PHYSICAL REVIEW D, VOLUME 62, 033007
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We study the role that the future detection of the neutrino burst from a galactic supernova can play in the
reconstruction of the neutrino mass spectrum. We consider all possibfea3s and flavor spectra which
describe the solar and atmospheric neutrino data. For each of these spectra we find the observable effects of the
supernova neutrino conversions both in the matter of the star and the Earth. We show that studies of the
electron neutrino and antineutrino spectra as well as observations of the neutral current effects from supernova
will allow us (i) to identify the solar neutrino solutiofij) to determine the type of mass hierargimprmal or
inverted and (iii) to probe the mixindU 3|? to values as low as 10—-10 3.

PACS numbsd(s): 14.60.Pq, 97.60.Bw

I. INTRODUCTION night effects, seasonal variations—favor different possible
solutions. A good description of all the existing data can be
The reconstruction of the neutrino mass and flavor specebtained by[5]
trum is one of the fundamental problems of particle physics. (1) the small mixing anglgSMA) Mikheyev-Smirnov-
It also has important implications for cosmology and astro-Wolfenstein(MSW) solution
physics. Knowledge of neutrino masses and mixing will al- ) P ) .
low us to clarify the role of neutrinos in the mechanism of AM5=(4-10x10"°% eV?  sif26,=(2-10x10"°,
star explosions and supernova nucleosynthesis. ()

With the present data on the atmospheric and solar neu- o .
trinos, we are taking the first steps in the reconstruction of (2) the large mixing angléLMA ) MSW solution

the spectrum. The SuperK_amiokar‘(dﬁ() results[1] on at- Améz(l—lO)x 1075 eV?, sirf26,=0.7-0.95, (4)

mospheric neutrinos, confirmed by the recent SOUDAN

and MACRO([3] data, allow us to claim with a high confi- (3) the vacuum oscillatioriVO) solution

dence level that the atmospheric neutrinos oscillate. More-

over, the oscillations are due to neutrino masses and the mix- ) (4-6)x 1010 eV?,

ing in vacuum. The data also indicate,« v, as the Amg = (6-8)x 1071 e\?

dominant mode. All the existing experimental results can be ’ 5)

well described in terms of the, < v, vacuum oscillations Sir?26,=0.8—1.0.

with the mass squared difference and the mixing parameters

given by[1] Some other possibilities are also not excluded—e.g. the

LOW (low mass, low probabilityMSW solution withAm?

|AmZ,|=(1-8)x10"3 eV?, sirf20=0.8-1.0. (1)  ~(0.5-2)x10 7 eV and sif26,=0.9-1.0 (see [5,6]).

_ . _ ~Results from future experiments with existing and new de-
There is no compelling evidence that the electron neutrinogectors will remove this ambiguity, thus identifying the cor-
participate in the oscillations of atmospheric neutrinos.rect solution to the solar neutrino problem.

Moreover, the CHOOZ experimefd] gives an upper bound Further evidence for neutrino oscillations follows from

on the mixing ofve with Am>~Am2,,.: the Liquid Scintillation Neutrino Detecto(LSND) results
[7], which are not confirmed, but also not excluded by the
Sirf20,<0.1 for |[Am?|>2x10"3 eV (20  KARMEN experiment8]. The LSND results cannot be rec-

onciled with solutions of the atmospheric and solar neutrino
The oscillation interpretation of the atmospheric neutrinoproblems in the context of only three known neutrinos, thus
data indicates that the solution of the solar neutrino problemnequiring the introduction of sterile neutrinf8]. In this pa-
is also related to nonzero neutrino masses and mixing. At thper, we shall consider only the mixing between the known
moment, however, there are several possible solutionghree neutrinogspectra with sterile neutrinos will be dis-
Moreover, various sorts of data—spectral distortions, dayeussed elsewhere
The atmospheric and solar neutrino resis3,5 as well
as the existing bounds from the other oscillation experiments
*Email address: amol.dighe@cern.ch and theBB,, searches lead to several possible spectra of
"Email address: smirnov@ictp.trieste. it neutrino masses and mixing. The ambiguity is related)to
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the unidentified solution of the solar neutrino proble(n) In this paper, we study the conversions of supernova neu-
the unknown mixing ofv, in the third mass eigenstate which trinos in the 3 context, taking into account recent results on

is described by the matrix elemeldt; and(iii) the type of  the neutrino masses and mixing. We consider the effects for
hierarchy(normal or invertegiwhich is related to the mass of all possible schemes of neutrino masses and mixing which
the third mass eigenstatevhether it is the lightest or the explain the atmospheric and solar neutrino data. For each

heaviest one The absolute scale of the mass is also unscheme, we find the modifications 6§ the neutronization

ll;r:%vxng)hheorm?r\]/grr{athls cannot be established from the Osc'lbeak, (i) the v, energy spectrum andii) the ;e energy

In this paper, we reconsider the effects of oscillations orpPectrum, which can be observed directly. We also deter-

supernova neutrinos. With the existing data on neutrincfni.ne.the spectrum of the non-electran ngutrino;whic_h can in
masses and mixing, we can sharpen the predictions of th%rmmplg be. studied by neutral current interactions in reac-
oscillation effects in the supernova neutrinos. On the otheloNs with different energy thresholds. ,

hand, we clarify the extent to which studies of supernova 1Nhe paper is organized as follows. In Sec. Il we describe
neutrinos can contribute to the reconstruction of the neutrindhe features of initial neutrino fluxes from the supernova and
mass and flavor spectrum. We will show that the three amthe dynamics of neutrino conversion on their way out to the

biguities mentioned above can in principle be resolved bysurface of thglstar. In Se_g._lll, we derive general (—;-xpressions
supernova data. for the transition probabilities for the schemes with normal

The effects of neutrino mixing on the neutrino fluxes from Mass hierarchy. We also calculate the Earth matter effects on
the supernova have been extensively discussed in the conték neutrino spectra. In Sec. IV, we find the final neutrino
of 2v mixing. For a wide range of mixing parameters SPectra at detectors for the schemes with the normal mass
(Am2=10* eV?), the neutrinos encounter their MSW reso- hierarchy. In Sec. V, we perform similar studies for the

nance densities inside the star; hence the studies of resonaiff’emes with the inverted mass hierarchy. In Sec. VI, we
neutrino conversions inside the sfa0—14 are crucial. For discuss the observable signals and the signatures of various
very low values of Am? (e.g. Am?=<10"% eV?), the mixing schemes In Sec. VII, comparing results for various

vacuum oscillations on the way from the star to the EartiSchémes we conclude about the possibility to discriminate
need to be taken into accouft3,14. In the presence of a the schemes by future observations of neutrino bursts from a

strong magnetic field, spin-flip effects become importand@lactic supermova.

[15]: the spin-flavor precessidi6] and resonant spin-flavor

conversiong17] may affect the observed neutrino fluxes. If Il. MASS SPECTRA, FLUXES AND DYNAMICS
sterile neutrinos are involved in the neutrino conversions, OF CONVERSION

they may enabl@-process nucleosynthedis8]. _ ) ) ) .

The effects of the neutrino conversions can be observed_ " this section, the generic properties of the initial neu-
through, e.g.(i) the disappearancepartial or complete of trino fluxes yv!ll be summarized. We identify the neutrino
the neutronization peakii) the interchange of original spec- Mass and mixing parameters relevant for the supernova neu-
tra and the appearance of a hatdspectrum(iii) distortions trino conversions, and consider main aspects of dynamics of

 th i . dificati f ther. neutrino conversion inside the star: the transition regions, the
of the ve Energy spec rum(iv) modification o Ve SPEC 1o ctorization of dynamics and adiabaticity. Finally, we con-
trum (in particular, the effects of large lepton mixing on the g\t the level crossing schemes for the normal and the in-
ve spectrum have been extensively stud[@@]), and (V)  yerted mass hierarchy.

Earth matter effects. The observation of the neutrino burst
from SN 1987A[20] has already given bounds on the large
mixing of active neutrino$11,12,19—22 and on the mixing
of v with sterile neutrino$23]. In what follows we will summarize the generic features of
The main features of transitions of supernova neutrinos inhe original fluxes which do not depend on the model and the
the case of 3 mixing [22,24—-3Q can be understood in terms parameters of the star. The deviations from these features
of the 2v mixing. The system has two resonanédsnder  will testify for neutrino conversions.
the assumptions of mass hierarchy and smallness of mixing, (1) Flavor of the neutronization pealDuring first few
the dynamics of the two level crossings splits. As a resultmilliseconds of the neutrino burst from a supernova, the sig-
the factorization of probabilities occuf&4,25. In the pres- nal is expected to be dominated by thg, which are pro-
ence of sterile neutrinos, multi-level conversions take placeluced by the electron capture on protons and nuclei while
[28,31, which may be interpreted in terms of the constituentthe shock wave passes through the neutrinosphggg
2v conversions for small mixing angles atdn? hierarchy  Since the original flux is., the final observed fluxes give a
[9]. direct measurement of the extent of conversiom ointo the
other neutrino species.
(2) Inequalities of average energies of the spec8ace
ve interact more strongly with matter than the other species,
one more resonance between the two non-electron neutrinos, b eir effective neutrinosphere is outside the neutrinospheres

since the two non-electron neutrinos cannot be distinguished at thd the other species and hence they have a lower average

detector, the conversions between them do not affect the observgnergy thanv, and v,. The v, also interact via charged
tions. See Sec. Il F. current, but the cross section is smaller, so their average

A. Neutrino fluxes

The radiative corrections tm, and m, imply the existence of
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of the average energy of the spectrum is small. Numerical

N ~
/' V(B simulations of the neutrino spectra confirm the pinching of
1 ™\ L spectra[35,36].
\ One way to parametrize the pinched neutrino spectra is to
0.8 (a) ‘\ introduce an effective temperatufgeand an effective degen-
eracy parameter; (which has the same sign for neutrinos

4
1
1
I’ \
0.6 ,.' \ and antineutrinos and cannot be considered as the chemical
! potentia) in the Fermi-Dirac thermal spectrum for each spe-
/ ciesi:
!
t E2

A\ 0
P ) X BT, =+ 1

0.4
)

0.2
— : : : For a pinched spectruny;>0. The value ofy; is the same
0.5 1 1.5 2 25 3 <B> . ) . . .
for all v, species(neutrinos as well as antineutrinos, since
FIG. 1. The number ob—N charged current events féa) a  they have the same interactionand are in general different
thermal spectrum T=3,9=0), (b) a “pinched” spectrum T  from 5. or 7. The value of »; need not be constant
=3,7=3). T and 5 are the parameters as in E). Both the  throughout the cooling stage. Typically,

energy resolution function and the lower energy threshold effects
have been taken into account. The spectra are normalized to have Te~3—4 MeV, Tg=5-6 MeV, T,~7-9 MeV.
()

equal areas.

energy is more than that of the,, but less than that of, : The typical values ofy; are[36,37]

7e~3-5, 7~2.0-25 n,~0-2. (9)

(E)<(E})<(E). ®)
¢ Notice that the strongest pinching is expected for ihe
v - spectrum. These values, however, are model dependent and
e s e anion™"™ P72 Ty shll ise them ol s g
he pinched tra during th ling stabet E° In what follows, we shall calculate the fluxes of electron
(3)0T € pinc _e. Spectra during the cooling ' GetF, neutrinosk, electron antineutrinos$;s, and the total flux of
andF - be the original fluxes of, and v, respectively, pro-  the non-electron neutrinos, ‘B, ,” at the Earth detectors.

duced during the cooling stage. The “non-electron” neutri-

nos (v,,v,v,,v,) have the same neutral current interac- B. Neutrino mass spectra

tions inside the supernova, and their original fluxes are i , -
We consider the system of three active neutrings

expected to be approximately eqdah what follows we will B : )
neglect the difference of fluxes. We will denote these four=(Ve:?u ) Mixed in vacuum, such that

neutrino species collectively ag, and the original flux of - _U; 10
each of them a§). vim Ry (10
The spectra of neutrinos from the cooling stage are not - . .

