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Zenith angle distributions at Super-Kamiokande and SNO
and the solution of the solar neutrino problem
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We have performed a detailed study of the zenith angle dependence of the regeneration factor and distribu-
tions of events at SNO and SK for different solutions of the solar neutrino problem. In particular, we discuss
the oscillatory behavior and the synchronization effect in the distribution for the LMA solution, the parametric
peak for the LOW solution, etc. A physical interpretation of the effects is given. We suggest a new binning of
events which emphasizes the distinctive features of the zenith angle distributions for the different solutions. We
also find the correlations between the integrated day-night asymmetry and the rates of events in different zenith
angle bins. The study of these correlations strengthens the identification power of the analysis.
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[. INTRODUCTION trons. In particular, a relatively large asymmetry will be
Oscillations of solar neutrinos in the matter of the Earthinconsistent with other solar neutrino ddtates, recoil elec-
modify the neutrino signal detected during the night3].  tron energy spectrujrin the case of SMA and LOW solu-
The integral characteristic of this effect is the day-nighttions, thus favoring the LMA solution.

asymmetry: Further insight can be obtained by studying the zenith
angle distribution of events during the night. It turns out that

__N-D different solutions lead to qualitatively different distribu-
ADN=2N+D' @ tions. One of the first detailed studies of the zenith angle

dependence of events for LMA, SMA, and LOW solutions of
whereN andD are the night and the day event rates, averthe solar neutrino problem was done by Baltz and Wenesser
aged over the year, and corrected for the Earth orbit eccen?] and then further elaborated jA,8—11,14.
tricity. It was realized that for the SMA solution the distribution
In most of the cases, the Earth-matter effect leads to thhas a peculiar form with rather small effect for neutrinos
regeneration of thes, flux, so the asymmetry is positive. crossing the mantle only (c#<0.837) and large regenera-
Conversely, a negative asymmetry appears for the small mixion effect (peak for neutrinos whose trajectories crossed
ing angle(SMA) solution at small mixing angles. There is a both the mantle and the core of the Eaf9,10,13. This
number of detailed studies of the asymmetry and its deperpeak at large cog, was interpreted as due to certain con-
dence on neutrino energy and oscillation paramdterd 4. structive interference of the oscillation effects in the mantle
Asymmetries have also been studied for certain intervals odnd in the core of the Eartfil6] or in more simple and
the zenith anglef6]. transparent way, as the effect of parametric enhancement of
The observation of a day-night asymmetry will be theoscillations[17] (see alsd 18,19, and for later discussion
proof of the matter conversion solution of the solar neutring 20,21]).
problem, excluding the vacuum oscillation solutions. How-  For the LMA solution one expects averaging of oscilla-
ever, the measurement of the asymmetry alone may not ations due to integration over the energies of neutrino and
low to select among the three possible Mikheyev-Smirnov-detected charge lepton as well as over finite size of the zenith
Wolfenstein(MSW) solutions: Large mixing angleLMA ), angle bins. This leads to a rather flat distribution with small
SMA, and low mass, low probabilityLOW). A negative variations of the average rate during the nightl1-13. A
asymmetry is evidence of the SMA solution. However thesignificant regeneration effect is expected already in the first
expected value of the effect is smp#lpy|<0.01 and it will  night bin cos#,<0.2.
be very difficult to establish experimentally such a small For the LOW solution one gets the highest rate in the
deviation from zero. Furthermore, one can make certain consecond night bin7,14], followed by a dip and then again an
clusions confronting the value of the asymmetry with otherincrease of the rate for large cés. This peak has a simple
solar neutrino datérates, energy spectrum of the recoil elec-interpretation as the oscillation maximum which corresponds
to the phase of oscillationg= .
Thus, a detailed study of the zenith angle distribution will

*Electronic address: concha@flamenco.ific.uv.es allow to disentangle the solutions. Moreover, it may allow to
"Electronic address: penya@flamenco.ific.uv.es determine the oscillation parameters. Measurements of the
*Electronic address: smirnov@ictp.trieste.it zenith angle distribution are also interesting because they
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open the possibility to study various matter oscillation ef- COS 205=C0S 201( ps), (5

fects, such as oscillations in matter with constant and slowly

changing density, adiabatic conversion, effects of the resowhere 6,,(p) is the mixing angle in matter determined by

nance enhancement of oscillations, parametric effects, oscil-

lation effects in thin layergwith small density width, and _ —1+ncos2

effects of small d_ensit_y j_ump_s, etc. cos 26'“_(1_277(:03 26+ 772)1/2'
Furthermore, in principle(if the oscillation parameters

are determined from some other experimgnt®e precise Here

measurement of the zenith angle distribution will allow to

check models of the Earth density profile. lo  vV2my Am? % AM?E

6

1 gem®
In this paper we continue to study in detail the zenith nEI_:GFpYe?_ 1013 eV ( iYe )
angle distributions for the different MSW solutions of the Y @
solar neutrino problem. We give physical interpretation of
various features of the distributions. We clarify what can bejs the ratio between the refraction lengith, and the neutrino
learned besides identification of the solution of the solar neupscillation length in vacuum,, :

trino problem by measuring the zenith angle distributions in

the present and in future high statistics experiments. 27my AmE
The paper is organized as follows: in Sec. Il we present lo= \/EG—Y = F (8)
general expressions for the survival probability and the re- FPTe m

generation factor which describe the Earth-matter effect anﬂ1 Eqs.(7) and(8) p is the matter densityY, is the number
" e

we study the properties of the regeneration factor in the congs oactrons per nucleon andy, is the nucleon mas®, is
. ; . 2

stant and slowly changing density approxmatlon._ln Sec. llliya jump probability which takes for an exponential density

we present the results of our numerical calculations of th%rofile the following form[22,23;

regeneration factor and the rates for the Super-Kamiokande

and SNO for a realistic Earth-matter profile. We give an e VSIfo_ gy
interpretation of the results of these calculations using the P.=———— 9
results of the analytical studies. In Sec. IV we propose a new 1-e”

cosé, binning which emphasizes distinctive features of the . . . .
distributions for the different solutions. We also study theWher‘?V IS the ratio of the density scale height and the
correlations of rates as well as ratios of rates with the valu@€utrino oscillation length:

of the day-night asymmetry as a way to strengthen the iden- 2 2

tification power of analysis. We summarize and discuss our y= 4, =1.0 %
results in Sec. V. I, 10715 ev

L
o/’ * dp/dr’
(10

Il. GENERAL RELATIONS . . . . .
ro=Re/10.54 is the height scale in the exponential approxi-

A. Regeneration factor and conversion inside the Sun mation to the solar density profile. Inserting E4) into Eq.

For the range of oscillation parameters of interestmg ~ (2) We get
>10 8 eV?), the probabilityP.. to detect the solar electron

neutrino at a detector can be written as follows: Pee=Pp=(172P¢)C0S Xsf ey, (1)
Pee= Py (1= 2P)(SI6+ freg). (2 Where
I[n I]Eq. (2) the Earth regeneration factof,,, is defined as PD:%+ %(1—2Pc)cos 205cos 20 (12
14
f ro=P2e— SINP6, (3)  Is the survival probability in the absence of the Earth-matter
g effect, i.e., during the day.
whereP,, is the probability of thev,— v, conversion inside According to Eq.(11), the regeneration effect appears
the Earth. In the absence of the Earth-matter effect we haveaultiplied by two factors.
P,e=sir’6, so thatf reg= 0. (1) Theadiabaticity factor(1—2P.), which describes the

In Eq. (2) P, is the probability of thev,— v, conversion adiabaticity of the conversion inside the Sun. The factor is
inside the Sun which can be approximated by the wellmaximal for P.=0, that is, for the case of pure adiabatic
known expression propagation and it decreases with the increase of the adiaba-
ticity breaking. ForP.=1/2 the factor and the regeneration
effect are zero, and aP.<1/2 the Earth-matter effect
changes the sign.

