Earth matter with parameters from the

Clearly, the three neutrino case reduces to the two neutrinbMA or high regions can give an observable effect in the

case if e-like events. The electron neutrino flux at the dete¢#at—
U g2 63- (85) 50] can be written a$50]
Fe=FJ 1+ Pe,(r cog,—1)], (88)
Taking |U.g|? at the level of the CHOOZ bound16],
|Ueg|2~0.05, Eq.(85) gives|e,|>0.3. where r=F/F¢ is the ratio of the original electron and
If AmZ and @ lead to the adiabatic conversion in matter, muon neutrino fluxes?, = P(Am3 ,e,) is the two neutrino
thenP,~(1—¢€,)/2 and Eq.(82) gives transition probability, andl,; is the v,,— v, mixing respon-
sible for the dominant mode of the atmospheric neutrino os-
P~ E_ 2—|U 5l2. (86) cillations. The transition probability can be of order one at
€2 2 ¢ Am?>3x10"* eV2 It decreases fast withm?E due to

. , _ __matter suppression of the mixing. Thus the biggest effect is
Here it is useful to characterize the deviation from max'malexpected in the low energgub-GeV events sample. Notice
ixi m_ 2 i - . . L
mixing through e5'= €, +2|Uc;|°. Corrections due to the hat the probabilityP,,, enters in Eq(88) with a “screening

third generation can be neglected provided that factor” (r co€6,;— 1) which turns out to be small. Indeed,
|Ugsl?<1e,. (87)  for the sub-GeV sample~2 and the screening factor is
exactly zero for maximal mixing in the atmospheric neutri-

For |Ug|2~0.05, Eq.(87) givese,>0.1. nos [50,51. The factor equals approximately co%z, So

We have verified that, in the case of adiabatic transitionsthat for sirf 26,3=0.95 we get about 0.22.
the results of our calculations of the expected rates in the For 6,3<w/4 the oscillations lead to the excess of the
two-neutrino mixing scenario can be translated to a gooa-like events. Indeed some excess is hinted by the SK data.
approximation to the case of three-neutrino mixing with theThe excess can be defined I‘&lg/Ng—l, whereN, and Ng
simple replacement af, with €3'. This applies, for instance, are the numbers of events with and without oscillations. This
to the contours for the Ar-production rate in Fig. 6 and theexcess can be written in a matter dominant regime of oscil-
predictions in Figs. 7 and 8 in the range P&=Am?/eV? lations (ye<1) as
=10 8. It also applies to the Ge-production rate in Fig. N
13(b) and the corresponding predictions in Fig. 7 and Fig. Ne 4 204
9(b) and 9c). For the predictions of the SNO rates it can be o~ 17C0S Bagmi(1= €2 7). (89
used for Figs. 15 and 14 in the range f&Am?/eV?
=10/, and for the predicted rates at Borexino in Fig(}6 wheree, was defined below Eq83). The excess depends on
for Am?/eV?=5x10"°. €, linearly and it increases withyz. However, it is even

e
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more sensitive to deviations @h; from the maximal mixing For parameters in the high and low regions, the neutrino
value. ForAma,=10"* eV? and sirf26,5=0.95 the excess propagation in the star is adiabatic, so that the survival prob-
reaches about 3% and the dependenceeds weak. For ability in the star equals
Am3,=2X10"* eV? and the samd,3, we find the excess
about 4.5%. Significant dependence emppears forAmZ,
— 74 2 . . . . .

3x10 " eV”. Howe.ver, I IS unlikely given the siz€ OT Fhe This probability can be further modified due to oscillations in
effect that atmospheric neutrino data will give any significant .
. . the matter of the Earth. Thus, we expect the following con-
information on the value oé,. N . )

sequences(i) disappearance of the, neutronization peak;

(i) hard v, spectrum(coinciding with the original,,) spec-
B. Supernova neutrinos trum at the cooling stage

p~coh,=1(1+e). (92)

Maximal or near-maximal mixing of the electron neutri- F ~FO: (93)
nos will significantly modify properties of neutrino bursts e
from supernovae. The effects depend crucially on features of.. L —
the whole neutrino mass spectrum and in particular on th lit) compositeve spectrum

value of Uy and whether the mass hierarchy is normal 1 6 o € o o

(Am3,>0) or inverted Am3,<0). Let us summarize here Fe=5 (FetFo—5(F—Fo; (99
the main resultffor more details see Ref52] and refer-

ences therein _(iv) strong Earth matter effe¢thich leads to different sig-

All oscillation and conversion effects in supernova neutri-,5is at various detectorsFor the high mass range, the Earth
nos are determined by the total survival probability of thegtfect is maximal in the high energy part of the spectrum,
electron neutrinos which in this section we will writeE,s E>20 MeV, whereas for the low solution the largest effect
and total survival probability of the electron antineutrigds s in the low energy part.