. S . . “wherev=(v{,v,,v3) is the vector of mass eigenstates and
exactly thermal. Since the neutrino interaction cross section
increases with energy, even for the same species of neutri- U=||Ugll, f=epm,r =123, (11)
nos, the effective neutrinosphere radius increases with in-
creasing energies. Then, even if the neutrinos at their respeis the mixing matrix. We take
tive neutrinospheres are in thermal equilibrium with the ) _— 5

matter, the spectrum gets “pinched,” i.e. depleted at the
higher as well as the lower end of energies in comparison o ) ) .
so that the oscillations driven hym3; solve the atmospheric

with thermal spectrum(See Fig. 1 for an illustratiohlt can : ! !
be shown that pinching of the instantaneous spectrum is th@eutrino problem. We identify

consequence of the following two fact$) the temperature 2 o 5 2
inside the supernova decreases with increasing radiu§iand Amy=my—mi=Amg,
the density decreases faster than [B34]. The pinching of

the instantaneous spectrum can be extended to the pinchi
of the time-integrated spectrum as long as the time variatio

(13

whereAmé is in one of the region§SMA, LMA or VO)

?]r%plied by the solar neutrino daf&gs. (3),(4),(5)].
The key features of the spectra which play an important

role in the applications to the supernova neutrinos are
(1) the hierarchy ofAm?,

2The presence of real muons in the central part of the star leads to
a nonzero chemical potential of the muon neutrinos and hence to a |Am3,|~|AmZ,|>|Am3); (14)
difference of fluxeqd33]. However, in the neutrinosphere with
(2) the upper bound oAm?,

~6-—8 MeV, the concentration of muons is smaller than 1%.
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|Ami21|510_2 eV?. (15) of matter effects in the future long baseline experiments, in
particular, with neutrino factories.

Since v, and v, are indistinguishable in the supernova  (3) The value ofUe3 is unknown. In principle, future
neutrino studies, the neutrino transitions are determined b§tmospheric neutrino experiments and the long baseline ex-
the mixings of the electron neutrino only, i.e. by the elementgeriments will be able to measure or further restuigt.

Ui (11) (see Sec. lIl for more detajlsMoreover, the three (4) In the case of the SMA and LMA solutiongm3,
Uei's are related by the unitarity conditioB|U.|?=1, so  >0. But the sign ofAm§1 is undetermined in the VO solu-
that only two mixing elements are relevant, and one can usgon. The feasibility of resolving this ambiguity has been
|Ugo| and|Ugs). recently discussed if89].

The elemenUg; is small, as mentioned in the Introduc-  Summarizing, the ambiguity in the present analysis is re-
tion. If |Ugl?<1, thenU,, (and thereforeU.;) can be lated to the solution of the solar neutrino problem, the type
found from the solar neutrino data: of hierarchy and the value &f ;. The first two ambiguities

lead to six possible schemes of neutrino masses and mixing.
4|U | %|Ugg|?~4|Ug|2(1—|Ug|?)~sirP26,, (16)  Within each scheme, the predictions depend on the value of

where 6, is the mixing angle determined in ther Z&nalysis
of the solar neutrino data.

- . . C. Neutrino conversion regions
The system is then determined by two pairs of parameters g

(Am?,sirf26), i=L,H, where In supernova, the transitions occur mainly in the reso-
nance layers, where the density varies between.(
(Amf ,sinz20L)z(Amé ,SIrf26) __Apres) and (prest Apres). Herep s is the resonance den-
17) sity:
(AME ,sinf20,)=(Am3,,.4|Uesl). 1At 2
~—— —— 0S¥,
Correspondingly, it can then be described by two points in Pres 2\/§GF E Ye

the (Am?,sirf26) plane.
The current oscillation data do not determine the mas$&e is the Fermi constantny is the mass of the nucleog,is

and flavor spectrum completely. As we have already menthe neutrino energy and; is the electron fraction—the num-

tioned in the Introduction, the uncertainty is related to ber of electrons per nucledrFor small vacuum mixing, the
(1) The discrete ambiguity in the solution of the solar width of the resonance layer equals

neutrino problem: The data favor three solutions indicated in

the introduction(SMA, LMA and VO), and some other so- 2Apres~2prestan 26. (21)

lutions (e.g. the lowAm? MSW solution[5,6], the trimaxi- ) ) .

mal mixing solution[38]), although disfavored, are not ex- Using Eq.(20), the resonance matter density can be written

cluded. The future solar neutrino experiments will remove@S

this ambiguity and sharpen the determination of the oscilla-

. 2
tion parameters. . , . Do LAX10P g/cc( Am (10 MeV (0_5) o8 2.

(2) The ambiguity in the sign oAmg, (and Ams3,): this 1 e\? E Ye
determines the type of neutrino mass hierarchy. We refer to (22)
the case

There are two resonance layers. The layer at higher den-
Am3,>0, i.e. mg>m,,my, (18)  sities (H-resonance laygrwhich corresponds tam2,,, is
at
as the spectrum withormal mass hierarchy and to the case
pu~10°-10* glcc, (23)
Am3,<0, i.e. my,m;>m;, (19
and the layer at lower densitiek{esonance laygrcharac-
as the spectrum witivertedmass hierarchy. terized byAmé, is at

The key difference between these two hierarchies is that,
in the normal hierarchy, the smallgz-admixture ofv, is in 5—-15 glcc for SMA,
thg hea\(iefst statg whereas in the inverted hierarchy, this ad- p =1 10-30 glcc for LMA, (24)
mixture is in the lightest state.

The type of hierarchy can in principle be established in <10™* glcc  forVO.

future studies of atmospheric neutrinos. If the effectsof

oscillations will be observed and the sign of the charged

lepton produced by the atmospheric neutrinos will be identi- 3t js worthwhile to introduce the resonance density for “VO”
fied in the future experiments, the studies of matter effects ifarameters too, although the dominating effect could be the vacuum
the neutrino and antineutrino channels will allow to establishoscillations. We shall consider the limit of 429—1 as a special
the sign ofAm?. The sign can also be found from the studiescase.
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The regions where the neutrino transitions occur are thus  [P(ve— v¢) Jiota=[ P(¥e— o) Iu X [P(ve— ve) 1L
far outside the core of the star—in the outer layers of the 5
mantle. Therefore +0(|Ug3l?), (28

(i) the transitions do not influence the dynamics of col-and similarly forv,.
lapse or the cooling of the core;

(i) ther-processes, which occur a 10°-1¢ glcc, are E. Adiabatic, non-adiabatic and transition regions

also not affected; he d . f . . h | .
(i) the shock wave does not influence the neutrino con- 1h€ dynamics of transitions in each resonance layer is

versions[indeed, during the time of cooling by neu- detérmined by the adiabaticity paramejef43,44:
trino emission {~ 10 seg, the shock wave can only Am? sir26 1
reach layers with densitigs=10° g/cc[40,41]]; y= ,

(iv) the density profile encountered by the neutrinos dur- 2E co0s2§ (1ing)(dng/dr)

ing their resonant conversions is almost static, and P . .
the same as that of the progenitor star. such that the “flip” probability—the probability that a neu-

trino in one matter eigenstate jumps to the other matter
eigenstate—is

(29

In the region with densities 1 g/cc, the electron fraction

is almost constant and the density profile can be approxi-
mated by[12,36,42 pf:exr( ~5 7) (30)
, -3
pY~2x10* g/C({ —) , for p=1 glcc. as given by the Landau-Zener formyk3]. Adiabatic con-
10° cm version corresponds toy>1, i.e. to a very small flip

(25  probability?
Let us consider the density profile of the form
For p<1 gl/cc, the fraction of hydrogen increases and
becomes larger than 0.5. The exact shape of the density pro- p=Alr", (32
file depends on the details of the composition of the star.
whereA is the proportionality constant. From E(9), we

D. Factorization of the dynamics get the adiabaticity parameter for this profile as

Thg hierarchy ofAm?, and therefore the hierarchy of the 1AM\ -1 sirk2e 2\/§GFYe n
densities of the resonance layers, leads to the “factoriza- Y=onl T E ) 1+l/n( A) .
tion” of the dynamics of conversion: the transitions in the n (cos2) My
two resonance layers can be considered independently and (33
each transition is reduced to a two neutrino problem. Indee
in the H-resonance region, the mixindg, associated with
Amé is suppressed by matter. The suppression factor is

q#ere we have used the resonance condition to express
through the oscillation parameters. Note that the dependence
of y on the absolute scale of densi#, is rather weak:
m
ez P10z (26) ye A, (34)
Uer P
For n=3, the change oA by one order of magnitude leads
Correspondingly, the effects driven Izrymé are suppressed to the change ofy by a factor of 2.
by more than two orders of magnitude. For a fixed density scald, the value ofy depends on the
In the L-resonance region, the mixing associated withpower indexn as

Am2,,, coincides with the vacuum mixindJ~U.3. The
matter corrections are strongly suppressed:

“The Landau-Zener formula is valid for a linear variation of den-
m pL —2 sity in the resonance region and a small mixing anglé=or an
=Ugx[1+0 , ~—=<10 “. 2 . SRR -
es eal &1 ¢ PH @7 arbitrary density distribution and mixing angle, the Landau-Zener
formula (30) gets modified td45]

That is, the mixing associated withm2,,, is almost con- u T

stant, and therefore the leve} practically does not partici- ex _EVF)_EX _EYF/S'”Ze)

pate in the dynamics. By an appropriate redefinition of the Pi= p ' @31
fields, the problem can be reduced to a two state problem. 1-ex —EVF/SW@)

The statev; decouples from the rest of the system, procjuc'WhereF is a function of the density profile and the mixing angle.

ing just an gyeraged .OSCi”ation effe@o]. . . The adiabaticity condition is, approximatelyl->1. At small mix-
If the mixing Uz is very small, the resulting survival g angles and linear density variation in the resonance region,
probability of v, (v,) is also factorized24,25: ~1 and Eq.(31) reduces to Eq(30).

033007-5



AMOL S. DIGHE AND ALEXEI YU. SMIRNOV PHYSICAL REVIEW D 62 033007

BT T o= m\32Am2sint20 [ 242G Y,

1/2
— . 39
12 cof26 My ) 39

0.8 /

y The dependence &f; on E/E,, is shown in Fig. 2. One can
,’ divide the whole range of energy into three parts:
01 For E/E,,<10! (region ), we getP;~0. In this range,
pure adiabatic conversion occurs.
ool n m For E/E,,>10? (region Ill), the flip probability is close
A to 1, which corresponds to a strong violation of adiabaticity.
. / In the transition regiofE/E,,=10 -1 (region II), P;

2 1 0 1 2 3 dE increases with the neutrino energy. This region spans almost
1010 101010 T, three orders of magnitude in energy, which is substantially
larger than the range of energies in the neutrino spectrum.

FIG. 2. The energy dependenceRfon E/E,,. The solid line  Notice that for the exponential density distributitwhich is
is for.the de.nsity profilg~r ~3, whereas the dashed line is for the the case inside the synthe transition region is narrower
density profilep~e™". (about two orders of magnitufleénd correspondingly, the
energy dependence in this region is stronger.
yoelln, (35 The observable part of the supernova neutrino spectrum
lies mainly between the energies of 5 and 50 MeV; i.e., it
so that a variation ofi between 2 and 4 leads to the variation spans about one order of magnitude. If the spectrum is in
in y by a factor of 2. region I, completely adiabatic conversion occurs for the
In turn, the uncertainty of a factor of 2 ip is equivalent  whole spectrum. In region II, the conversion depends on en-
to the change of sfi2d by a factor of 2(at small values o))  ergy; however, the dependence is not strong over the rel-
or the change oAm? by a factor of 2/(""1~3_4. evant range of energies. The average energies of any two
The lines of equaly (and therefore, equaP;) on the neutrino species differ by a factor of less than 3, and for
(Am?—sir?26) plot are determined by AE/E~3, the variation in the flip probability iaP;=<0.2
(from Fig. 2. In the first approximation, the final spectrum
can then be characterized by awerageor effectiveflip

0.6

(Am?)1~Msir?2 9= const (36) = -hara / an
probability. This is illustrated in Fig. 3: the spectra of the
for small 6. number of events taking into account the energy dependence
For n=3 which will be used in the further calculations, ©f Pr &ré shown in@ and the spectra with an effective flip
we get probability (P¢) are shown in(b). It may be observed that
the spectra with an appropriate value(&%) can mimic the
2_ : features of the actual spectra. This is particularly true given
Am?=const /sif26. 37 the theoretical uncertainties in the shapes of the original
From Eqgs.(30) anc_i(33), the flip probability as a function of Sp(lar?tlr:ailé. 4, we show the contours of equal flip probability
energy can be written 427] P:, Eq. (31), in the (Am?—sirf26) plot for two different
£ |23 energies on the borders of the observable spectrum. We also
Pf:exr{_(ﬂ) } (38) show the parameter ranges which explain the solar and at-
E ' mospheric neutrino data. The dark baftlde “atmospheric

neutrino band’ corresponds to the allowed range o3, .
The rightmost part of this band is excluded by the CHOOZ

=
—

FIG. 3. The number of,—N charged current
events, taking into account the energy depen-
dence of the flip probability. The parameters for
the original spectra are taken to bg=3 MeV,
b3 7e=3,T,=8 MeV,p,=1. In (a), the flip prob-

i ba ability is Py=exf—(E./E)¥®] with (al) E,,

0.2y, /W =0.05, (a2 E,,=2, (@3 E,,=10, (a9 E,,

o =50 MeV. In (b), the effective flip probability
> (P¢) is (b1) 1.0, (b2) 0.85,(b3) 0.6, (b4) 0.0.