(2) The resonance position factoros X, which deter-
Here 65 is the matter mixing angle at the production point mines how far the resonance layer is situated from the pro-
inside the Sun: duction point(in the density scale When neutrinos are pro-

1
P1:§+

1
57 PC> cos Xg. 4)

113004-2



ZENITH ANGLE DISTRIBUTIONS AT SUPER. .. PHYSICAL REVIEW D 63 113004

duced at the resonance, one has as®, while cos @5  of the layer or equivalently the distance travelled by the neu-
<0 if the resonance occurs at densities lower than the one &tino. Using the expression for the mixing ang® we get
the production point. The parameter c@g 2ecreases with that
the resonance density, and it reaches the value &ps-21 i
when the resonance layer is sufficiently far out from the pro- foo 7Sir? 20 ,inz(ﬂ_d) (16)
duction region(i.e., at much lower densitigs 0 (1-2xcos 20+ %)\ I,

From the previous discussion we conclude that the largest
regeneration effect occurs when the neutrino propagation ighich can be rewritten in the following foritsee alsd7]):
adiabatic and the resonance happens far from the production

i 1 7d
region. — i il —

From Eqg.(11) one can obtain the daily average survival Freg 773|n220m sz( I/ (7
probability which for <1 (cos g~—1) takes the form

The oscillation length in mattet,,, equals
— 1 1
EE(PD+PN)=5[1+(1—2P1)(freg—c0520)]. - sin20m_| 7
(13 ™ Psin20 " (1—27ncos 20+ 5?12

The numbers of events during the day and during the |
night are proportional to averaged probabilites and P, = 0 PN (18)
therefore the day-night asymmetfy) can be written as (1-2ncos 20+ n°)

Py—Pp 2f reg wherel, andl, are defined in Eq(8) and » should be taken

(14)  for the Earth density.
Written in the form of Eq(17), f 4 differs from the ex-

) pression for the probability of usual flavor oscillations in
where both in Eq(13) and Eq.(14), f,eq should be averaged aiter by the factor /=n.E/Am?. One can notice as well
over the neutrino trajectories during the night. that the amplitude of oscillations 6,

AN = S T I[1-2P;) — c0s 20+ frog’

B. Regeneration factor in constant density 1
and adiabatic approximations Af:;ﬂnz 26, (19

To obtain the zenith angle distributions we have per- S
formed exact numerical calculations of the regeneration faclS Symmetric with respect to the exchange- 1/7, as can be
tor integrating the evolution equation in the Earth-matterS€en explicitly from the E16). Due to the additional factor
with the Earth density profile given in the Preliminary Ref- 1/7 the asymptotics of the oscillation amplitude ag—0
erence Earth Mode(PREM) [25]. However, a number of both at»—0 and atn—oo which differ from the ones for
qualitative features of our results can be easily understood iffavor oscillationg1]. _
the simplified two-layers approximation of the Earth profile. ~ According to Eq.(17), in the case of one layer with con-
In this approximation the profile consists of the mantle andstant density, the regeneratiép, is always(for any value
the core with slowly changing densities and a sharp changdM”/E and 6) positive, i.e., the matter effect of Earth al-
of the density between the layers. In what follows we will waysenhanceghe survival probabilityP. (see Appendix
parametrize the zenith angle dependence in termjeasfdy)| In fact, in the mantleland also in the cojethe density
which, for simplicity, we will write omitting the moduli. changes rather significantly. According to the preliminary
Equivalently, this would correspond @, being the nadir reference Earth modelPREM it increases fromp~3.2
angle. We call the region of zenith angles égs0—0.837,  g/cn? near the surface of the Earth to-5.6 g/cn? at the
for which neutrinos cross the mantle only, timantle region ~ border with the core. The density changes smoothly apart
and the region co8,=0.837- 1, for which neutrinos cross from several jumps at distances (0-08.12)Rg from the
both the mantle and the core, there region surface. Such a density variation leads to deviation from the

Simple analytical results can be obtained in the constargimple oscillation picture described above. One expects cer-
density approximaﬁon, or, in generaL in the adiabatic aplain interplay of the oscillations and the adiabatic evolution
proximation. In the case of constant densityhich would ~ Which results in the change of the oscillation probability
correspond to neutrinos crossing the mantle at small enougom the constant density description. Furthermore the small

cosf,) we obtain the following expression for the regenera-Jumps in the density may induce some irregularities in the
tion factor: behavior of the zenith angle distribution.

The description of the effects is simple if the adiabaticity
d condition is fulfilled(as it happens for the LMA solutignin
T (19 this case the average probability and the amplitude of oscil-
lations are determined uniquely by the instantaneous value of

whereé,, is the mixing angle in the Earth matter given in Eq. the density. Therefor® and the depth of oscillations df.q
(6) with » evaluated for the Earth density, adds the width  will be determined by the density at the surface

freg= SIN 20, SIN(2 6, — 20)sin2(

m
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T T TTTTT T T TTTTIT T T TTTTT T T T GLTTT T T TTTTT
S5

1 ] dx
freg=m sir? 2«9m(ps)sm2( wf m) (20)

In some cases when adiabaticity is violated one can de-
scribe the results using constant density approximation with
some effective value of the density for each trajectory:

Im=1m(62), Om=Om(62), n=n(6z). (22)

If the oscillations are averaged due to integration over the
energy or/and the zenith angle we get 10

T T TTTTIT
[ NNt

Am? (eV?)

= _ 7St 26 @2 y
®0 2(1—27cos 20+ 5°) 107 %
%

which coincides with expression used[i4] with 7 taking
an average value for the correspondiB@nd 6, range. _8 | | | :
In the case of the core crossing trajectories the description 10— o e
becomes more complicat¢d0,16,17,20,2]L 10 10 10 10 ! 5
The analytical results presented in this section allow us to tan™
get a straightforward interpretation of the results of the nu-

merical computations. Moreover. thev give the correct func FIG. 1. Regions of solutions of the solar neutrino problem in the
: putations. Ver, y giv UNCA m2_tar? ¢ plane. Dots correspond to the best fit points for each

tional dependence of observables on the neutrino parameten@pe of the solution. Contours show 90% C.L. regidglight) and
99% C.L. regions(dark found with respect to local minima for
I1l. ZENITH ANGLE DEPENDENCE OF THE each region.
REGENERATION FACTORS AND RATES

1\ Ll

(@)

In this section we consider the zenith angle dependence c\)q(here occ IS the CC neutrino-deuteron cross sectaf],

the survival probability in Eq(2), the regeneration factor in ;arl]n(éN Vgglj)tpaigr?r;?s“_zitlon factor which equals the integral
Eqg. (3), and the event rates at SuperKamiokanf&) and g- T . . .
SNO for oscillation parameters from the LMA, LOW, and The.res.ults presented in this section have been qbtamed
SMA solutions to the solar neutrino problem ' ' for oscillation parameters in the presently allowed regions of

The reduced rate of the electron scatterﬁE@) events at solutions of the solar neutrino problem. In Fig. 1 we show
Super-Kamiokande is defined as the results of the global fit to the data which inclu@ethe

P SuperKamiokanddSK) data after 1117 days of operation
(total number of events and day and night energy spgctra

[ES|= Nes (i) Gallex, GNO, and SAGE datéiji) the Homestake data.
NESM Shown are the best fit points for each solution as well as 90%
1 and 99% C.L. regions found from the local minima in each
_ / / / allowed region. We show the solutions only in the range
VeJEdee R(Ee ’Ee)f dE,F(E)oe(E, Ee) Am?>10"8 eV? for which Earth-matter effects on the boron

neutrinos can be substantial. The fit includes the latest stan-
X[Ped E,,02) +1(E, ,E0)(1—Ped E,, 02)), dard solar model fluxes, the 2000 Bahcall-Basu-Pinsonneault
(BBPOO model[28]. For details of the statistical analysis
(23)  applied to the different observables we refer to R2€].