(This property is related to the fact that the original spectra According to Eq.(94), the e-dependent term is propor-
of the muon and the tau neutrinos are identical and that thgonal to the difference of the original fluxes. Thus due to the
muon and tau neutrinos cannot be distinguished at the detegncertainties in the predicted fluxes it will be difficult to
tion point) measuree. In order to reduce the theoretical uncertainty, one
_ The .probabilities should include the effects of Propaga-.qid in principle compare numbers of and?e events at
tion |n5|d§ the star, on tr_l.e.way to Ee Earth and !n5|de th?arge E which are determined by, respectivelyg and
Earth. Using the probabilitiep and p, one can write the 91— ¢)/2 and are proportional to the same flux.
fluxes of the electron neutrinoB,, and electron antineutri- For parameters of the two light states in the VO region,
nos, Fe, at the detector in terms of the original electron the neutrino propagation in the star is nonadiabatic, so that
(antineutrino quxes,Fg andF_, and the nonelectron neu- the survival probability can be writen as

; 0_p0_p0_p0_ 0.
trino flux Fx=F, =Fr=F,=F.: B B p~(1—P)coF O+ P sirt0,=3+e(3—Pc), (95
Fe=p-Fo+(1-p)-FY, Fe=p-F+(1-p) FY.

(90)  Wwhere the jump probability. depends on the details of the
density profile in the outer regions of the star and cannot be
reliably predicted. Practically, the probability should lie be-
tween the adiabatic valu®2) and the pure vacuum oscilla-
Yion expressiomp=(1+ €2)/2.

In the case of inverted mass hierarchy the sensitivity to

2 -4 o

(1) If |Ueg|*>3x107" the conversion in thze reSONance anpears in the neutrino channel and neutrinos and antineutri-
related to the largedatmospherig splitting (Amgy) will be o interchange their roles. Now the resonance is in the an-
completely adiabatic and the final effect depends on the typgneutrino channel so that

of mass hierarchy. In the case of normal hierarchy 6 the
heaviest stajethe resonance conversion occurs in the neu- 5“|Ue3|2< 1, (96)
trino channel and for the survival probability we get

In general p andEdepend on the neutrino energy.
Let us summarize the results for specific neutrino mas
and flavor spectra.

and the oscillations in the neutrino channels will be deter-
p~|Ugsl?<1. (91)  mined by physics of the two light levels. For parameters
from the high and low regions the propagation in the star is

This probability is practically independent of the propertiesdiabatic and

(mass, flavor of the first and second mass eigenstates. In p~sirtf,,=1(1+e). (97)
particular, there is no sensitivity te and no Earth matter 2
effect is expected for neutrinos. Moreover, Earth matter effects are expected for neutrinos.

In contrast, the antineutrino channels will not be affectedrqr the VO region we find, similarly to Eq95)

by the high resonance arEiWiII be determined by physics
of the two light levels. p~3—e3—P;. (98)
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In this inverted scheme we predict) partial disappear- eigenstategsee Ref[54] for recent discussionsThe contri-
ance of thev, neutronization peak(ji) hard spectrum of the bution to the effective mass,, from the two mass eigen-
electron antineutrinos states responsible for the solar neutrino conversion can be

_ 0. written in terms of the oscillation parameters as
Fe~Fy; (99

Mee=2|My(1+€)+ Vm2+Am3(1—€)e' 12, (102

wherem; is the mass of the first eigenstate ad#ig, is the

(iii) compositer, spectrum

1 € i ; ;
(0, 0y € 0o, relative phase of the first and the second mass eigenvalues.
Fe=3(FetF0+5(Fx=Fe); (100 In the case of strong mass hierarchy;<Am? we get from
Eq. (102,
(iv) Earth matter effects are expected in the neutrino channel
only. Mee~3 VAME(1-€). (103

2 —6 i i
(2) If |Uggl"<3x10° ", the effect of the third neutrino dﬁccording to this equation in the high region the effective

can be neglected: in the resonance channel the transiti . .
9 : ” mass can be as big §5-2)x 10 2 eV which can be probed

driven by U .3 is strongly nonadiabatic, and in the nonreso- . :
nance channel the mixing is always very small. In this Casl_ft the next generation of the double beta decay experiments

the problem is reduced to transitions in the two level syste 55]. Notice that the contribution from the third mass eigen-

with parameters determined bym§1= Amé and e. As a state is strgggly restricted by present experimental bound
. X X Mee<2X 10 ° eV.
result both neutrino and antineutrino channels turn out to be

o : . Although the dependence di. On € is rather strong, it
sensitive toe. The effects include th_ose considered abovewi” be difficult to measuree due to the uncertainties in the
both for normal and inverted mass hierarchy.