=
S e
2

—_—
-

b
/A
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2 in the non-adiabatic region, which depends essentially on the
W density profile in the outermost layers of the stas(1 g/co
/”/ and the precise value dfm?.

- As was described in Sec. Il B, each neutrino mass and
) flavor spectrum can be represented by two poibh® in the

o I LMA (Am?,sirf26) plot (Fig. 4. One point, corresponding to
R (Am3, ,sirf26.), should lie in the atmospheric neutrino
i I SMA\\ band, and the other point, correspondinng@l,sieraez),

. should lie in one of the “islands” corresponding to the so-
I lutions of the solar neutrino problem. These two points char-

-8 \
10 acterize the layerbl andL, Eqgs.(23) and(24) respectively.
10 I Vo Let Py(Py) andP (P,) be the probabilities that the neutri-
10 nos(antineutrinogjump to another matter eigenstate in these
Z N - = - 1 0 sin’20 two layers. The extent of conversion is determined by the
1010 10 10 10 10 10 values of these four flip probabilities.

From Fig. 4, we conclude that the resonance is in the

FIG. 4. The contours of equal flip probability; . The solid ! ! :
adiabatic rangéregion ) for

lines denote the contours of flip probabilityrfa 5 MeV neutrino:
the line on the left stands fd?;= 0.9 (highly non-adiabatic transi-

tion) and the line on the right stands f&%=0.1 (adiabatic transi- SiNP2603=4|U3°=107° (40
tion). The dashed lines represent the corresponding flip probabilities

for neutrinos with energy 50 MeV. SMA, LMA and VO correspond and in the transition regiofregion ll) for

to the solutions of the solar neutrino anomaly. The two vertical lines

indicate the values of & .3|2=sir?26 lying on the borders of the SiNF26e3~10°-10">. (41)

adiabatic, non-adiabatic and transition regionsXan® correspond-

ing to the best fit value of the atmospheric neutrino solution. As we shall see in Secs. IV and V, the features of the final

spectra depend strongly on the region in which theeso-

experiment4]. The range ofUg|? that can be probed by nance lies. According to Eq41), the supernova neutrino

the long baseline experiment MINQ86] is also shown. spectra are sensitive to as low values ofUg|? as
The contours oP;=0.1 andP;=0.9 divide the plotinto 10 3-10 5. This is more than two orders of magnitude bet-
three regions, corresponding to the three regions in Fig. 2:ter than the current bounddg] or those expected from the
planned long baseline experiments.
(i) The “adiabatic region” (l) is the region above the
contour withP;=0.1, where adiabaticity is well satis-

fied and strong flavor conversions occur. . )
(i) The “transition region” () is the region between In the basis of flavor eigenstatesc(v,,v,), the evolu-

P;=0.1 andP;=0.9 contours. Here the adiabaticity is tion of neutrinos at densities< 10° glce relevant for neu-
partially broken and the transitions are not completerino conversion(see belowis described by a Schadinger-

Moreover, the extent of transitions depends on thdike equation with the effective Hamiltonian

F. Level crossing schemes and initial conditions

energy. 2 2
(iii) The “non-adiabatic” region(lll) lies below theP; M2 Mgt 2EV ”ﬁu Mer

=0.9 contour. The neutrino conversions are practi- H= EH/: 3E méM mfm mf” , (42
cally absent. 2 2 2
mET m,l.LT mTT

Since the adiabaticity breaking increases vitland de-
creases with the increase afm? and sif26, the lines of WhereV~Diag(V,0,0), andV = \2Ggn, is the effective po-
equal P; for E=50 MeV are shifted to largeAm? and tential for the electron neutrinos due to their charged current
sir?26 relative to the lines foE=5 MeV. The dependence interactions with electrons.
of the contours of equaP; on the density profile is rather ~ Since any rotation in they, — v;) subspace does not af-
weak, as can be seen from the previous discussion. EveRct the physics, it is convenient to perform a rotation of the
with conservative estimates, the borders of the regions haveeutrino statesie,v,, ,v;)—(ve,v,,v,1), which diagonal-

an uncertainty of a factor of 2 in @6 for a given value of izes the ¢, ,v,) submatrix of Eq(42) [47]. (The potentiaV
Am2. appears only in the elemeht,., and hence is not affected

As follows from Fig. 4, the LMA solution lies in the by this rotation). The effective Hamiltonian in the new basis
adiabatic region . The SMA solution is in the transition becomes

region. The VO solutions are either in the transition region or

2 2 2
. Meet2EV. g, mg,
2 2
. o N H=2g| Mew My O (43
*The LOW solution also lies in the adiabatic region, so all the 2 0 2
m ’ m It
er TT

results for the LMA scenario are also valid for the LOW scenario.
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At V> mﬁ/(ZE), the off-diagonal terms can be neglected H H v,
and the Hamiltoniar{43) becomes diagonal:
| | “i ) lag v, Vim i/ 'Vu, Vo L

H~Diag(V,m’, ,.m% ). (44)

Ve

That is, the basis states/{,v,,v,/) are the matter eigen- wg// W / i Yo

states. These are the states that arrive at the conversion n : : Voo

gions as independefihcoherent states and transform in this : §

region independently. e o e g ne e
Notice that a difference between the potentials’pfand (a) (b)

v, appears in the second order in the weak interactions dut

to difference of masses of the and = charged leptonf48]: H

1+Y
m? 3

T

3Gem; ( M ~107%V, (45

V.~V
rr 2[772\(

wherem_ is ther massmy, is theW-boson mass, and, and : :
Y, are the numbers of electrons and the neutrons per nucleo i : ¢
respectively. Therefore a complete form of the matrix of po- ’ :
tentials isY~Diag(V,0V,,,).

The potentialV,,, becomes important at high densities. (© @
One has

FIG. 5. The level crossing diagrams f@a) the normal mass
hierarchy and smalb, , (b) the inverted mass hierarchy and small
0o, (c) the normal mass hierarchy and largg, (d) the inverted
mass hierarchy and larg®, . Solid lines show the eigenvalues of
. . . . . the effective Hamiltonian as functions of the electron number den-
At p>p,., and in particular in the region of the neutrino- g, The dashed lines correspond to energies of flavor lewels
sphere, the potential¥’ and V., dominate over the other ,, ' andy . The part of the plot witm,<0 corresponds to the
terms in the Hamiltonian, and the Hamiltonian becomes aPantineutrino channel.
proximately diagonal:H~V~Diag(V,0V ;). This means
that at high densities the flavor states coincide with the/O). The diagonal elements of the Hamiltonia@3),
eigenstates in medium. Hi(ny) (i=e,u’,7"), determine the energies of the flavor

Let us recall that the non-electron neutrinos are producedtates shown by the dotted lines. The crossing of these levels
in the neutral current processes which are flavor blind; i.e.indicates a resonancél and L are the two resonances at
they produce a coherent mixture of matter eigenstates. Thisigher and lower densities respectively, E@3) and (24).
coherence, however, disappears in the evolution that followsThe solid lines represent the eigenvalues of the Hamiltonian
The v, departs from the coherent state due to the large po3).
tential V, whereas the coherence of and v, is broken by In the case of antineutrinos, the effective potentisior
A\ the v, has the opposite sigh/= — y2Ggn,. The antineutri-

In the interval of densities wher¥,,<AmZ, /J2E<V,  nos can then be represented on the same level crossing dia-
the potentialV,,. can be neglected, so that we arrive at thegram, as neutrinos traveling through matter with “effec-
Hamiltonian (43) with eigenstates.,v,,v). In the re-  tively” negative n,. The half-plane with positive values of
gionV,, AmamJZE the level crossing occurs in the an- n, then describes neutrinos and the half-plane with negative
tineutrino channe(25], which leads to the transitions, ~ values ofn. describes antineutrinos.

_;,T and v.— ' . In the neutrino channel, we have, Thg neut.rlnoiantlmeutrmware prpduced |n_5|de a super-
f s nova in regions of high matter density. On their way towards
—v,andv,—v_.

the Earth, they travel through a medium wihmostmono-
Since the initial fluxes o(ﬁx) and(i)r are equal (:g), we tonically decreasing density, towards the vacuum where both

V.~ Am5J2E~2m? J2E at p,,~10"-1C glcc.

) . neutrinos and antineutrinos have vanishing effective poten-

get that the fluxes ofv” andv » Will be also equal E2). . ; . ;

Theref ith fl d tials. This corresponds to starting at the rigletit) extreme
erefore ge, v, vy) with fluxes (e F2.Fy) and corre- i o then, axis in Fig. 5, and moving towards,=0.

spondingly @e,v,,v,) with fluxes Fg F ,F%) can be The H resonance lies in the neutrino channel for the nor-

considered as the initial state in our task mal hierarchy and in the antineutrino channel for the inverted

The Hamiltonian(43) allows us easily to construct the hierarchy. Thel resonance lies in the neutrino channel for
level crossing scheme. In Fig. 5, we show the generic leveboth the hierarchies as long as the solar neutrino solution is
crossing diagrams for the normal and inverted mass hieraiSMA or LMA. For the VO solution, thé. resonance may lie
chies, for smallf, (SMA) as well as larged, (LMA or in either of the two channels, neutrinos or antineutrinos.
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Ill. CONVERSION PROBABILITIES corresponding to two mass eigenstates with a givert and
AND THE NEUTRINO FLUXES AT THE DETECTORS: having an energ¥ separate from each other by a distance
THE CASE OF NORMAL MASS HIERARCHY

2
In this section, we derive general expressions for the tran- AL= Am? _
sition probabilities using the level crossing scheme for the 2E?
normal mass hierarchy as shown in Figs. 5a and(bhe
inverted hierarchy will be discussed separately in Set. V. Even for the smalleskm?~ 10~ 1% eV?, for E~10 MeV and
L~10 kpc~10%? cm, we getAL~10 2 cm. The lengths of
A. Probabilities of conversion inside the star the individual wave packets are< 1/T~10"*! cm (whereT
) ) ) is the temperarture of the production regiois much
As has been discussed in Sec. Il F, the neutrino fluxeg aier.
arise from the central part of the star, in the region of high 1o gnread of the wave packets implies that the neutrinos
density. Forp>py,p_, where all the mixings are highly grjve at the surface of the earth as incoherent fluxes of the
suppressed, the flavor stateg (v,,v.) coincide with the 555 eigenstates. Up to a geometrical factor of 1they
eigenstates in the medium: coincide with the fluxes given in Eq$48),(49). We can
(46) rewrite them as

(50

Vam= Ve, Vom= V1, V1im=— V'ur .

— A0 PN

The original fluxes of neutrino eigenstates in the medium Fi=aiFe+(1-a)Fy, (52)

equal with

0 _po0 0 _p0 0 _po0
Fin=Fx Fam=Fy Fan=Fe. “) a;=PyPL, a,=Py(1-P.), az=1-Py. (52
Let us calculate the fluxes of the mass eigenstates the The factor of 1L.2 is implicit in the fluxes at the Earth.

surface of the star. These states, being the eigenstates of the, - ' .

Using Eq.(51), we find the net flux of electron neutrinos

Hamiltonian in vacuum, travel independently to the surfaceat the Earth-
of the earth.