The results for the event rates presented in Figs. 3—10
whereR(E,,E;) is the energy resolution factdf(E,) isthe  have been normalized to the SK total rate. That is, for each
flux of the electron neutrinos without oscillations, is the  set of the oscillation parameters, expressions in E28.and
ve—e elastic scattering cross section andE,,E[) (24) have been multiplied by a boron flux normalization fac-
=o0,lo.. With o, being thev,—e elastic scattering cross tor fsi in order get value ofES] as it is measured at SK.
section[26]. N, is the normalization factor which equals the

integral in Eq.(23) taken atP=1. A. LMA
The reduced rate of the charged curré@C) events at i , . o -
SNO is obtained from In the LMA region, the adiabaticity condition is _satls_fled
and we can safely plR.=0. Consequently Eq11) simpli-
fies to
CC]sk=if dE.R(E E’)j dE, F(E,)
[ Ng(S:M Nvd = e ere v v Pee: PD_COS ZHSfreg! (25)
XUCC(EV!E(;) Pee(Ev 102): (24) where
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“ [ (@) Am®=3.65 107° tan’9=0.365 o« E An?=3.65 107 tan™8=0.365 Z! 1]
L R, E=8 MeV i ]
L E= 10 MeV c0s0,=0.72 0.15 r E=1o§1ev : ]
0.1 = L e E=12 MeV ]
[ 0.1 &
0053 0.05 2
r / . ?
0 I N EEEE N ARl FE TR SRS FEEEE R R -0.05 b b b b B b B B | |.’|
0.15 [rerr e e e e e 0.52 [ o
q_g [ (b) Am?=5.01 10" tan*9=6.1 107 (7-? L (b) &
Moo E = 8 MeV c050,=0.937 ] J 0.5 C
041 L ——— E=10MeVcoso,=0.865 - ] = 1 ]
L 0.48 [ ]
0.05 [ A
L 0.46 |
oL 0.44 Lonlonnlvinlinnlinnliinliin il ]
g.0,15 [T T T T e o 0.4 e
o L (¢) am*=1.0 107 tan*8=0.66 o T (o) En=5 MeV % ]
o [ E=10 MeV c0s0,;=0.92 8 0.38 _ __________ Ew=8 MeV _'
i 1 0.36 []
0.05 [ .
r d ] 0.34
o L Tl b b b e oo Lo 0.32 TR AR ST FPTN U SOTTE TR PR PP
0 0102030405060.70809 1 70 010203040506070809 1

d/Liw=d/(De cos0;)

FIG. 2. The dependence of the regeneration factor on distance in FIG. 3. The zenith angle distributions for the best fit point
units of the total length of a trajectory for a given value of 6gs (Am?=3.25x10 ° eV?, tarf §=0.365) in the LMA solution.(a)
and for the oscillation parameters indicated in the panels. The deFhe dependence of the regeneration factor onfgdsr different
pendence is shown fga) LMA solution, (b) SMA solution for two ~ neutrino energies as labeled in the figure. Vertical dashed lines
different energiegarrow and triangles indicate the point when neu- indicate the maximal values of cég which can be realized at SK
trino enters and leave the corand(c) LOW solution. and SNO.(b) The zenith angle dependence of the event rate at
Super-Kamiokande above the enekgy=5.5 MeV. (c) The zenith
angle dependence of thal charged current event rate at SNO for
two different energy threshold$ and 8 MeV.

c0s0,

1
— = COS 205Cos 26.

~10 MeV we getnp=12]. This means that oscillations in the

Earth with parameters from the LMA region proceed in the
vacuum dominatetegime, when the matter effect gives rela-
tively small corrections. In particular, the oscillation length

(27)
] ] ) . is close to the vacuum oscillation length:
Let us discuss first the behavior of the regeneration factor.

In Figs. 3a) and 4a) we show the zenith angle dependence

of the f ¢4 for different values of neutrino energies. In the | =l
interval cos#,=0—0.837 the dependence has a quasiperiodi-

cal shape. The amplitude of oscillation slightly changes with . . .
cosé, as a consequence of the adiabaticity violatiarising ~ Which holds to first order in 3/ and presents a rather weak
from the small jumps of the densjtyAt cos6,>0.837 the dependence on the mixing angle. For the best fit point oscil-
dependence is more irregular due to the Earth core effect. AlRtion parameters anglY,~2 g/cc we get

these features, as well as the dependence of the regeneration
factor on the neutrino parametdenergy, mixing angle, and
Am?) can be immediately understood from our analytical
consideration as we discuss next.

In the LMA region of oscillation parameters the Earth- So, the oscillation length is much shorter than the diameter
matter effects can be considered as neutrino oscillations iof the Earth for all the relevant oscillation parameters.
matter with slowly changing density. Moreover, in this re-  The expression for the mixing angle can be approximated
gion >3 [for the present best fit poirisee Fig. 3 andE as

Moreover, in the lowAm? part of the LMA region we can
take cos 2s~—1, so that

Pee=si0+fq (AM*<107* eV?).

2cos¥
— (28)

14

| y=~10° km( (29

10 Mev)'
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.............. E=12 MeV . ] - E=10 Mev
0.1 ] - F e E=12 Mev
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005 |
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1 1 1 Livualiaal 1 1 |
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cosé L ]
§0O52 [T e e e e 0.47 a
o L En=5 Mev ] ]
05 | 8 ]
s i 0.46 -
0.48 | ] ]
1 0.45 b b b b bevs b Bevaa e b
0.46 A e T T
L . ~ 05 - = .
3 :(c) En=5 MeV % ]
PP P P P SN DN SIS BN S S B S o048 F e Eu=8 MeV =
0 o1 02 03 04 05 06 07 08 09 | S ]
cosd 046 Tl ] ™
— 04 T e \\/C
8 [ _ Ew=5Mev g 0'44: ]
=] L (24 4 L 4
038 = 0 mmmmmmeememeen Ea=8 MeV - 0.42 — ]
L . A Gl b b by bevn b bevan bvvna L
0 0102030405060.7080.9 1
c0s0,
FIG. 5. Same as Fig. 3 for the best fit poinArg?
=5.01x10"% eV?, tarf =6.1x 10" %) in the SMA solution.
032 Lol b b e e b bl 1, 1
01 02 03 04 05 06 07 08 098 | dp D
cosé L=rlax] ~2 (32

FIG. 4. Same as Fig. 3 for a larga&ym? (Am?=4.5x10"°

eVd). both for the mantle and for the corg;<I,. Since the mix-

ing angle is large this leads to good adiabati¢igpecially
far from the resonangeSmall density jumps can be treated
}, (30) then as small perturbations. As a result, the averhgg
cos 27 freg, follows the density change. Bofi,q and the amplitude
of oscillations increase towards the center of the trajectory
and the oscillation phase acquired by neutrinos crossing thehere the density is maximal. Since the profile is symmetric
Earth equals (with respect to the middle point of the trajectpryhe de-
pendence of ., andA; on distance is also symmetric. At the
2wd(6;) 2D cosf, detectorf,.y and A; are determined by the surface density
[(6) =~ , ' 31 (p~3.2 g/cg. Therefore in the adiabatic approximation the
amplitude of the oscillatory behavior dfeq should not de-
pend on co®,. The variations of the amplitudé; with
' cos#, seen in Fig. 2 are produced by the small density jumps

1+

tan 26,,~tan 26

¢E

whereD =1.3x 10 km is the diameter of the Earth. That is
the phase increases linearly with @bs and thereforef.es  \inich violate the adiabaticity.
turns out to be an almost periodical function of @s Also, As follows from Eq.(19), the amplitude of oscillations
the phase is inversely proportional to the energy, so that th?akes the form
number of periods increases a€1Mhe period of oscilla-
tions in the co9, scale equald(cosé,)~l,/D. Sir? 20 E

In Fig. 2 we show the dependencefof, on the distance A~ ——— Kyo( 07)~ Ps '
travelled by the neutrino inside the Earth for some trajecto- Ms m?
ries and for best fit values of the oscillation parameters. For
LMA the oscillation length is much smaller than the typical where s andpg are the value of parameterand the density
scale of the density change: at the surface of the Earth akg,~ 1 is the parameter which

(33
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c0s0, c0s0,

FIG. 6. Same as Fig. 5 for a larger mixing (fah FIG. 7. Same as Fig. 3 for the best fitin?=1.0x 107 eV?,

=2.0x10"%) in the SMA solution. tarf =0.668) in the LOW solution.