: i . _nuclear matrix elements. Equatidh03 can be considered
For high and low regions of parameters the propagation S

i ) . as a test equation: if the measured valuesmf, €, and
proceeds adiabatically, and for the survival probabilities we,~ 5

. : ; Amg, indeed satisfy this equatiofwithin experimental and
get the expressions given {@82) and(97). Correspondingly, o s o . -
neutrino and antineutrino spectra will be given by E@s) theoretical uncertainti¢st will testify for the validity of the

and (100. Thus we predict that both neutrino and antineu-WhOIehSCheme‘ ¢ )
trino spectra will be composite, consisting of nearly equal " the case of strong mass degenerany> Amg, we get

admixture of the soft and hard components. In the high en- Mee™ sMy|(1+€)+ (1—€)e' 17, (104)
ergy part where effects of the soft components can be ne-
glected we get from Eq€94) and (100, where both nonoscillation parametars and ¢, are un-

known. For ¢,=7 and (0) the mass equalsng,
E~1+2 (101) =mje (m,), so thate determines the lower bound an,.
== € If mge and e are measured, the above equalities will deter-
mine the upper bound and the lower bounds on the absolute

That is, largerv, signal (as compared withy,) is expected ~SCal€ Of the neutrinos Massl.<m; <Mee/ €.

for >0 and smaller fore<0. Also Earth matter effect is In t.ﬁ c?se r?f mvlerted mass hierarchy the twg states re-.
expected in both neutrino and antineutrino channels. sponsible for the solar neutrino conversion are degenerate:

(3) If |Ugl? is in the intermediate region, 310 6—-3 ~ Mi~My~ Amg,, and the effective majorana mass can be

%10 *, the adiabaticity in high mass resonance is partiallyVritten as
violated and we expect some intermediate situation between Moo~ /—Amgml(1+ €)+(1—e)ei 1, (105

those described ifl) and (2). In particular, bothv, and;e
spectra will be composi?e, however admixtures of the sofin this case the measurementeoWill allow us to determine
and hard components will be unequal, etc. the phase¢,,. According to Eq.(105), ‘/Amaztm6< Mee

To conclude, one expects strong influence of maximal and: \/Am?2 _ which can be used as a test inequality for a given
near—maximal mixing on the properties of the neutrinOgspeme.

bursts. However, the uncertainties in the predicted neutrin0  us measurements af in the oscillation experiments

spectra will make it difficult to obtain high sensitivity @ will allow to determine or restrict the effective masg in

Notice also that the analysis of the SN 1987A data givespe context of certain schemes of neutrino masses and mix-
the 99% CL bound orp>0.65. This would correspond to ing.

p>0.3[53]. Some recent calculations show that the differ-

ence betweem, andjﬂ original spectra can be rather small, VIIl. CONCLUSIONS

which would somewhat relax the above bound. ) )
In this work we have explored the phenomenological con-

sequences ofnearymaximal mixing of electron neutrinos
with other standard neutrinos. The possibility of such maxi-
The effective Majorana mass of the electron neutrim@  mal or near-maximal lepton mixing constitutes an intriguing
relevant for the neutrinoless double beta decay is sensitive tchallenge for fundamental theories of flavor. Our aim was
the distribution of the electron neutrino flavor in the masstwofold. First we have formulated the present status of maxi-

C. Neutrinoless double beta decay
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mal mixing of v, in the light of existing experimental data and Super-Kamiokande. In principle the measurement of the
from solar neutrino experiments. Second we have explored%e-productipn rate at GNO and the qlay—night asymmetry at
the best ways to measure deviations from such maximal mixSuper-Kamiokande and SNO can give crossed information
ing at future experiments. on the oscillation parameters in the matter conversion region.

We show in Sec. Il that both probabilities and observabledn practice, however, the expected sensitivity is n02t enough
depend one quadratically in the regions akm? where the to substantially improve the present knowledgean® and
effects are due to vacuum oscillations, and they depenel on €- The role of SNO and Borexino experiments is discussed in
linearly when matter effects dominate. Consequently, foro€¢S- V C and VD. We show that with the expected theoret-
le|<1 the highest sensitivity to deviation from maximal ical and statistical uncertainty the most sensitive observable
mixing can be achieved in tham? ranges of the MSW to the mixing angle is the rateNC]/[CC|] measurable at
effect SNO. For instance, a measurement yieldiMgC]/[CC] ~2

: cc : :

The results of a global fit to the existing solar neutrino < (10.04) andAy~p~0.1x(120.3) will determinee to
data are presented in Sec. Ill and summarized in Figs. 28N accuracy of ordek e~0.07. There exist however an am-
From this analysis we find that values of the mixing param-Piguity on the allowed mass range between high and low
eter|e|=|1— 2 sirf 6|<0.3 are allowed at 99% or lower CL €9IOns. We show that the low/high ambiguity can be re-
for Am?=1.5x10° eV? (which contains the high and solved by the measurement of the day—night asymmetry at
QVO regions and for 4x10 ©e\P=Am?<2 Borexino experiment which is sensitive to strong Earth re-
><10‘L7 eV2 (which contains the defined low, Q\{@nd up- generation effect in the low region or by the detection of
per VAC, regions ’ oscillations in long baseline reactor experiments such as

The role of the individual existing experiments on the KamLand. However, no substantial improvement on the

determination of these regions is discussed in Sec. IV. wénowledge ofe is expected neither from Borexino nor from

conclude that the present sensitivity to the mixing angle'® NeW generation of low energy experiments either with

arises from the measurements of total event rates. ThePlar O reactor neutrinos.
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