Taking into account that the dynamics of transitions in the
two resonance layers are independésge Sec. Il D) the Fe=z |Uei|2Fi=ng |Ueil?ai+F2
fluxes of neutrino mass eigenstates at the surface of the star : :
can be written down directly by tracing the path of the neu-
trinos in the level crossing diagram. We find the r‘nOd""Ca'where we have taken into account the unitarity condition

tions of fluxes in terms of the flip probabiliti€d, P, Py s|u_|2=1. The final electron neutrino flux reaching the

1_2 |Uei|zai)a
(53

andE,_ introduced in Sec. Il E. Earth can thus be written as
Let us first calculate the flux of, at the surface of the
star. There are three independent contributions to this flux, Fe=pF2+(1—p)F2, (59

from the initial v, v, and v, fluxes. The probability that
the original statev, (which coincides withvg,, in the pro-  where

duction region arrives at the surface of the star ag is

P4P., since the state has to flip to the other matter eigen- pEZ U, %8,
state at both the resonances. The contribution to the fipal e
flux from the originalv, flux is thenPy PLFS. Similarly, the

— 2 2 _ 201 _
contributions from the originalv,, and v, equal (1 =|Ue| PP+ [Uea| “(Py— PuPL) +|Ueg| (1~ Pyy).

—P)F2andP (1- Py)F? respectively. The totat, flux at (55)
the surface of the star equals the sum of the three contribu-
tions: According to Eq.(54), p may be interpreted as the total sur-
vival probability of electron neutrinos.
Fi=PuP F2+(1-PyP)F?. (48) The original total flux of the neutrinose,v, v, is F2

+2F?. Using the conservation of flux, we find the combined
Similarly, the fluxes of neutrino mass eigenstatgsand v flux of v, andv, at the Earth F ,+F) as
arriving at the surface of the star are

F,+F.=(1-p)F+(1+p)FJ. (56)
Fo=(Py—PyPF+(1-Py+PyP)F?,
(49 Note that the final fluxes of the flavor states at the Earth,
Fa=(1- PH)F2+ PHFS. Egs. (54),(56), can be written in terms of only the survival

probability p. This is a consequence of two fact) at each
Because of the divergence of the wave packets, any cdransition, one of the neutrinos is decoupled so that the task
herence between the mass eigenstates is lost on the way reduces to 2 mixing, and(2) the original fluxes ofv,,, and
the Earth. Indeed, over a distancethe two wave packets v are equal.
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B. Conversion probabilities for antineutrinos C. Earth matter effects on the v, spectrum

Let us consider the antineutrino transitions. In the high The neutrino trajectory inside the Earth before reaching
matter density regionppy,.p.), the antineutrino flavor the detector depends on the direction of the supernova rela-
eigenstates coincide with the eigenstates in the medium dive to the Earth and the time of the day. The comparison of

(see Figs. 5a, 5¢ signals from different detectors would allow one to reveal
L L the Earth matter effects. Also certain features of the energy
Vim=Ver, Vom=Vyu', Vam=Vy, (57 spectra can reveal the Earth matter effect even from the ob-

servations in one detector.
so that the original fluxes of antineutrino eigenstates in the The mass eigenstates arriving at the surface of the Earth

medium equal oscillate in the Earth matter. L&;, be the probability that a
0 o mass eigenstate entering the earth reaches the detector as a
Fin= F* Fo.=F2, F3.=Fp. (58)  v,. The flux of v, at the detector is
The small mlxmg angle?eg is further suppressed in the me- FeDZZ P..F, (65)

d|um SO theve<—> v transitions are negligible. The state
V3m s belng far from the level crossings, propagates adiabati:
cally: v.,— v3. Depending on the parameters of the solution
for the solar neutrino problem, the propagation of the other

iabati : FP=F2> aPj+F?
two states may be adiabatic or non-adiabpt®]. From con- e e irie™ Fx
siderations similar to those in the neutrino channel, we get

InsertingF; from Eq. (51), we get

1_2 aiPie

: (66)

— . wherea;’s are as defined in E452), and we have used the
Fe=pF +(1-p)Fy, (590 unitarity condition2;P;.=1. Thus, thev, flux at the detec-
tor can be written as

wherep, the survival probability ofv., equals
P PrOPERIY Be. &8 FO=pPFS+(1-p®)F?, 67)

P=[Ues|*(1=P)+|Uel*Py . 60 \ith

In the case of completely adiabatic propagatiﬁn,:o and
pP=2 aiPic. (68)
p:|Uel|2- (61
- . ComparingF?, Eq.(67), with F,, Eq.(54), we find that the
Let F,,+Fbe the combined flux of,, andv,. From Eq.  difference in thev, fluxes at the detector due to the propa-
(59) and the conservation of flux, we get the combined fluxgation in the Earth equals
of non-electron antineutrinos: o 5 o —o
Fe_Fe:(p _p)(Fe_Fx)i (69)
I — 0 — Lo
FutF=1=p)Ft(1+p)Fy 62) wherep is given in Eq.(55). The Earth matter effect can be

From Eqgs.(56) and(62), the total flux of the non-electron quantified by the difference of probabililtypf — p):

neutrinos(including antineutrinosis
pP—p=2 ai(Pie—|Ueil?). (70)
4F,=F , +F, +F +F, i

:(1_p)|:g+(2+p+5)|:g+(1_5)|:%_ (63) Using definitions in Eqs(52) and X;P;,=1, we can write,

explicitly,
Summarizing, Eqs(54),(59),(63) can be written in the D_ =P (P,.— 2y(1—2pP
compact notation PP = Pp=Py(P2e—|Ueo|*)( L)

0 +(Pge—[Ugs|?)(1=Py—PyP). (70

Fe p 0 1-p Fe . o
_ 0 — — 0 The second term in Eq71) can be neglected. Indeed, inside

Fe | = P 1=p Fel- 64 the Earth,v; oscillates with a very small depth:
4Fy 1-p 1-p 2+p+p F?

2
atm

— U= 2EVeann) G20 (72)
The above general expression holds for both the normal and se 1-esl =1 A es

inverted mass hierarchies. The survival probabilipesndp
for the normal hierarchy are given in Eq&5) and (60) whereVe, . is the effective potential of,, in the Earth. For
respectively. These probabilities depend on the specific pareutrino energies of 5-50 MeV, we havEXZEarth/Amatm

rameters of the masses and mixing scheme. <10 2. Moreover, sif26,<0.1, so that
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P3e—|Ugs|2<1073, (73)  Here 6, andl,, are the mixing angle and oscillation length
inside the Earth respectively, ail is the distance traveled
Finally, we can write by the neutrinos inside the Earth before reaching the detector
5 5 D;. The first two terms on the right hand side of Efj7) are
PP —Pp~P(P2e—|Ue|)(1-2P). (74 positive for the scenarios with the SMA and LMA solutions,

so that the sign of RSY — P2) is the same as the sign of the
term inside the square brackets in Eg7). For the scenario
with the VO solution, the Earth matter effects are negligible:
for Am?~10 10 eV?, the mixing in the Earth matter is
highly suppressed, so that s#i2in Eq. (77) is very small.

If neutrinos cross both the mantle and the core, the para-
metric enhancement of oscillations may occur, which leads
to the appearance of parametric peaks apart from the peaks
due to the MSW resonances in the core and the mabtle
Correspondingly the facto(Y — P{2)) will be a more com-
plicated function of the neutrino energy.

To summarize, the Earth matter effects on thespec-
trum can be significant only for the scenarios with the SMA
or LMA or LOW solutions. Moreover, thed resonance

Heeds to be non-adiabatic in the case of normal mass hierar-

chy.

In general, when the signals from two detectbrs andD 2
are compared, we get the difference of fluxes

FO!—F22~Pyy(1-2P)(PE - PE)(FI-FY), (79

whereP{Y) and P$2) are thev,— v, oscillation probabilities
for the detector®1 andD2 correspondingly.
According to Eq.(75) the Earth matter effect is factor-
ized: it is proportional to the difference in the original and
vy, fluxes, the conversion factét,(1—2P,) inside the star,
and the difference of Earth oscillation probabilitieg, at the
two detectors. Let us consider these factors separately.
(1) F2—F?: Since thev, spectrum is softer than the,
spectrum, and the luminosities of both the spectra are simil
in magnitude{49], the term £2—FY9) is positive at low en-
ergies and becomes negative at higher energies wherng, the
flux overwhelms they, flux. Therefore, the Earth effect has _
a different sign for low and high energies, and there exists a D. Earth matter effects on the v, spectrum
critical energyE. such thath(EC) = FS(EC), where this The oscillation effects are determined by the survival

change of sign takes place. Since the cross section of thggpability of the electron antineutrinog®, at the detector.
neutrino interactions increases with energy, the Earth effectonsiderations similar to those for E@O) lead to
is expected to be more significant at higher energikeall

the ot;]er factors are only weakly sensitive to the neutrino pP=Po(1—P )+ PP, . (78)
energy.

(2) Py(1—-2P,): This factor characterizes the neutrino Then from Eqs(59), (60) and (78), we obtain
conversions inside the staPy can be looked upon as a
suppression factor due to the conversions at the higher reso- FE—F*=(3 ~|u |2)(1_25 )(FQ_ F9) (79
nance. Indeed, in the limit @y — 1, Eq.(74) reduces to the e ¢ te et LA e Txh
expression for the earth effects in the case of two neutrino

mixing: where we have neglected the oscillationsjgfinside the
Earth. Generalizing the result in E(.9), we find the differ-

[PP—ploy=(Pre—|Ue|?)(1—2P)) (76)  ence in the fluxes at two detectdbsl andD2:
which is equivalent to the one used in literat(is®] in the Fgl—ngw(alle)—ﬁ(l?)(l—ZEL)(Fg— F2). (80

context of day-night effect for solar neutrinos. Therefore Eq.

(74) can be looked upon as the Earth matter effect due to thghe Earth matter effects for the antineutrinos are thus also
two neutrino mixing(76) suppressed by a factor 8. The  factorized: they are proportional to the difference in the
mixing of the third neutrino thus plays a major role, making original v, and v, fluxes, the factor of (%23) which de-

the expected Earth effects in the case of supernova neutrings, 1" o the conversions inside the star, and the difference
smaller than those expected in the case of solar neutrinos f )_p) p o L

the same mixing scheme and in the same energy range. If tt& ie — P1e) between the oscillation probabilities inside the
H resonance is completely adiabatic, the Earth effect VanI_Earth for the neutrinos reaching the twq detector;. Notg that
ishes: all thev, produced are converted ig in the star, and due to the abs_e”"e of te resonance in t_he_ antineutrino
the Earth matter effect ong is negligibly smalllas we have Cha”f?e'- there IS No suppression factor similaPtp, Eq.
established through Eq72)]. (79), in the neugrlnoocgse. N )

(3) PSY—PR): If the neutrino trajectory crosses only the  The factor €.—F,) is positive at low energies and nega-
mantle of the Earth, one can use a constant density approxive at high energies. The matter effects then change sign at
mation which gives an energyE. where F%(Ec)ng(Ec). Since the neutrino

cross section increases with energy, the observed effect is
P — PL)~sin 260sin(200,— 20,;) expected to be larger at higher energiésll the other fac-
d d tors are only weakly sensitive to the antineutrino engrgy
D) _SinZ(BH_ (77) In the approximation of a constant density, the factor de-
| pending on the oscillation probabilities inside the Earth is

X

o

m Im
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TABLE I. The values of the survival probabilitigs andafor

P — PP~ —sin267, sin( 2600, — 206,,)
le le e2 SN2 ez ez various scenariog.x,y]| indicates that the value of the survival