describes small effects of the adiabaticity violation. Thus, the=0.975, whereas for the SNO c8%*=0.92. For the sake
amplitude increases with energy, as can be also seen froof clarity in Figs. 3—7 we mark those limiting zenith angles.
Figs. 3a) and 4a), and it is inversely proportional tAm?. Let us now consider the zenith angle dependence of the
The amplitude is proportional to $i¢, however variations event rates. We have calculated the rates above a given en-
of this parameter in the LMA region produces small change®rgy threshold using Eq$23) and (24). The calculation of
specially in the near maximal mixing region. rates involves folding of the survival probability with neu-
Combining the results of Eq$31) and (33) we get the trino cross section, the flux of neutrinos and integration over
zenith angle dependence of the regeneration factor in ththe energy above threshold. Therefore results are different
mantle region for SK and SNO.
In the lower part of the LMA reg;gn the survival prob-
. ability is simply given by the sum of sir® and the regenera-
fregwﬂ Knal 07)Sir? M_ (34)  tion factor as seen in Eq27). Consequently, thgCC] rate
7s L, can be written as

The zenith angle dependence becomes more complicated [CCl=sir? 0+ (fred 2))cc (35
in the region co#,>0.837, when neutrino trajectories cross
the core of the Earth30,16,17,20,2]1 This is related to the Where the averaged regeneration factor is given by(Z4).
appearance of the paramett@nhancement and suppression With P¢. substituted byf .
effects on the top of the resonance enhancement in the core. Similarly, the[ES] rate can be expressed as
Notice that for core-crossing trajectories the regeneration

factor can be negative. In contrast, in the mantle region it is [ES]~sir? 6+1 coS 0+ (1—r)(fref 02))es,  (36)
always positive as can be seen from E8{4) (see also Ap-
pendix. where(f . 67))es is given by Eq.(23) with P, substituted

Finally let us point out that the results shown in Figs. 3-7by f,.,. Notice that the interactions of, andv, enhance the
for the regeneration factor are independent of the experimeraverage[ES]| rate in comparison witfCC] rate giving an
tal setup. However the range of zenith angles covered by additional termr cog 6, and they suppress the regeneration
given detector depends on its latitude: for SK 688 term by a factor (%-r).
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FIG. 8. The binned zenith angle dependencéaf{ES]| event FIG. 9. Same as Fig. 8 for the SMA solution.

rates at SK andb) the vd CC-event rate at SNO above B, =5

MeV and (c) E;;=8 MeV in the LMA region. The histograms section and the regeneration factor increase \EthAs a
correspond to different values of the oscillation parameters as laresult, the main contribution to the integrated regeneration
beled in the figure. The first bin corresponds to the day rate. Theactor, (fre 02)), comes from a rather narrow interval of
event rates have been computed with a boron flux normalizatiorénergiesE:9_13 MeV, so that\ E/E~ 1/3. For the central
chosen to fit the measured rate at SK. value of the energf =11 MeV and oscillation parameters

in th fit poi Fig. 3th illation | hi
In Figs. 3b) and 4b) we plot the ratd ES] at SK as a in the best fit pointsee Fig. 3 the oscillation length is about

: 10® km. This distance corresponds to @s-0.07. That is,
function of cost; . The dependence of the reduF[@C] ral®  tor neutrinos propagating at cés~0.07 the oscillation
at SNO on co#; for two d|ff.erent thresholds is shqwn N phase will bep~27 and f., will be at a minimum. In
Figs. 3¢) and 4c). (Similar figures have been obtained in 9

. ! g general, we get from Ed31)

[7,4].) As seen in the figures, the rates are oscillating func-
tions of cos#,, however in contrast with the case of the
regeneration factors, the amplitude of these oscillations d=14x cosez(
changes with the zenith angle significantly. The amplitude is
maximal at small cog, (cos#,=0—-0.2), it decreases with
cosé, till cos ,~0.5, and then it increases again. The firstTherefore, the phase differenc¢ for neutrinos which
maximum is achieved already at os=0.02—0.03 which cross the Earth in the direction c@sand differ in energy by
corresponds to the distances 250—-400 km. This large mattéYE is
effect on small distances is related to the fact that the initial
state is not a flavor state but an incoherent admixture of the A¢%¢A_E%27T00592 AE (38)
mass eigenstates, and v, [24]. Also the period of oscilla- E 0.07 E°
tions changes: it is about 0.07 for small ésand it de-
creases down to 0.05 for c6s>0.6. This important feature If A¢~2m one would expect strong averaging effect. From
is related to the integration over the neutrino energy and ithis condition and using Eq38) with AE/E=1/3 we find
can be explained as thsynchronizationeffect of the that strong averaging should appear at 0.2 in agree-
“waves” (oscillatory curvepf,.{#7) corresponding to dif- ment with the results of the numerical calculations, as seen in
ferent neutrino energies as we discuss next. Figs. 3b) and 3c). For large co®,, the waves are again

Let us notice that the boron neutrino flux is maximal atsynchronized, so that a constructive interference of the
E=8 MeV and it decreases with energy, while both the crossvaves leads to the restoration of the oscillatory behavior.

Am?

3xX107° eV?

( 10 MeV)
E . (37
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B 03 C@y T T LT l,~lg~(4—8)x10® km. (41
% | .
= 048 L i i P ] For the mantle region (ca%<0.837) we find the follow-
aaat ! ing.
[ T T -l (1) Far from the resonance;>1, the oscillation length,
046 T 1
H R Am?=2.0 10:’ tan*8=0.668 | |7
--------- — Am’=1.0107 ton’8=0.668 |y~ (42)
044 Lo |\ e MTPE5Q 107 tars=0668 ] 11— 7]

g O Ly T T L] is smaller than the Earth diameter. However the amplitude of
o - | : P oscillations is strongly suppressgske the line which corre-
E o4l sponds to th&=5 MeV in Fig. 5a)].

! (2) In the resonancep=1, the amplitude of oscillations
i is strongly enhanced, but the oscillation length

0.38

056 Im <220 10° km, (43

o 0.42
85 is much larger than the Earth diameter. As a result, the os-
O - cillation effect is smallthe line forE=12 MeV in Fig. 5. In
= 04T the small phase limit the regeneration factor equals

3 22
0.38 F freg~sin? 20 - Dl (I:OSZ 2 (44)
v 0
0.36 ;> It increases quadratically with c@s.
(3) The line forE=15 MeV represents an intermediate
case when the phase of oscillations is abaufor cosé,
FIG. 10. Same as Fig. 8 for the LOW solution. ~0.8. In this case the regeneration factor equals
From Eq.(38) we also see that the periods of constructive ] D2 cog 6, ) D2 cog 6,
and destructive interference become shorter with the increase  freg~4 Sir? 20 ?”4 sir? T
4 0

of Am? (see Fig. 4 Also with the increase of the energy
threshold the relevant energy intervaE becomes narrower
and, correspondingly, the period of synchronization become\%
longer(in cosé;, scalg as can be seen in Figs(c3 and 4c).

(45)

here in the second equality we have taken into account that
n~1. Sincely~0.4D for large co%-, trajectories in the
mantle, the mixing enhancement factorD4(,)?, can be as

B. SMA large as 25, so that,,~0.04 for sif26=2.4x10"2 and
In the SMA region we have cogig~—1. Furthermore, €0S6,=0.8. _ S
the adiabaticity is broken inside the SR+ 0, so that Clearly, the adiabaticity is strongly broken near the reso-
nance:l,>1,. But far from the resonancé;,~1,~D, the
Pee=Pp+(1—2P¢)f qq. (399  violation of the adiabaticity is moderate, so one can describe

its effect as oscillations in a narrow layer with some effective
Notice that since in the SMA region cog21, one hasPp density.
~P.. SK data imply thatP,~Pp=0.35-0.65, therefore in For cos#,>0.837 neutrinos cross the core of the Earth.
the SMA region the regeneration effect is substantially supFor the core densities the resonance energies are in the range
pressed by the adiabaticity factdt—2P,<0.3. ForP, E=3—-5 MeV (Am>~5x10° eV?). For energies between
>1/2 the regeneration effect becomes negative. Er(core) andEg(mantle), the parametric enhancement of
In Fig. 5@ we show the zenith angle dependence of theoscillations takes place leading to the appearance of the para-
regeneration factor for different values of neutrino energymetric peak in the cog, distribution of f,o;. For SMA the
and for oscillation parameters corresponding to the best fitealization of the parametric resonance corresponds to a mix-
point in the SMA region. The behavior of the curves can being angle in mantle smaller than maximal mixingd Zantie
understood taking into account that in the SMA region < /2, while in the core, 2.,,> 7/2. At the peak the rela-
tion between the oscillation phases in the mautle, e and
7=0.3-3, (40 in the coreg.,,. CcOrresponds to the general condition for the
parametric resonandd7,20,2]
so the SMA solution region covers the resonance range for
the Earth matter densities. For the best fit point we have X3=51Cc COS 29 mantiet ScCm COS 20re~0,  (46)
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wheres,,=sin(@manid2), Cc=CO0SPmantd2)- For the best fit values of the neutrino energy are shown in Figa).7The
point tarf #=6.1x10 4, Am?=5x10° eV? andE=10 interpretation of the results is rather straightforward. In the
MeV we find that the maximum of the parametric peak oc-LOW region we haven<0.1. In particular, in the best fit
curs at co%,=0.863. The phases in the core and in thepoint at E=10 MeV: 7<0.03. Therefore the oscillations
mantle arepmanie=0.497, d.ore=0.497, and the effective proceed in thematter dominatedegime. Thus|,>1, and
mixing angles are &m,ane=0.188 andm—26,,,=0.113. the oscillation length is determined mainly by the refraction