[ md [ md probability lies betweenx andy.
x| sir?| — | - sir?| —2| |, (81)
I'm I'm —
p p
where 6} is the mixing angle inside the Earth for the an-|  sya Normal  |U[? 1
tineutrinos. For the antineutrino chanrédh< 6,,<1 for the Inverted P, |Ue3l?
SMA solution anddl, is strongly suppressed by matterinthe ~ LMA  Normal  [Ug|? cos by
— ; 2
VO case. Therefore the Earth matter effects onuthepec- Inverted 3”%92 |U.e3|
trum can be significant only for the scenario with the LMA VO Normal |U_enSZ‘ 2 [sm%;@,co§ fe]
(as well as LOW solution. In this scenario, si2>0 and SMA Ir\r:;/fr::;j hsllJ 0|<§ ,;o] ol |1U93|
sin(205—26.,)<0, so that according to E¢81), the sign of Inverted P, sttt B
(PY—P) is the same as the sign of the oscillation term | A Normal Sir20,P, cc:'§0o
inside the square k_)rackets in E81). _ Inverted  siRd, c0L0.P,
To summarize, in the case of normal mass hierarchy, the ) :
Earth matter effects on thEe spectrum are significant onl VO Normal ~ [|Ugs|?,c0860]  [sirfd cost]
u Ignifi y Inverted [sir6,co6 in2o.P. P,
for the scenario with the LMA solution. The effects are prac- [Siff 0,08 bo]  [sinffoPy coShoPy]
. . — . I SMA Normal Pg 1
tically unaffected by the mixing of; and change sign at an Inverted P 1
. 0 — o — L
energyE. such that~(E.) =F,(E). LMA Normal s, cog6,
Inverted  siffg cogé;
IV. EFFECTS OF NEUTRINO CONVERSION FOR THE VO Normal [sirffy,co086,] [sirt6y,co6s]
MASS SPECTRA WITH NORMAL HIERARCHY Inverted [sirffy,c0€05]  [sinfy,coS0s]

In this section, we shall consider the neutrino conversion
effects for specific 3 schemes with the normal mass hierar- gq_(3). The level crossing scheme is shown in Fig. 5a. Both
chy. The general expressions for the transition probabilitie$he resonances are in the neutrino channel.
and the neutrino fluxes at the detectors are given in Sec. lll, |n this scheme,
where they are expressed in terms of the total survival prob-

abilitiesp andaof electron neutrinos and electron antineutri-

nos respectively. The values pfandp need to be calculated
separately for each specific scheme. Notice that, given a . _ . . .
Scheme, the least known parameteru%3|2_ We shall con- Let us first consider the antineutrino channels. There is no
sider the effects of neutrino conversion in the three possibléesonance here, and the mixing in matter is suppressed. As a
regions Of|U6.3|2: these Correspond to regions |, Il and Ill as Consequenie, the adlabatICIty condition is fulfilled in the
described in Sec. l(see also Figs. 2 and)3. layer and P ~0. Then according to the level crossing

In Table I, we tabulate the values pfandp for all the scheme(Fig. 53, the following transitions occur inside the
cases under discussion. In Table Il, we summarize the inforStar:
mation regardingi) the channels in which the neutronization
peak appears: £ v,” means an almost complete disappear-
ance of the peak from the, channel—this corresponds to a
suppression by a factor ¢b).5|2<0.03, (ii) the qualitative
nature of the finalv, and v, spectra: “soft” implies the
original v, or v, spectrum, “hard” denotes the original,
spectrum, and “composite” signifies a mixture of both the
soft and hard component§ji) the Earth matter effects;
denotes the possibility of significant Earth effects=0”
implies that Earth matter effects are practically absent.

1
|Uai|?~1, |Ugl%= Zsin220@~1o—3. (82

Ve— V1, V'LL/—>V2, Voi—V3.

Using |Ug,|?<1 andP ~0, we get from Eq(60) the sur-
vival probability for v, :
p=|Uel|?(1-Pp)~1. (83
Let us now consider the neutrino channels. The value of
the v, survival probabilityp depends on the region in which
the oscillation parameters of thé resonance lie.
Region | Since theH resonance is adiabatic, the level

crossing scheméFig. 53 leads to the following transitions:
The mass and flavor spectrum of the scheme is shown in

Fig. 6. The non-electron neutrineg, and v, mix strongly in
the mass eigenstates andvs. The electron flavor is weakly
mixed: it is mainly inv; with small admixtures in the heavy At P,=~0, the Eq.(55) gives
states. The solar neutrino data are explained via the small
mixing angle MSW solution, with the parameters as given in

A. Scheme with the SMA solution

Ve— V3, VM/—>V1,V2, Vo—Vq,Vo.

p~|U43/?<0.03. (84)
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TABLE Il. The observable effects of various scenarios (igrthe neutronization peakii) the nature of
final v, andv, spectra, andiii) the Earth matter effects. The interpretation of the entries in the table is given

in the beginning of Sec. IV.

Neutronization Spectrum Earth effects
peak Ve Ve Ve Ve
| SMA Normal ~ vy Hard Soft ~0 ~0
Inverted Ve, Vy Composite Hard J ~0
LMA Normal ~ vy Hard Composite ~0 J
Inverted Ve, Vy Composite Hard J ~0
VO Normal ~ vy Hard Composite ~0 ~0
Inverted Ve, Vy Composite Hard ~0 ~0
Il SMA Normal Ve, Vy Composite Soft J ~0
Inverted Ve, Vy Composite Composite ~0
LMA Normal Ve, Vy Composite Composite J J
Inverted Ve, Vy Composite Composite J J
VO Normal Ve, Vy Composite Composite ~0 ~0
Inverted Ve, Vy Composite Composite ~0 ~0
I} SMA Normal Ve, Vy Composite Soft J ~0
Inverted Ve, Vy Composite Soft J ~0
LMA Normal Ve, Vy Composite Composite J J
Inverted Ve, Vy Composite Composite J J
VO Normal Ve, Vy Composite Composite ~0 ~0
Inverted Ve, Vy Composite Composite ~0 ~0

The flavor transitions are then complete, and independent of The Earth matter effects on the spectrum(75) are sup-

the adiabaticity at thé& resonance.
The final neutrinoland antineutrinpfluxes are

Fe~F$

— 0
Y, Fe~F,, A4F~F2+3F. (85
Note thatv, has the hard spectrunﬁg, while the?e spec-
trum is unchanged, therefo(&, )>(E; ), which is a clear

signal of mixing.

100
= Y%
10-1 - =
B —
v,
102 ATM .
s B
=T / |
4 Vsolar
0t - = =
5
10
Vi \) Y3

pressed by the factor ¢f;~0. Also, since the mixing in the
antineutrino channel is suppressed in matter, the Earth matter

effects on thev, spectrum are negligible. As a result, one
expects practically the same neutritand antineutrinpsig-
nal in all detectors.

Region Il Neutrinos jump partially between the third and
the second levels il region, so that the following transi-
tions occur:

Ve—V1,V2,V3, V,r—V1,V2, Vy—Vq,V2,V3.

y22
The v, survival probabilityp is given by the general formula
(55). The value ofP, and hence the survival probabilify
depends on the neutrino energy, although this depend_ence is

relatively weak, as demonstrated in Figs. 2 and 3. The
spectrum is unchanged while the fing) and v, spectra are
composite.

The Earth matter effects can be observed inithespec-
trum, their magnitude being proportional 8, Eq. (75).
For v, spectrum the effect is negligible.

Region Il No conversion occurs at the resonance, so
that in the star

Ve—V1,V2, V#/HV]_,Vz, Vi— V3.
FIG. 6. Neutrino mass and mixing pattern for the scheme with

the small mixing angle MSW solution of the solar neutrino prob- From Egs.(55) and(82) we get, usingPp~1,

lem. The boxes correspond to the mass eigenstates. The sizes of

different regions in the boxes show admixtures of different flavors.

Weakly hatched regions correspond to the electron flavor, strongly _

hatched regions depict the muon flavor, black regions represent tH20 we have an unchanged spectrum and composiig and

tau flavor. vy Spectra.

p~|Ug|?P +|Ue|*(1—=P)~P, . (86)
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N is a significant v, v, conversion even though the an-
0025 tineutrinos do not encounter any resonances. The evolution is
adiabatic in the antineutrino channel in both tHeand L
layers. The following transitions occur:

Ve— V1, VM!—>V2, Vi— V3.

Using P, ~0, the v, survival probability(60) equals
p=~|Uei|?~cos0; . (87)

Let us consider transitions in the neutrino channels. The
T e W n E resonance is adiabatfig. 4, P, ~0, and from Eq(55), we
get thev,-survival probability

FIG. 7. The Earth matter effects on thg spectrum forPy

=1 and P, =0 in the scheme with the SMA solutionAn? P~|Ugl?Py+|Ues|2(1—Py)
=10"% eV?,sirf26,=10"2). The dotted, dashed and solid lines 2 )
show the number of,—N charged current events when the dis- ~Si 0o Py +|Ues|“(1—Py). (88)

tance traveled by the neutrinos through the mantle of the Earth i

d=0 km, d=6000 km, andi=10000 km respectively. Riotice that, depending on the value Bf;, the v.-survival

probability takes the values between

The Earth matter effects on the spectrum in the SMA
scheme can be significant in regions Il and Ill, where the

factor of Py, is of the order of unity. Indeed, in E¢77), the The fluxes at the earth are determined by &d), with p

value of (Po.—|Ue|?) can be as large as 0'025, In the energy 54y given in Eqs.(88) and(87). Their features depend on
range of 20-40 MeV, where the terfi{—Fy) is also sig- e adiabaticity at thél resonance, which is decided by the
nificant. , , region in which|U |2 lies.

In Fig. 7, we show the, spectrum for different distances Region | The level crossing schent€ig. 50 with adia-

travelled by the neutrinos through the Earth. As follows fromyaiic transitions in thél resonance layer leads to the follow-
Fig. 7, the net effect iss10% even with optimistic values of ing transitions inside the star:

Py, PL andfg,.

|Ugsl?<p=<|Ugl% (89)

Ve— V3, V'LL/—>V1, Voi—Vop.

B. Scheme with the LMA solution ) ) )
_ SincePy~0, we getp~|U|?, and the final spectra at the
The mass and flavor spectrum of the scheme is shown ig 4 tp-

Fig. 8. The solar neutrino data are explained via ihe

—, resonant conversion inside the Sun with a large vacuum Fe~|Uesl?Fo+ (1—|UgsHFI=F?,
mixing angle(4). The level crossing scheme is shown in Fig.
5c. It differs from the previous one by the mixing at the Fg~co§6@F%+ sinze@FS, (90)

resonance. Since the vacuum mixing anggeis large, there
4F ~FQ+ sif 0o Fo+ (2+co 00 F.

100
=\ The?e spectrum is composite: this feature distinguishes the
10-1 ~ o Y Ee— n LMA sche_me from the one vvjth the SMA solution. '_I'hg
v, spectrum is harq, sﬁEye).>(EVe>, as was the case with the
1072 . SMA scheme with an adiabatld resonance.
> = ATM No Earth matter effects are expEcted in thespectrum,
. 103 - since Py~0. At the same time, the, spectrum can show
/ significant Earth matter effects. This is an important signa-
04 L solar | ture of this scenario.
= Region Il The jump probability in theH resonance is
5 substantial and the following transitions occur:
0" - .
Ve— V2, V3, V'LL/—>V1, Vi—Vy,V3.
V1 V2 V3

The final spectra are determined by E6¢) with p given by
FIG. 8. Neutrino mass and mixing pattern of the scheme withEq. (88):
the large mixing angle MSW solution for the solar neutrino prob-
lem. p~sirfioPy.
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Depending orPy, and siff,~|Ug[>~0.2—0.4, the probabil- N N
ity p can take values between 0.02 and 0.4. AN

The final spectra can be written as v

0.025)

0.015 0.2

Fe~sin26@PHFg+(l—sin20@PH)FS, 0.015
0.0t .
0.01

Fe~cog 6o F ot SiP 0o F Y, (91

0003 0.005)

4F ~(1—Sirf 6 Py) F+ sir 6 F o S p

+(3—sirffg+sirf o Py)F2. (a) (b)

FIG. 9. The Earth matter effects da) the v, spectrum andb)

All the v, ve and vy specira are composite. the v, spectrum forP,=1 in the scheme with the LMA solution
. agr Ve H=
The Earth matter effects can be significant for bothithe (Am?=2x10"° eV2,si?26,—0.9). The dotted, dashed and solid

and v, spectra. The effects on the, spectrum areé Sup- jines show the spectra of the number of N charged current

pressed moderately by a factor Bf; . events when the distance travelled by the neutrinos through the
Region Il HereP~1, so that according to E@88), p  earth isd=0 km, d=4000 km, andd=6000 km respectively.

~|Ug,|?~0.2—0.4. TheH resonance is inoperative, and the

following transitions occur: manifest itself as a dip in the final spectrysee Fig. 9, and

this spectral distortion can indicate the presence of signifi-

cant Earth matter effects, even with the spectrum observed in

only one detector.

Ve— V3, V,r—Vi, Vp—V3.

"

Then we havep=sirfd, and p=cos6,. All the three

spectra—v,, v, andv,—are composite.
SincePy~1, the Earth matter effects are expected to be
significant for bothy, and?e spectra. The mass and flavor spectrum for the scheme is shown in
Let us consider in some details the Earth matter effect&ig- 10. The solar neutrino data are explained via the vacuum
which can give important signatures of the LMA scheme.oscillations withAm?~10"1° eV? and a large mixing be-
For thev, spectrum the effect can be significant in regions I1tweenve and a combination of,, and v, Eq. (5).

C. Scheme with the VO solution

and IlI. InsertingP, =0 into Eq.(77), we get The level crossing scheme is shown in Fig. 5¢c, where the
resonancé is close top=0. It may occur in the neutrino or
Fo—Fe~Pu(Poe—|Ueal?) (FI-FY). (920  antineutrino channel. Depending on the details of the density

profile in the star at low densities, it lies either in the non-

Using the constant density Earth approximati@i) we es-  adiabatic regior(so thatP, ,P, ~1) or in the transition re-
timate that the factorR,.—|U.,|?) can be as large as 0.3 in gion.

the energy range of 20-50 MeV. Let us first consider the antineutrino channel. According
Similarly, for the antineutrinos, we get to the level crossing scheme, we get the transitions
D (B 0

Fe—Fe=(Pie—|Uea|)(Fe—F)). (93 4
In the antineutrino channel, the effect can be significant in all |
h : 0 e here | . q =V,
three regions o), since there is n®y suppression, an ,
again the factor P,.—|U|?) can be as large as 0.3 for 10" v, ]

energies around 20-50 MeV. -
In Fig. 9, we show thev, and v, spectra for different Ve

distances traveled by the neutrinos through the Earth. The 10 ATM

sign of the Earth effed92),(93) is determined by the sign of

(F3=F9) in the neutrino channel and~f—F?2) in the an-

tineutrino channel. The effect changes signEatE. (E

=E,) for the neutrinogantineutrinok as described in Sec. ;

Il C (Sec. Il D). SinceP,.=|U,|? andP1.=|Uw|? Egs. i g} -

(92 and (93) imply that the Earth effect results in the en- =n |

hancement of neutringantineutring signal for E<E,. (E

<EC) and the depletion of the signal f&>E_ (E>Ec). 10-6 v v v

Since the cross section of the neutrino detection interactions 1 4 3

is larger at higher energies, a significant reduction inithe FIG. 10. Neutrino mass and mixing pattern of the scheme with

(ve) flux is expected at energies greater tlaN(E.). It may  the vacuum oscillation solution for the solar neutrino data.

m, eV
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— — — - — _ m, eV
Ve—V1,V3, VMIHVl,Vz, Voi— V3.
- 10-1 - ~
The final fluxes are given by E¢5) and forp we get, from = v, T
Eq. (60), 102 F [ Y _
_ _ _ v
p=c00o(1—P,)+sinf,P, . (94) 3
- 105 = ATM B
This implies that the value op lies between cd®, and 7
sirfé,, and thev, spectrum is composite. 10~ 7
The fluxes in the neutrino channel depend on the region in Veolar
which the oscillation parameters of theresonance lie. 107> - - = |
Region | TheH resonance is adiabatic, and the following El
transitions occur in the neutrino channel: 10-6
v v, vV,
Ve— V3, V,—Vq1,Vp, Vo—V,Vp. 1 2 3

FIG. 11. The neutrino mass and mixing pattern of the bi-

SincePy~0, from Eq.(55) we get maximal mixing scheme.

p~|U93|2SO.03. Bi-maximal mixing scheme

The v, then has the hard spectrum of the origingl The An extreme case of the VO scenario is the bimaximal

observed features of the final fluxes are the same as those inixing scheme[52]. The mass and flavor spectrum is as

the scheme with the LMA solution and an adiabaficeso- ~ shown in Fig. 11. Herev,, and v, mix maximally in v,

nance(90). - =(v,+ v)\2; in tumn, the orthogonal combinatiom,,,
The Earth matter effects are small for both theandv,  =(v,— v,)/\/2 mixes maximally withv,. In this scenario,

spectra, since the mixing angle, is suppressed in the Earth Ue3=0. The mass eigenstates are then
matter.

Region Il Jump probability in théd resonance is substan- Y1~ (Ve™ vu)N2, vo=(vet v )IN2, va=vy.
tial, so that the transitions inside the star are The following transitions take place:

Ve—™V1,V2,V3, Vyr—V1,V2, Vi—Vq1,V2,V3.

M Ve—Vq1,V2, V,r—V1,Vo, V,i— V3,

)%

From Eq.(55), we can infer e
Ve—V1,V2, Vyr—V1,V2, Vi — V3.
|Ugs?<p=cogb,, (95 , — — o

The mass eigenstates and v, (v, andv,) arriving at the
where the lower bound correspondsRa=0, whereas the Earth are observed with equal probability as electron or non-

upper bound is foP, =P, = 1. All the three spectra are then €lectron neutrinos. The expected fluxes are then

composite. _ 0 0

- The Earth matter effects are small for both theand the Fe=(112Fc+(112)F,,

v, Spectra. — 0 0

Region 1l Since theH resonance is completely non- Fe=(1/2)F+(1/2)Fy (98)
adiabatic, the neutrino transitions take place.inesonance B 0 0 0
region only: 4F,=(1/2)F ¢+ 3F;+ (112 F.
Ve—V1,V, V= Vi,Vp, Vpo— V3. The v, and?e spectra are composite with the soft and hard

components in equal proportions. Thg spectrum has a

From Eq.(55) we get, forPy~1, higher average energy than the spectrum, but the high

energy tails of both the spectra are identical.

~|Ug|?PL+|Ugl?(1—P —
P~ [Uerl"PLt |Ueal 2 The Earth matter effects are small for both and v,

~C0oS 0P +sifb(1—P)). (96)  spectra due to the small value A3 ~10"1° eV2.
Thus, V. CONVERSION PROBABILITIES AND NEUTRINO
Sinzﬂ@S p$CO§ 0o, 97) FLUXES WITH THE INVERTED MASS HIERARCHY
. . In the case of the inverted mass hierarc¢hg), the mass
and all the final spectra are composite. eigenstates; and v, are heavy and degenerate, whereas the
__The Earth matter effects are small for both theand the  third statev, is much lighterm;~m,>m; (see e.g. Fig. 12
Ve SPectra. for the scenario with the SMA solutipn
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10 P=Uet|*Pr(1—Py) +[Ues"PuPL+|Ues| (1 Pyy).
(102
10-1 N _ [Here we have also averaged out the interference effects be-
5 tween the mass eigenstates, so tha‘g the three terms in Eq.
E ] \ (102 correspond to the three mass eigenstates. B
10.2 L solar i Let us consider the Earth matter effects on theand v,

spectra for the inverted mass hierarchy. Since there isl no
resonance in the neutrino channel, the Earth effects for the
3| = Ve | inverted hierarchy are the same as those described for the

m, eV

10 o normal mass hierarchisee Sec. Il ¢with P;=1:
u
o - i FOI-_FD2< (P —py(1—-2P ) (FO-F9). (103
The matter effects are significant for the scheme with the
-5 LMA solution. The suppression factor &, [which was
10 Vi v, V3 present for the normal mass hierarchy—see (£6)] is now

absent, so the Earth matter effects can be larger than in the

FIG. 12. The neutrino mass and mixing pattern for the scenarigase of the normal mass hierarctsge Fig. 9a
with inverted mass hierarchy and the SMA solution for the solar The Earth matter effects on the antineutrino spectra can
neutrino problem. be calculated as follows. Using the same arguments as for

Eqg. (102, we find the survival probability 0?6 at the detec-

As shown in Figs. 5b and 5d, the resonance is in the tor

antineutrino channel, whereas theresonance lies in the

neutrino channel for the SMA and LMA solutions. In the S — U — —

case of the VO solution, thie resonance can be in either the P~ =P1ePu(1=PL)+PaePyP L+ Pae(1—Py).

neutrino or the antineutrino channel. (104
Like in the case of the normal mass hierarchy, the fluxe

at the Earth can be written in terms of the survival probab|I|srhen Eqs(102) and (104 give

tiesp andp of v, and v, respectively, as given in Eq64).

Let us find the expressions for the survival probabilities

andp. | . +(Pae—|Ues)(1-Py—PyPY), (109
As follows from the level crossing schen(Eigs. 5a and

5d), the matter eigenstates in the high density regipn ( \yhere we have usedP.

ED_E: (Ele_ | Uel|2)(1_ ZEL)EH

.«=1. Sincew, oscillates inside the

>pu,pL) are Earth with a very small deptfinequality (73) is valid with
Vim=V,r s Vom=Ve, Vam=Vs, (99)  Pse replaced byPs], the second term in Eq105 can be
neglected. Therefore, finally we get
Vim=Vyry  Vom=Vyrs  Vam= Ve. (100 _ _
oo e | FO!—F2~ Py (P - P2)(1-2P ) (FI—F).
The statev,, which coincides withv,,, in the production (106)

region, crosses thid-resonance layer adiabaticallgince the

resonance is in the antineutrino channel and the mixing in The Earth matter effects on the, spectrum for the in-
the neutrino channel is smalland reaches the layer as  yerted hierarchy are then the same as those described for the
vom - It reaches the surface of the Earthigswith the prob-  ormal hierarchy in Sec. Il C, but further suppressed by a

ability P, and asw, with the probability (-P,). Then factor ofEH . Significant effects can be observed only with

= U 12P, +|U2(1—P, ). 101 the LMA scenario and when thél resonance is non-
p | e1| L | ez| ( L) ( ) adiabatic.
The statev,, which coincides withv,,, in the production The Earth matter effects on both, and v, spectra are

factorized, as in the case of the normal mass hierarchy. They

are proportional tdi) the difference in originab, (v¢) and
v, fluxes, (ii) a factor which determines the conversion in-

region, flips to?lm in the resonance regidf with the prob-

ability E,_ Depending on the parameters of the solar neu-
trino solution, the propagation of the antineutrinos in the
L-resonance regioﬁpe 2egrp=0) may or may not be adia- side the star, andii) the difference of the oscillation prob-

. . . . . abilities inside the Earth.
batic which is described blp, . Computing the probabilities \stice that the expressions for the Earth matter effects in

of transitions ofve to v, v, v3 and performing projection of  the inverted mass hierarchy case, E4€3),(106), have the
the result back onta>e back we gefsimilarly to Eq.(55)]the = same form as the expressions in the normal h|erarchy case,

survival probabilityp for the v, Egs.(75),(80), with the substitutionv— v, P« P.
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Let us now calculate the values of the survival prObablll-g|b|e They are Suppressed by the factorp(pf,\,o and fur-
tiesp andp for the three scenarios with the SMA, LMA and ther by the small mixing of the antineutrinos in the earth
VO solutions for the solar neutrino problem respectively.matter.

Within each scenario, the final spectra would depend on the Region Il Taking into account jumps of statesktreso-
adiabaticity of antineutrino conversions in thkresonance nance we get the following transitions:
layer, i.e. on the value dlUg|?. e

We shall consider the effects of neutrino conversions in Ve V1,V3, Vy—Vp, Va—Vp,V3.
three possible regions ¢ .|2: regions I, 1l and IIl as de- -
scribed in Sec. Il E. WheflU |2 lies in region IlI, i.e. when  InsertingP, ~0 in Eq.(102), we find
the H resonance is inoperative, the resulting final spectra for o o
a given solar neutrino solution are the same as those obtained p~PycoSho~Py,.
in Secs. IVA, IV B and IV C for the normal mass hierarchy
with the same mixing parameters. Therefore, we need to corAll the three spectra are then composite.
sider only the cases whebl .3|? lies in region | or II. The Earth matter effectd 03 are small,<10% (see Sec.