Then we getX3~0.045<1 . length. Notice that in the limity<1 we get from Eq(18)
As illustration, in Fig. 2b) we show the dependence of
the regeneration factor on the distance for the parameters | w=1o(1+27cos 26). (50)

which correspond to the maxima of the parametric peaks.

In Figs. 58 and @a) we show the dependence of the \1oraqver, in the LOW region the mixing parameter is small:
regeneration factor on the mixing angle. Both the OSC'"at'O”cosze<o.5 at 99% C.L.(in the best fit point: cos@<0.2).

length and the resonance condition depend orf 28 g4 “tho correction td, is further suppressed, for instance,
weakly, SO that_wnh_ a good preC|S|drpegocsm220: NOt'C.e 27 cos $~0.012 forE=10 MeV. Therefore for a given tra-
that this proportionality holds also for core crossing traJeCto]ectory, the oscillation phase is practically independent of the

ries. ; i : :
neutrino energy and mixing anglesee different curves in
In Figs. 5 and gpanels(b) and(c)] we show the zenith Figu. 7I(a)]. 9y ixing angf ! urves

angle dependence of the event rates at SK and SNO. The 4 phase of the oscillatory behavior B, with cos,
integration over energy basically reproduces the dependen(&%m be written as g
of f.eq0n cosd, for E~10 MeV since this energy gives the
dominant contribution. Th¢CC] event rate at SNO can be 5 . ;
H Ccos 6! s CcOoSs
writen as b= \/EGFJ Zne(x,cosez)dx= ittty
_ 0 [ o(cosby)
[CCl=(Pp)cct(1—=2P){fred 2))cc. (47 (51)

yvhereEc is an effective jump probability for the contribut- \yhere T (cosd,) is the average refraction length along the
ing energies(Notice thatP; changes slower witk thanf,, trajectory determined by cab andn,=pY,./my is the elec-

does) - ) _ . i tron number density. With increase of as the average
For tarf ~6x 10" * (see Fig. 5the adiabaticity breaking o o . i

. — ; ) , density increases sby decreases and the period of oscilla

is strong,P.>1/2 and the negative adiabatic factor leads t0jong pecomes shorter. Thus the oscillation phase is deter-

the suppression of the rate due to Earth-matter effect. On theineq by cos,. The first maximum off,., (¢=m) is

other hand, for tehf~2.0x 102 (see Fig. 6, the adiabatic-  ,cpieved at C08,=0.35, the minimum 45:92”) lies at

ity breaking is weakerP.<1/2, and the Earth-matter effect cosg,=0.59 and second maximum occurs at 69s0.8 (see
is positive. As follows from the figures, the adiabatic factoralso[7]).

suppresses substantially the regeneration effect: The oscillation length is comparable with the scale of
density variationd ,~I,~8x10° km, wherel ,~D/2 , so
|1-2P,| (fred 9z)>ccso 2-0.3 (48) that the adiabaticity is broken moderately. Simges com-

¢ freq ' e parable with the size of the layer, the effect can be consid-

ered as oscillation in the layer of matter with some effective
The[CC] rate depends weakly on the energy threshold inconstant density.

the mantle region but it strongly decreases wi in the The amplitude of oscillations,
core region. The parametric peak is widar energy scale
than the resonance peak in the mantle and therefore the in- 2 o
: J2Am2sin? 26
tegration over the energy leads to a stronger decrease of the Aj~psSit 20~ ———— (52)
regeneration effect in the mantle region than in the core re- GrEn(coséz)

gion. Also the parametric peak is situated at the low energy
part of the spectrum(5-10 Me\). As a consequence, the is proportional toAm? and inversely proportional t&. It is
core peak decreases substantially with the increase of th@so inversely proportional to the average density for a given
threshold from 5 to 8 MeV. trajectory n which increases with ca%. Correspondingly
the second peak is lower. F&=10 MeV and oscillation
C. LOwW parameters at the best fit point we get 0.2 (for the surface
In the LOW solution region one has co&a —1, and density, and consequently according to E§2) the height

moreover, to good approximation we can téke=0, so that  Of the first peak is expected to biey=0.042 which is
slightly larger than the numerical restijt,= 0.035 shown in

Pee~Sir? 0+ freg- (49 Fig. 7(a). The difference of the results is due to the adiaba-
ticity breaking.
The zenith angle dependence of the regeneration factor Combining Eqs(51) and(52) we get an approximate ex-
for oscillation parameters in the best fit point and differentpression for the regeneration factor in the mantle region:
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J2sirt26 Am? 2 Gg (D cost; c0s#,<0.2, and large co8,>0.6—0.8, zenith angles. The
~—— Sinf| — Ne(X,C0S67)dX|. i i i
reg Gen(cost,) E 2Jo el z) border of the oscillatory region at high, depends on the

value of the mass difference. For instance, fom?~2.5
X 10 ° eV? the second oscillatory region starts at égs
Notice also thaf 4 increases with sfre6. ~0.8 while for Am?~4.5x10 ° eV? it expands down to

In the core regiorf 4 is enhanced due to the parametric cos#,~0.6. The period of oscillations is small(cosé,)
effect. Indeed, we find that for c@#s=0.92, which corre- <0.05-0.07, and in consequence, it will be difficult to detect
sponds to the position of the third maximum, the phases ofhe oscillatory behavior due to the relatively low statistics.
oscillations equal Although we find that for small values &fm? the amplitude
of oscillations can reach 15% of the average rate. When av-

(53

Pmantie=0.987,  beore=2.98m- (54 eraging over wider cog, bins, the binned rate depends

That is, they are very close t and 37 rather weakly on co8, and no significant change of the rate
is expected in the core region.

Pmantle™T: Peore™ 3. (55 (2) For the SMA solution the rate changes slowly and

monotonously in the mantle region and significant paramet-
ric effects can appear in the core region. For the largéan
the rate increases with cég and the parametric enhance-

At this condition in the constant density approximation the
height of the peak would reach the val(see Appendix

f o SIP( = 40 aniet 20core) — SIFP 0 ment leads to the appearance of the parametric peak which
ed mantle = Teore gives the main contribution to the integral regeneration effect
~5iN 26 SiNF(46mantie— 20core) (56)  [7,8,10,4,% For small taR # the rate decreases with cés

o ) and in the core one has a dip in the distribution of events.
where Oy anye @nd fcore are the mixing angles in the mantle 3y the | OW solution predicts the existence of three
and in the core correspondingly, and the last equality is validyeaks in the zenith angle distribution of events. There are
for Omantie™ Ocore™ /2. The peak in Fig. @ is slightly g oscillation peaks in the mantle range: a wide peak with

lower than what Eq.(56) gives because of the density na maximum at 08,=0.35 and a narrow peak at c6s
change. Notice that this realization of the parametric en-

- ~0.8. The third peakin the core regionis due to the para-
hancement corresponds to both mixing angles above th@etric enhancement of oscillations. The maximum of this
resonance(see[30] and Appendix. The real time evolution peak is at cog,~0.92
of the neutrino statédependence of the regeneration factor z

. for th . h Ki These features are rather generic. The qualitative behavior
on distancgfor the parameters corresponding to the peak i yhe distribution is the same for all points within a given
shown in Fig. Zc).