IV A) for v, and negligible for thev.
A. Scheme with the SMA solution

The characteristics of the, spectrum are independent of B. Scheme with the LMA solution

the conversions at thd resonance laydsee Eq(101)]. The The neutrino transitions at tHe resonance are adiabatic,
L resonance is in the transition region so that partial jumpso that the following transitions take place according to the
from one level to another occur. As a consequence, from thievel crossing schem@-ig. 50:

level crossing schemi@-ig. 5b), we get the following transi-

tions: Ve—Vp, Vy—Vi, Vy—V3.
Ve—V1,Vp, Vy—Vi,Va, Vpy—V3. InsertingP, ~0 in Eq.(101), we get
(U e sir2 0 9
Neglecting terms proportional to the small,|? in Eq. p~[Uep|*~sin’65~0.2-0.4,

(10D, we get and consequently, the, spectrum is composite:

p~PL. Fe~si0oF2+coo,F?.

The ve spectrum is thus composite. Let us examine the finab, spectrum. The antineutrino

Let us now examine the finat, spectrum. Since theé  transitions in thel resonance region are also adiabatic, so
resonance is in the neutrino channel, the antineutrino transihat P_~0. Conversions in thed resonance region, and

tions in theL resonance layer are adiabatic, so tRat=0.  erefore the characteristics of the final spectrum depend
The characteristics of the final, spectrum depend on the on|U 4|2

region in which the value 0|er3| lies. o Region | Here theH resonance is adiabatic and we get the
Region | The following transitions take place inside the following transitions:
star:

Ve— V3, V'ur—>V2, Voi—Vq.

Ve— V3, VMI—>V2, Vop—Vq.
SincePy~0, Eq.(102) gives
For P,~0, Eq.(102 gives _
p~|U.3/%<0.03,
P~|Ug3/2<0.03. _ ,
and consequently, the, spectrum is then almost completely

The final7e spectrum is then almost completely the original the original hard spectrum of,

hard spectrum ob, : F;%th)_

E“FS- The features of the final spectra are the same as those of the
scheme with the inverted mass hierarchy and SMA solution

The v, spectrum is practically the same as the original hardWith [Ucs|? in region ).

spectrum ofv, , whereas the final, andv, spectra are com-  The Earth matter effects on the spectrum(103) can be
posite. significant, as can be seen from Fig. 9a. In contrast, the Earth

The Earth matter effects on the, spectrum(103) are effects on the7e spectrum(106) are negligible: they are

small, =10% (see Sec. IV A but still may be observable. suppressed by the factor Bf,~0 and by the small mixing
The Earth matter effects on the spectrum(106) are negli-  of the antineutrinos in the Earth matter.
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Region Il The transitions in théd resonance layer are The features of the final spectra are the same as those of the
incomplete and therefore according to the level crossinggcheme with the inverted mass hierarchy and SMA solution
scheme we have (with |Ueg/? in region II).

The Earth matter effects on both, and v, spectra are
negligible.

Let us summarize the results. Some salient features of the
final spectra with the inverted mass hierarchy are the follow-
ing:

(i) The neutronization peak contains boily and v,

The features of the final spectra are the same as those of the  flyxes, in all the scenarios.
scheme with the inverted mass hierarchy and SMA solution (") The final Ve Spectrum is Composite in all scenarios.

Ve—V1,V3, VMI—>V2, Vo—V1,V3.

InsertingP, ~0 in Eq.(102), we get

E”EH|Ue1|2:EH00529® .

(with |U |2 in region I).
The Earth matter Effects can be significant both inthe
Eqg. (103, and in thev,, Eq.(106), channelgsee Fig. 9.

C. Scheme with the VO solution

The conversions in thel resonance layer does not influ-
ence v, flux. In the L resonance layer the adiabaticity is
moderately brokenP #0. From the level crossing scheme
(Fig. 50, the transitions taking place inside the star are

The characteristics of this spectrum are independent
of the oscillation parameters in the resonance re-
gion.

(iii) The final v, spectrum is composite in all scenarios.

(iv) When the value ofU .3|? lies in region I, the finab,
spectrum is almost the original hard spectrunvof
For |Ugs|? in regions Il and lll thev, spectrum is
composite.

(v) The Earth matter effects on the spectrum can be

significant for the scheme with the LMA solution,

Ve—V1,Vp, Vyr—V1,Vp, Vo—V3. marginally observable for the scheme with the SMA
. Eq.(101 . solution and negligible for the VO solution.
rom Eq.(101), we ge (vi) The Earth matter effects on thg, spectrum can be
Siff,<p<cofé significant only for the scheme with the LMA solu-

tion, and when the antineutrino transitions at the
resonance are not adiabatic. In all the other scenarios,

the earth matter effects an, spectrum are negligible.

(vii) When the value ofU;|? lies in region lll, the final
spectraincluding the Earth matter effects on them
are indistinguishable from those obtained with the
scheme having the same oscillation parameters but
the normal mass hierarchy.

and since sifg,>0.3, we getp=0.3—0.7. Ther, spectrum
is thus composite.

Let us now examine the fina_Je spectrum.
Region | Because of adiabaticity in thél resonance
layer, the following transitions take place:

Ve— V3, VMV—7V1,V2,

Voi—V1,Vp.

Here P,~0, and from Eq(102 we get V1. SIGNALS OF MIXING AND SIGNATURES

— OF MIXING SCHEMES
p~|U3/2<0.03.

L The future detection of a supernova neutrino burst by the
The v spectrum is then almost completely the original hardunderground neutrino detectors has been discussg6i3in

spectrum ofy, : 56]. For a typical supernova at 10 kpc, about 50Q@vents

_ 0 are expected to be detected at SK and a few hundred events
e~Fx. each in SNQ[57], LVD [58] and MACRO[59]. These de-

The features of the final spectra are similar to those of théectors can reconstruct the energy Of_ the ou_tgomg charged

scheme with the inverted mass hierarchy and SMA solutiof€Pton from theve-p charged current interactions. SK and

(wWith |Ugs|? in region : the v, spectrum is composite SNO can also observe the direction of the charged lepton. In

Whereas theje spectrum is purely hard. addition, SNO can detect, and reconstruct its energy

— through thev.-d charged current interaction inside tBgO.
ne;—l?geibtlaearth matter effects on boih and v, spectra are  The feasibility of measuring the absolute values of the neu-

. . L . trino masses through the time-of-flight delays has been stud-
Region _Il The adiabaticity is moderately broke_n_ both in ied in [13,60-62. Here, we concentrate on the features of
the H and in thel. resonance layers and the ransitions pro-yhe final neutrino spectra that are relevant for identification

ceed as of the neutrino mass and flavor spectrum and elaborate on
the effects that can be observed in the earth detectors.

Ve—™V1,V2,V3, V'ur*)Vl,Vz,

Vi—V1,Vp,V3.

Correspondingly Eq(102 gives A. Neutronization peak
o . . The neutronization peak can be identified as the burst in
p~Pu[cogbs(1—PL)+Ssirfo,P,]. the neutrino signal during the first few milliseconds. If there

033007-19



AMOL S. DIGHE AND ALEXEI YU. SMIRNOV PHYSICAL REVIEW D 62 033007

iS no neutrino mixing, the neutrinos will be predominantly for high enough energ¥;,; (energy greater than the peak
ve. Let the expected ratio of the number of charged currenenergies of the specfraHereN;(E>E,,;) is the integrated
(CO) events to the number of neutral currdiNC) events number ofy;—N charged current events above the energy

during the burst be Eiail -
NCC The observation of the high energy ends of tlgeandze
RE= —c spectra, where the co.n?ributions due to the originagdnd v,
N fluxes would be negligible, allows one to measure the con-

tribution of the original hards, spectrum to the finab, and

If neutrino conversions transform somginto »,, the num-  »,_ spectra.
ber of charged current events decreases while the number of Important conclusions can be drawn from the studies of
neutral current events remains unchanged. Then, the olke ratio
served value of this ratio IRB<R].
When the value ofU |? lies in the region | in the case of
; : e i Ne(E>Eiail)
the normal mass hierarcligo that the neutrino transitions in R(Eaj))= ————— (110
the H resonance layer are adiabatithe v, flux, and hence Ne(E>E..i1)
the number of charged current events, gets suppressed by a

factor of ~|U3|? (see Secs. IVA, IVB, IV (. asEyy increases
al .

(1) R(E;ai))—. This indicates that the tail of the,
spectrum extends to significantly higher energies than that of
the v, spectrum. This will testify forve— v, conversions.
Moreover, it will be a clear signal that tI‘Ee<—> vy conver-
The observation oRg>0.03 RE would then point against sions are negligible; i.e., the, spectrum is the original soft

|Ugs|? in region | for the normal mass hierarchy. According Spectrum. This would be an indication 6f the SMA solu-
to Eq. (40), this will allow us to put an upper bound on the tion in the conventional hierarchiBec. IV A) or (i) highly

RB
E~|ueg|2so.03. (107)
0

mixing parametefU g|?: non-adiabaticH transitions with the SMA solution in the
inverted hierarchy(Sec. V A). If the mass hierarchy is
|Ug2=3% 1074 (109 known to be an inverted one, then this signal indicates that
o3 °= .

the value of|Ug|? lies in region Ill. From Eq.(41), we
obtain a very strong bound on the parameteég,|2:
B. (E) inequalities and high energy “tails”

In the absence of mixing, one should obsex, ) 4|U52<107°. (111
<(EJ,)- The inversion of this inequality, i.€E, )>(E; ),
is the signature of the conversion. It implies that the con- (2) R(E¢4j;) —0. Notice that the limiR(E,,;)— 0 would

tribution of the converted original hard, spectrum to the be true in the absense of any neutrino conversion at all or in
final v, flux is significantly larger than its contribution to the the absence of conversion of the electron neutrinos. This
final je flux. situation is not realized in any of the scenarios we have dis-

In the case of the normal mass hierarchy, the inverteg¢ussed. The observation &(E,;)—0 would exclude all
inequality for(E) will be observed when the transitions in the scenarios under consideration and thus testify for the so-
the H resonance layer are adiabatic. The observation of thi#ition of the solar neutrino problem which differs from the
normal inequalitf E, )<(E, ) can exclude this scenario. MSW or VO solutions. Another possibili_ty coulq be related

In the case of inverted mass hierarchy, the adiabatic trarf® & cOmpact star with a very sharp density profile, so that the
sitions in theH resonance layer preserve the original in- L resonance is in the non-adiabatic region. In this case, the
equalities for(E): (E, Y<(E; ). Therefore, an observation _solar sol_utlon has to_be SMA and theresonance has to be

. . e e . . Inoperative for neutrinos.
of the inequality(E, )>(E; ) rules out the scenarios ;NhICh (3) R(E,a)—const. This would testify for the contribu-
have the inverted mass hierarchy with the valuglbfy|* in 4 of the originalv, to both finalv, and, spectra. More-

region |. If the mass hierarchy is ",”F’W” to be the invzertedover’ the value of the constant will give us information about

one, an upper bountl08) on the mixing parametgi o3| the mixing parameters.

can be obta!ned.. _ _ In principle, the spectra of, can be reconstructed by
The relative difference of the., v. and v, spectra is  having a series of neutral current detectors with different

especially significant in the high energy ertiils” ) of the  thresholds. Thes, spectrum will always have a dominating

spectra, where the fluxes decrease equnentlally with the INhard component. Therefore, the Comparison of the h|gh en-

crease of energy. In the absence of mixing, one expects ergy tails of thev,, v, with that of v, can directly give the

No(E>Eq) No(E>Eqqi) measure of the hard component of thg, v, spectra. Thg
<l N(ESE <1 (109 ability to measure the, spectrum would also be useful in
Ne(E>Etail) x(E>Eait) order to check for the presence of sterile neutrif@s
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N 2 Clearly, it will be difficult to observe broadening of spec-
/B tra, if the mean energies of the original spectra are very
l /\ close, or if one of the original spectrum dominates in the
A\ final mixed spectrum.
0.8 HEos o\ The observation of broadening of thg spectrum would
! W\ point against an adiabatld resonance in the normal hierar-

0.6 ;' c \\\ chy (see Secs. IV A, IV B, IV @. This would imply a strong

! : \ upper bound108) on the value ofU |?.