lution, although titatively the si f the diff t
In Fig. 7(b) and Fig. 7c) we show the zenith angle de- SoLron, aloligh quaniiatively the sizes of e tisren

structures appearing in the distributions change with the os-
pendence ofES]| event rates anfiCC] event rates at SK and

velv. Th has th . cillation parameters. Therefore, in principle a detailed study
SNO respectively. TheCC] rate has the same approximate ¢ yne zenjth angle distributions will not only give the iden-
expression as in E¢35) for the LMA solution. Sincef 4

L tification of the solution of the problem but also the determi-
«1/E and the phase of_osc:|llat|orE depends very weakly omation of the neutrino oscillation parameters.
E, we get(fegcc™fre E), whereE~(10-11) MeV is the Due to the relatively small present statistiegfects them-
effective energy of the spectrum. Therefore [C] distri-  selves are smaliit is unavoidable to bin the distribution of
bution reproduces all the features of the zenith angle deperevents. The binning should be chosen in such a way to avoid
dence off .. Furthermore, the regeneration term weaklyas much as possible the averaging or washing out of the
decreases with the increase of the threshold energy from 5 t§tructures.
8 MeV, and it increases with mixing g$,eq)ccosin’ 26 ac- We propose the following binning. We will enumerate the
cording to Eq.(53). night bins as N1 ... N5 and denote pM];, (i=1...5)

For the[ES] distribution at SK, the results are similar to the average rate in a given bin Ni normalized to the no os-
those for[CC] with the only additional feature of a 25% cillation prediction. We will call it the reduced rate. We will
damping effect due to the contribution from) /v, scattering  denote by[N] and[D] the averaged reduced rates during the

via NC [see approximate formula in E(36)]. night and during the day correspondingly.
Since in the mantle range both the SMA and LMA solu-
IV. IDENTIFICATION OF THE SOLUTION: tions predict a rather flat distribution with weak dependence
CORRELATIONS on cos#,, we suggest the binning which emphasizes the fea-

tures of the distribution for the LOW solution.

Bin N1: cos#,=0-0.173 (90% 6,>80°). In this bin one

According to Figs. 3—7 the LMA, SMA, and LOW solu- expects very small regeneration effect both for the SMA and
tions present qualitatively different zenith angle dependenceOW solutions. Significant effect should be observed in the
of the event rategeither[ES] or [CC]). case of the LMA solution.

(1) For the LMA solution one expects a significant  Bin N2: cos#,=0.173-0.5 (80> 6,>60°). This bin is
rate already at co8,~0.03. The first peak is at c@s  selected in such a way that it covers the main part of the
=0.02-0.03. The rate has an oscillatory behavior at smallwvide peak of the LOW distribution.

A. Binned rates
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Bin N3 0030220.5—0.707 (60$BZ>45°) ThIS bln )] 0.6 [T 7 T T T T LA B B A B B B
covers the dip of the LOW distributioiN];(LOW)~[D]. 5 - SK

Bin N4: cos6,=0.707-0.83 (45> 6,>35°) is the last 2 L No
mantle bin. This bin corresponds to the second peak of the & %> [—— 7
LOW solution. A

Bin N5: cos#,>0.83 (§,<35°), the core bin. This 0.4

bin is restricted by co8,=0.83—-0.975 for SK and ca%
=0.83-0.92 for SNO. For LMA the rate is comparable with
the rates in the previous bins. For the LOW solution one 0.3
expects to see a rate slightly smaller than the one in the
fourth bin. Here the regeneration effect due to the parametric
enhancement of oscillations takes place. For SMA the effect 0.2
depends strongly on the oscillation parameters: for large
tar? @ one should see the highest rate. With decrease of the
mixing angle the rate decreases and becomes smaller than 0.1
the day rate.

In Figs. 8, 9, and 10 we show the binned event rates for
[ES] events at SK andICC] events at SNO for oscillation
parameters in the LMA, SMA, and LOW solutions respec-
tively. The distributions are rather similar fpES] events at
SK and[CC] events at SNO. Although the enhancement of
the Earth-matter effect in the core bin for the SMA solution
is larger in SK, since this bin covers a larger interval of

cost, at the SK latitude. exposure N2 will be about twice longer than N3, while for
The qualitative behavior of th¢CC] rates does not gy the difference in statistics is smaller. For SNO the lowest

change with the increase of the threshold energy from 5 Me\§;ayistics is expected in N5, whereas for SK it corresponds to
to 8 MeV for SNO. The absolute value of the effé¢etduced N4.

rate, however, increases for the LMA solution and it de-
creases for the LOW and SMA solutions.

For the LMA solution the regeneration effect decreases
with the increase ofAm? in all the bins and it changes At present, the expected regeneration effects are restricted
weakly with the mixing. For the LOW solution the situation by the Super-Kamiokande result on the day-night asymme-
is opposite: the ratepN],, [N],, and[N]s increase with try:

Am?, 1;his behavior originates from the dependence gf N-D
on Am- [see Eqs(53) and (56)]. Also for SMA the rate in SK_ Y
the core bin increases with taq. Aon=2 yp ~0:034:0.026. (60

The comparison of the event rates in the different bins

allows to discriminate among the solutions of the solar neuThe asymmetry gives the integratédver cosf,) Earth-

______________

|

*****

0O 02 04 06 08 1
cos0O,

|
o
g

FIG. 11. The exposure time for the different apsins for SNO
and SK detectors during the year.

B. Correlations

trino problem. In particular, for LMA we have matter effect. With present statistics the integral effect is at
1.30 level which means that in spite of large number of
[N]1<[N]><[N]z<[N]4<[N]s. (57)  events it will be difficult to measure the zenith angle distri-

bution with a high precision. Higher asymmetgue to ab-

For LOW distribution: sence of dampings expected for SNQ32]:

[NJ=[N]s>[N];~[N]s>[D]. (58) ASNO<0.10-0.15. (61)

For SMA distribution: ) o )
To enhance the identification power of the analysis one

I[[N],—[D]|<|[N],—[D]| can study the correlations between the signals in different
zenith angle bins and the integral effect which can be repre-

<[[N]s—[D]|=<|[N],—[D]| sented by the day-night asymmetry. As an illustration of
<|[NJs—[D]|. (59) such correlations we first show in Fig. 12 contours of con-

stant asymmetryApy and of ratios of the reduced rates

Finally, for the sake of completeness we show in Fig. 11 théN]2/[N]s and [N]s/[N], in the Am*—tarf ¢ plane for
time exposure for the different biriaverage during the year SNO with threshold 5 MeV.

for the SK and SNO detectors. The histograms are normal- For the LMA solution the co8; distribution is rather flat
ized in such a way that the integral over night time gives 0.5Which means that for all bins

The time exposure distribution determines the statistics in

each bin. As follows from the figure the highest statistics is [NJi 62)

. . Ta1a leDN .
expected in N2 followed by N3. Moreover, at SNO the time [N]
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FIG. 12. The contours of equal day-night asymme#yy, (a), FIG. 13. The allowed values for the day-night asymmetny, ,
the ratios of ratefNs /N, (b), andN,/N; (c) at SNO(threshold 5  and the ratio of rates in the N5 and N2 bif/N,, at SNO above
MeV) in the Am?—tar? ¢ plane. 5 MeV (a) and 8 MeV(b) in the different allowed region&@t 99%

C.L.) of the solar neutrino problem. We also show the expected
For the LOW solution the heights of all three peaks in- statistical sensitivity after 3 years of operati@ee text for details

crease with integral effect: )
on the basis of the present data cannot be larger than 0.05.

[N], Thus, forApn(SNO)>0.05 (above 5 MeV one will choose
N 1Apy (63)  between LMA and LOW. A ratigN]s/[N],>1 will testify
for LMA, whereas[N]5/[N],<<1 will be an evidence of the
and similar proportionality exists fdiN], and[N]s. In the ~ LOW solution. ForApy=0, the equality{ N]s/[N],=1 is
third bin, however, the regeneration effect is practically zerdulfilled for all the solutions. In the rang&py(SNO)<0.05
and the rate is at the level of the day rate. all three solutions are possible. With increase of the asym-
For the SMA solution, the rate monotonously increasegnetry the difference of ratios for different solutions in-

(or decreases depending on rwith cosé,, so that for all ~ creases.

the bins the proportionality62) holds approximately. For the SNO measurements with,=8 MeV, the corre-
lations are described approximately by H5), but the
1. Ratio[N]s/[N], versus Ay LMA region has a more irregular shape sinc&gi=8 MeV

the averaging is weaker. The maximal allowed deviations of

ing the signals in N2 N5 bi
Comparing the signals in and N5 bins we get [NJs/[N], from 1 are ~11% (SMA), ~4% (LMA) and

[N [N ~ = 5% (LOW).
—>-1 (LMA), ——>1 (LOW). (64
[N]z [N]2 ~].18 e
=
In both these cases the day-night asymmetry is positive. On S SK
the other hand for SMA we hajeN]5/[N],>1 for the part =113 ]

of the allowed region with small mixing, foApy<0, and

[N]s5/[N],<1 for the part of the region with large mixing,

whereApy>0 (see Fig. 12 1.08
In Figs. 13 and 14 we show the results of mapping the

99% C.L. solution regions onto the plane of {é]s/[N],

L s s L A L L A L L B

— Apy Observables for the SNO and SK experiments. From 1.03 B
the figures we see that there is a strong correlation between
the [N]5/[N], ratio and the asymmetry for all three solu- 5,58 b
tions. '
For SNO observables above 5 MéWig. 13 the correla- ]
tion can be parametrized as 093 Lo bl bt 1]
~0.1-0.05 0 0.05 0.1 0.15 0.2 0.25
1 LMA, Asi
[N]s
[N_2% 1-0.4%py LOW, (65) FIG. 14. The allowed values for the day-night asymmeiyy, ,
1+3.6Apy SMA. and the ratio of rates in the N5 and N2 bif /N,, at SK in the

different allowed regiongat 99% C.L) of the solar neutrino prob-
A negative asymmetry would testify for the SMA solution lem. The present experimental values and drrors are also dis-
but the maximal asymmetry which is expected for the SMAplayed(see text for detai)s
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F(@) SN0 Ey=5MeV(b) SNO  E4=8 MeV]

1.04

0.98

FIG. 15. The allowed values for the day-night asymmeigy, ,
and the ratio of rates in the N2 and N3 biis, /N3, at SNO above
5 MeV (a) and 8 MeV(b) in the different allowed region&@t 99%
C.L.) of the solar neutrino problem. We also show the expecte
statistical sensitivity after 3 years of operati@ee text for details
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g' :SK

> b
) [

Zi16 - .
1.1 F .
1.04 |- -

o Lo lagerlopaelbmenslaaialiveg

0'92—0,1—0.05 0 0.050.1 0.15 0.2 0.25

ADN

FIG. 16. The allowed values for the day-night asymmetyy, ,

dand the ratio of rates in the N3 and N2 bilNg /N,, at SK in the

different allowed regiongat 99% C.L) of the solar neutrino prob-
lem. The present experimental values ang drrors are also dis-
played(see text for details

Comparing with the results at lower energy threshold we

find that the allowed SMA region iN]5/[N],—Apy plane
shrinks and Apy(SNO) can reach only 0.04, while

[N]5/[N], can still be as large as 1.11. This happens becausgﬁ
t

the region of parametric enhancement is less covered wi

the higher threshold. For the LOW solution the allowed re-

regions of oscillation parameters onto the],/[N]3—Apy

lane of the SNO observables for two different energy
resholds. From the figure one can see that there is a clear
orrelation between the ratio and the asymmetry for the
SMA and LOW solutions:

gion increasessince the regeneration effect decreases with

energy. Apn(SNO) can reach 11% andNg/N,—1)~0.05.
For the ES events at SKig. 14) one gets a similar pic-
ture, although the regeneration effects are damped by the

and v, contribution. The expected maximal asymmetry is

Apn(SK)~3% for SMA andApy(SK)~10% for LMA and
LOW. If Apn(SK)~5%, the[N]s/[N], ratio for LMA is
larger than the ratio for LOW by (0.630.05).

To have an idea about present sensitivity in searches NIz

LMA,
1+1.3Apy LOW,
1-1.1Apy SMA.

[N,

[N, (67

Also, we see that the regions only weakly depend on the
energy threshold. In the case of the LOW solution the
/[N]5 ratio can reach 1.17 fd€,,=5 MeV and 1.15 for

correlations, we also show in Fig. 14 the SK results and withiFth=8 MeV. For SMA the maximal allowed deviation of

1 o errors for the day-night asymmetry and he]s/[N]»

the[N],/[N]; ratio from 1 is about 4%. We get qualitatively

ratio. One must bare in mind, however, that the plotted resuféiMmilar results for SKFig. 16, where the regeneration effect
on [N]s/[N], does not correspond to the binning we are'S o!amped byv, and v, c_ontrlbutlons, so that the allowed
proposing. In Fig. 13 we show the corresponding attainabl&€9i0Ns for all three solutions are smaller than for SNO. We

SNO sensitivity for three years of operatigcorresponding

also plot in Figs. 16 and 15 the present results from SK and

to 13200 CC events for 5 MeV threshold and 6000 ccthe estimated accuracy at SNO as discussed at the end of the

events for 8 MeV threshojdFor definiteness we have plot-
ted the point at a valudpy(SNO)=1.6A,\(SK) which is
the expected relation for the best fit point in LMA as dis-
cussed in Ref[32].

2. Ratio[ N],/[N]; versus Aoy
According to Egs(57)—(59) (see also Fig. 12 we have

[N],~[N]z (LMA), [N],>[N]; (LOW),

[[N].—~[D]|<[[N]s =[D]| (SMA). (66)

So that the rates in the high statistics bins N2 and N3 can

provide an important criteria to distinguish the solutions.

previous section.

From these results it is clear that, with the estimated sta-
tistics at SK and SNO, it will be difficult to get strong dis-
crimination among the solutions. Ate3level all the solu-
tions seem to be allowed. However, future higher statistics
experiments like UNJ33] can give a more significant re-
sult.

One may also attempt to elaborate a test criteria for some
of the solutions without a large loss of statistics. For in-
stance, for the LOW solution one expects a significant devia-
tion from one for the ratio

[N+ [N]4+[NJs
N +[N]s

(68)

In Fig. 15 we show the mapping the 99% C.L. allowedwhile for LMA this ratio should be close to one.
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V. CONCLUSIONS tification power of the analysis can be further enhanced by

. o . . studying correlations between the event rates in the different

In this work we have studied in detail the zenlth.anglebins and the integral effect which can be represented by the

: . n(‘Tay-night asymmetry. In particular we have shown that the
of the solar neutrino events expected in the Super—study of the correlation between the rai],/[N]; and the

Kamiokande and SNO detectors. ~ day-night asymmetry will help to identify the LOW solution
~ We have identified the generic features of the distribuyyhjle the correlation betweeiN]s/[N], and Ap,y is more
tions for each solution. suitable for identification of the SMA solution. The distribu-

(1) The LMA cos#; distribution is characterized by a fast tions expected at SNO and at SK have similar properties. But
oscillatory behavior with rather slowly changing averagedat SNO the structures in the distributions and the asymmetry
regeneration rate. The amplitude of oscillations is enhancedre enhanced due to the absence of the damping effect.
in the core region. The behavior of the event rates at SNO
and SK has an interesting “synchronization effect” so that
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pected at small cos; . ciana under grant GV99-3-1-01 and by the TMR network

To detect such a behavior one needs to use small siZgant ERBFMRXCT960090 of the European Union.
binning A(cos#,)~0.05 which (in view of relatively low
statistics may only be possible with new megaton water APPENDIX: GRAPHIC REPRESENTATION OF
Cherenkov detectors. If the LMA solution is identified, a EVOLUTION OF THE NEUTRINO STATE
study of the oscillatory behavior can be used to measure the . ] ) )
oscillation parameter@n particu'arA m2) and the Earth den- We deSC-nbe here a g_l’aphlc representa“()n of the evolution
sity profile. of the neutrino state which allows us to understand the prop-
(2) The SMA solution predicts a smooth zenith angle de_grties of the zeni.th angle distriputions for the different solu-
pendence in the mantle region with small regeneration effedions. The graphic representatiph9] is based on the anal-
while the parametric effects can show up in the core region@9y of the neutrino evolution with the behavior of spin of the
eration effect is positive with a parametric peak in the coredy @ vector of length 1/2 with components
region; for the smaller mixings the effect is negative and in
the core region one should see the parametric dip. v=(Reyly, Imyly, , ylv.—1/2), (A1)
(3) In the case of the LOW solution there are two oscil-

lation peaks in the mantle region with maxima at 69s \wherey., (i=e,u) are the neutrino wave functions of the

=0.35 (oscillation phase¢=) and at co#,=0.78 (the  electron and muon neutrino&he components of this vector
phase 3r). In the core region the third peak appears due toare elements of the density matjix.

parametric enhancement of oscillations. In the maximum the |ntroducing the vector

conditions for the parametric resonance are approximately

satisfied. This realization of the parametric resonance corre- _ om

sponds to the case of neutrino energy above the resonance B= l—(sin 26,,,0,cos ¥,,) (A2)
energy in the mantléwhich differs from the realization for

the SMA) and to the phase relations,,anie~ 7™ and édeore . . . . ,
~3r. We find that the position of the peaks is almost inde-(#m iS the mixing angle an}, is the oscillation length in the
pendent of the neutrino energy, whereas the height of th@edium which would correspond to the magnetic f|eld; one
peaks as well as the integral effect are inversely proportionatan get from the evolution equation fgr the equation fow:

to the energy.