! -

0.4r I The observation of broadening of the spectrum would
/
I

[}
'/ \ be a strong indication against
0.2 N, (i) the SMA solution with the normal hierarch{Sec.
N E IVA),
’ T \""2;‘ 1 B (ii) completely adiabati¢d transitions in the case of in-
verted hierarchySecs. VA, VB, V Q, and
FIG. 13. The number of—N charged current events f6A) a (iii) highly non-adiabatidd transitions for the SMA solu-
Fermi-Dirac spectrumT=3,7=0) (the solid ling, (B) a pinched tion with the inverted hierarchySec. V A.

spectrum T=3,7=3) (the dotted ling and(C) a mixture of two
pinched spectraT=3,7=3 and T=8,7=1 with E;,=5 MeV)  |n particular, if the mass hierarchy is inverted, the broaden-

(the dashed line ing of v, spectrum indicates that thid resonance is not
completely adiabatic. This gives a strong upper bo(lri8)
C. Identification of a composite spectrum on |Ue3|2-

If both the v, and v, spectra are established to be com-
posite, then the upper bouritio8) on |U 4|2 holds irrespec-
tive of the type of mass hierarchy.

The final v (79) spectrum can be qualitatively divided
into three types(a) the original “soft” spectrum of thev,

(79) [corresponding to the survival probability=1 (E
=1) which would be the case in the absence of convetsion
(b) the “hard” original spectrum ofv, [corresponding to the D. Earth matter effects

survival probabilityp=0 (p=0) which would be the case = The Earth matter effects can be observed through the
when there is a complete interchange of spdcad(c) the  comparison between the spectra at two detectors or through
“composite” spectrum, which is a mixture of the original the studies of the distortion of a spectrum in one detector
soft and the hard spectra in comparable proportions. (see Figs. 7 and)9
In order to distinguish betwee@) and (b), the values of The Earth matter effects are significant in the neutrino
“temperatures”(or average energigsf the original spectra  channel only in the cases @fi normal mass hierarchy with
need to be known or the, and v, spectra have to be com- the SMA or LMA scenario and a non-adiabaticresonance,
pared(as in Sec. VI B. A composite spectrum may be iden- (i) inverted mass hierarchy with the SMA or LMA scenario.
tified without the knowledge of the initial temperatures andIn the antineutrino channels, significant Earth matter effects
independently of the observation of the other spectrumare observedSec. Ill D) only with (i) normal mass hierarchy
through the “broadening” phenomenon. with the LMA scenario,(ii) inverted mass hierarchy with
As described in Sec. Il A, the instantaneous original neuLMA scenario and a non-adiabatit resonance.
trino spectra have a narrower energy distribution than the
Fermi-Dirac ong(see Fig. 1 The mixing between two neu- VII. IDENTIFICATION OF THE MASS SPECTRUM
trino species with different mean energies gives rise to an

effective broadening of the spectrufsee Fig. 13 so that i )

the final spectrum need not be pinched even though the twdPlar and atmospheric neutrino data, one can make rather

individual original spectra were pinched. In other words, the'€liable predictions of the conversion effects for supernova
neutrinos. The predictions differ for different schemes,

effective » for a mixed spectrum may be negative even ™~ . L S
though the individualy,'s of the constituent spectra were WNich opens up the possibility of discriminating among them
ing the data from the neutrino bursts.

Th f th heck
positive. The broadening of the spectrum can be checked bk}SWe have studied the manifestation of the conversion ef-

fitting the final spectrum with the parametdrsand 7, , Eq. - . A
o . fects in(i) the flavor composition of the neutronization peak:
(7), and establishing the sign af; . h i effect here is th ial | h f th
Note that the “pinching” phenomenon is established in a alhe main effect here Is the partial or complete change of the
vaor of the peak. This can be established by the comparison

model independent manner only for a constant mean ener kthe detected by ch 4 t and ral ¢
of the spectrum. A considerable variation in the average en € Tluxes detected by charged current and neutral curren

ergy of neutrinos of a given species during the cooling phas!;pteractlons durlng the neutronization bur§t) Modifica-
could be responsible for the broadening of the time intelions of theve and ve spectra: here one expects an appear-
grated spectrum even in the absence of mixing. Therefore, iance of hard or composite, and/or v, spectra due to mix-
order to establish the broadening due to mixing, it is cruciaing, instead of their original soft spectra. One can identify
to study the spectra in short intervals of time. these effects of mixing by studying the average energies of

We show that with the 8 schemes which explain the
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spectra, the tails of spectra, and searching for the widening of (B) Pure v,-neutronization peak, hard, spectrum, and

the spectrafiii) Earth matter effects: this can be done by compositer, spectrum. This implies normal mass hierarchy,
detalled_ studies lof the shapes of'the_energy spectra or by tl]\ges|z in region I, and two possible,, solutions, LMA or
comparison of signals observed in different detectors. v 'The observation of Earth matter effects can distinguish
The final spectra ofe andve can be characterized by the petween these two possibilities. For the LMA solution, the
values of the survival probabilitigsandp respectively. The  Earth effects will be present in the, channel and absent in
conversion probabilities depend significantly on the value of,e ve channel.
|Ugsl?. We have divided the whole range of possible values (C) Mixed (v
of |Ugs|? in three regions I, 11, and Ill, and have made defi- °

nite predictions in each of these regions. Table | gives th ! . . N .
values of the survival probabilities for the neutrino massreal'zed in the three different cases: SMA solution, nor-

spectra under discussion. mal mass hierarchy, and|? in region 11, (i) SMA solu-

The qualitative features of the final neutrino fluxes fortion, normal mass hierarchy, bitt)s|® in region Il (iii)
various neutrino mass spectra, obtained in Secs. lll—V, ar8MA solution, inverted hierarchy|Ug|? in region III.
summarized in Table II. Let us first make some general obClearly such a configuration is the signature of the SMA
servations from the table. solution of thevy problem. The earth matter effect is ex-

(1) The complete disappearance of theneutronization —Pected to be weaker in the cag
peak(strong change of its flavpand a pure hard spectrum (D) Mixed (ve,v,) flavor neutronization peak, composite
of v during the cooling stage always appear together. Theip, spectrum, composite, spectrum. This combination of
observation will testify foilUg|? in the region | and normal observations can be realized in many casBsSMA solu-
mass hierarchy, irrespective of the solution of the solar neution, inverted hierarchy|U.|? in region I, (ii)—(v) LMA

v,) flavor neutronization peak, composite
&e Spectrum, and soft, spectrum. This configuration can be

trino problem. solution, normal or inverted hierarchiy .3|? in regions Il or
(2) A pure hardv, spectrum is the signature of the in- Ill, (vi)=(ix) VO solution, normal or inverted hierarchy,
verted mass hierarchy afid |2 in the region |, irrespective |Ues|® in regions 11 or lIl. Studies of the Earth effects can
of the solar neutrino solution. give an important criterion for discriminating between the
(3) A soft v, spectrum can appear only in the schemeg2POVe cases: they are absent in the VO cagps(ix) and
with the SMA solution of the solar neutrino problem. should be observable in the channel but not inve channel
(4) The observation of any Earth matter effects will rule in the SMA case(i). In the LMA case, the Earth effects are
out the scenarios with the VO solution. expected both in the, and v, channels. Here a further dis-
(5) The Earth matter effects im, spectrum will be the crimination can be done betwedi)—(v) by studying the
signature of the LMA solution. degree of compositness: in the case of normal hierarchy one

(6) If the Earth matter effects are observed in the neutrind@xpects stronger effects in the neutrino channel.
channels but not in the antineutrino channels, we either have (E) Mixed (ve,vy) flavor neutronization peak, composite
the normal mass hierarchy withl 5|2 in region Il or Ill, or ve Spectrum, hard, spectrum. Such a combination of ob-
the inverted mass hierarchy. servations is realized with inverted hierarchi,qg|? in re-

(7) If the Earth matter effects are significant in both the  gion I, and SMA or LMA or VO solution. That is, the com-
and v, channels, the solar neutrino solution is LMA and bination does not depend on the solution of the problem
|Ugsl? lies in region 11 or 1l and turns out to be the signature of the inverted mass hier-

Let us now systematically consider all the possible com-archy. In the cases with SMA or LMA solutions the Earth
binations of the observations. In general, the “observations”effect can be observed in the, channel only. No Earth
consist of the following features of the spectra: effect is expected in the VO case.

No other combination of the observables is realized in the

(i) The flavor of the neutronization peak can be eithermixing scenarios under disussion.

mixed (ve,vy) or (almos} completely changedif). Establishing the region in whichU |2 lies is equivalant

(i) The v, spectrum at the cooling stage can be eitherg giving bounds on the value of this mixing parameter,

hard or composite. which correspond to the borders of the region. The borders

(i) The v, spectrum can be of all possible types: softdepend on the precise density profile of the progenitor and

(unchangey hard, composite. can vary within a factor of 2—3. Thus, from SN data we can
(iv) The Earth matter effects can be absent completely oget bounds ofU 3|2 with an uncertainty of a factor of 2—3.
observed in one of channels{ or v,), or observed In principle the value ofU|* can also be measurgegain
in both channels. within a factor of 2—3 in the transition region where the
effect (survival probability depends substantially dds.

The following conclusions can be drawn from the combi- ObservationgA), (B), and (E) above establishU | in
nations of the above observations: region |, thus giving a lower bound dUg|?=3x10 *.

(A) Completely changed flavom) of the neutronization OpservationgC) and (D) establish/U |2 to be in region II
peak, hardv, spectrum, and sofi, spectrum. This configu- or Ill, thus giving an upper bound ¢t) .3|><3x 10 *. The
ration can be realized in only one case: normal hierarchyupper bound obtained in the case of observati@sand(D)
SMA solution of thevg problem andU.|? in region I. is more than an order of magnitude stronger than the one the
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long baseline experiments are planning to achieve. The ob- The implications of results of this paper will depend on
servation of the broadening of both tig and?e spectra, or When neutrino burst from the Galactic supernova will be de-

significant Earth matter effects on both theand v, spectra  tected. _ _
are sufficient to establish this bound. A number of results can be obtained from other experi-
A number of possible observations can rule out all theMents unrelated to the supernova neutrinos. Clearly, all the
scenarios under discussion. The observatiofapé purev, schemes considered above will be rejected if sterile neutrinos
neutronization peak antb) a soft v, spectrum during the Will be discovered in the oscillations of solar or atmospheric
cooling stage is not possible with any of these neutrino masBeutrinos, or if the LSND result will be confirmed. In this
spectra. The pairs of observatiofa pure v, neutronization case, one will be forced to consider the schemes with sterile
peak and a composite, spectrum,(b) mixed flavor neu- neutrinos[9].
tronization peak and a pure hargd spectrum, andc) a hard On the other hand, there is a good chance that within

spectrum for bothw and . are also fatal for all the sce- S€veral years existing and future experiments will allow us to
narios. € € identify one of the solutions of the solar neutrino problem

The final neutrino spectra can thus help in resolving thregonsidered in this paper. This will significantly diminish the

kinds of ambiguities that remain to be resolved with the cur"umber of possible schemes and will allow us to further

rent data:(i) the solution of the solar neutrino problefi) sharpen the predictions of the effects for supernova neutri-

the type of mass hierarchgign ofAm?), and(iii) the value ~ NOS:
of |Uyr3>|2 "3ig ) (i) The purpose of this paper was to indicate the effects
e3l®.

The difference in the “temperatures” of the originaj, Whl_ch can in principle testify f_or neutrino conversions and
> and trai il i f the ob i various features of the neutrino mass and flavor spectra.
Ve anadwy speg r? Isthe'l Cruf_'al‘ |ssu$] as far as tt? observa '_Onélearly, further detailed studies are needed for specific de-
aré concerned. In this article we have given the expressiong g g 1o clarify the detectability of the discussed effects and

for the final spectra in terms of undetermined values of thesrf-0 conclude how far we can go in the program of identifica-
temperatures, and have given the qualitative features of tht?on of the neutrino mass spectrum

final spectra. The data should eventually be analyzed in
terms of not only the oscillation parameters, but also the
temperatures as free parameters. This will lead to the deter-
mination of temperatures of the spectra directly from the
data. If a substantial temperature hierarchy is present within One of us(A.D.) would like to thank K. R. S. Balaji, J.
the (ve—wy) or (ve—vy) pair, the effects of broadening of Beacom, J. Lattimer, G. Raffelt and K. Uryu for discussions
the spectra and the Earth matter effects may be more pr@and useful comments. He would also like to thank The Ab-
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