The shape of the distributions and their dependence on the dv . .
oscillation parameters as well as energy thresholds are well ar =~ (vxB). (A3)
described by oscillations in a medium which consists of one
or three layers with slowly changing density. Such an oscil- .
lation picture gives the correct functional dependence of the According to Eq.(Al) the projection ofv on the axisz,
rates on the neutrino parameters. v,, gives the probability to find, in the statew:

We also show that precise measurements of the zenith
angle distribution will allow to study a number of various R
matter effects such as oscillation in matter with constant and P= l//l%ﬁe: v+ 2 =cos 2 (Ad)
slowly changing density, adiabatic conversion, parametric
enhancement of oscillations, etc. -

We have suggested a new binning in the zenith angléiere»,=0.5cosf,, and 6, is the angle between and the
distribution which is chosen to emphasize the distinctive fea@xisz Thez i‘XiS can be called the flavor axis as it coincides
tures of the distributions for the different solutions. The iden-with vectorsve=—v,,.
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v, Ve
a) b)
Vzm(mantle) / ,_,:Z:’.--—""'_ ~ \<2m(core) f’_’_’:::—--" ''''
NN S SEELL =
c -
Vb
¢ V, (mantle) vy V. (mantle) FIG. 17. Graphic representation of the evolu-
2 v 2m tion of the neutrino state inside the Earth for dif-
f ferent solutions of the solar neutrino problefa.
LMA solution: propagation along trajectory
which crosses the mantle onlg) LMA solution:
VY . R A evolution for core crossing trajectory¢) SMA
c) d) v solution: evolution for core crossing trajectory
y 1T Vam(core) v and cos, which corresponds to the maximum of
L f the parametric peakid) the same as iric) for
W LOW solution.
Vo —— Vb
T~ = /
f I ol
A v v L
/I “ ¢ (Y
v /' \“ ‘\\ ‘\‘Vzm(mantle)
b ,' “ ‘\‘ \\
V. (mantle)™
m v Vzm(core)

a

In a medium with constant density,,=const, the evolu- 5, (mantle) is closer thai, to v, the rotation will lead to
tion corresponds to the precession of the veétaroundB: an increase of the projection and therefore to increase the
v moves according to the increase of the oscillation phase?.. probability. This illustrates the fact that the regeneration
#, on the surface of the cone with axs The vectorB IS always positive in the mantle zorisee alsq31]). The
coincides with the vector of the eigenstates in maftgy,  quasiadiabatic movements @h,(mantle) due to density
= —¥,m. We will denote byz,,(mantle) andv,,(core) the variations in the mantle do not change this conclusion.
axis in the mantle and in the core. Notice that when the Let us now consider the evolution for the core crossing
matter density is below the resonant ong>(1) the corre- trajectory. The neutrino vector starts &=v, and it will
sponding axis lies in the first-third quadrants with decreasindirst precess around,,,(mantle). The phase of oscillations is
projection on thez axis as the density increasgsee Figs. rather large~(10—20)7 and it depends sensitively on the
17(a) and 17b)]. Once the resonant density is crossed, theneutrino energy and the zenith angle. So, depending on the
axis moves to the second-fourth quadrdrse Figs. 1(€) energy the neutrino state can arrive at the core in any posi-
and 17d)]. tion on the cone. In Fig. 1B), as an example, we have

In Figs. 17a) and Figs. 1ib) we show the evolution of selected the staté,. In the core the vectod will precess
the neutrino state in the case of the LMA solution for trajec-aroundv,,(core) starting from the positioy, . The phase is
tories crossing the mantle onfg) or the mantle and the core large and the state will enter the mantle again in some posi-
(b). Inside the Sun the neutrino vect@roduced as’=v,  tion 7, which depends oiE and 6,. In the second mantle
~1,ny) follows the vectory,,, due to adiabaticity and ap- layer the state will precess arouiig,(mantle) starting from
pears at the surface of the Sun and then at the surface of thg state. Let us denote by; the final neutrino state at the
Earth asv=7,. Due to the adiabatic density change in thedetector. As it is clear from the figure, in most of configura-
mantle the axis’,,, moves accordingly, but at the detector it tions determined by the positions &f and 7, (and therefore
(as well as the cone of precessiawill return to the same E and 6,) the final state will have the projectioi, larger
position as in the moment of arrival of the neutrino at thethat the projection of’,= v, (which corresponds to day sig-
Earth. The cones with axig,, and 7;,,, describe oscillations nal). In other words: cos@(7)<cosX¥. In some cases,
at the surface of the Earth and in the central part of théhowever, one can get,(final)<wv,, which corresponds to
trajectory correspondingly. negative regeneration.

At the surface of the Earth the density jumps suddenly It is easy to see that maximal regeneration effect would
and therefore the axis vectp,, suddenly changes its posi- correspond to zero regeneration effect in the mantle:
tion from v, to v, (mMantle). In the mantle the neutrino vec- ¢nanue=2mk and to maximal effect in the coreb.oe= 7
tor will precess aroundv,,(mantle). Clearly, since +2zk’ (k,k' are integer numbers
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In Fig. 17c) we show the evolution of the neutrino state mantle layery rotates aroundi,,(mantle) starting fromp,
in the case of SMA solution. Now the neutrino arrives at theang arrive at the detector in the state Clearly, the regen-
Earth as an incoherent superpositionvg@fand v,. This split  eration turns out to be enhanced.
of the state originates from the adiabaticity violation inside |n the case of the LOW solutiofFig. 17(d)], # arrives at
the Sun. The total survival probabili, is then determined  the Earth agi,~ v, similarly to the LMA case but in contrast
by independent oscillations of; and v, inside the Earth. to LMA, now the mixing is matter suppressed so that the
The result can be represented in termsgn: v, probability  axis of the eigenstates is close to the flavor azis (n the
and the adiabaticity factof12). The latter can have both mantle v precesses aroung,,(mantle) starting from posi-
negative and positive signs depending on the oscillation paion v,. The peaks in the zenith angle distribution in the
rameters, and it is this factor which determines the sign ofmantle region correspond to the final position of the neutrino
the regeneration effect. v, . In the core region the parametric enhancement of oscil-

In Fig. 17c) we show the evolution of the, state inside lations occurs. The maximum of the parametric peak corre-
the Earth. In the mantle the vectdr precesses around sponds to the following picture. Vectar precesses in the
vo,m(Mantle) starting fromv,=v,. In the core region, the mantle and reaches the statg at the border of the core
parametric enhancement of oscillations occurs for certaiff¢yanes 7). In the corev rotates arounds,,(core) starting
values of co®),. We show the graphic representation of evo-from v,. The neutrino vector make 1.5 turng .= 3m)
lution for this case. Neutrino arrives at the core in the stateand leave the core in the positiaiR. In the second mantle
vy, thenv precesses aroung,,(core) starting fromv, and  layer » rotates again around,,(mantle) with initial posi-
reaches the border of core and mantle in the statevhich  tion #.. At the detector one will detect the state which cor-
corresponds to the phasé.,~0.757). In the second responds ta;.
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