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Abstract

The high-statistics obsenation of the neutrino signalfrom a future
galactic supernova (SN) may be usedto discriminate betweendi erent
neutrino mixing scenarios. Since the avor-dependert di erences of
the emitted neutrino spectra are small and rather uncertain, such a
discrimination hasto rely on obsenablesindependert of poorly known
SN parameters. We discusstwo complemerary methods that allow
for the positive identi cation of the masshierarchy without knowledge
of the emitted neutrino uxes, provided that the 13-mixing angle is
\large" (sin’#:3 10 ). Thesetwo approadesare the obsenation
of a modulation in the neutrino spectra due to Earth matter e ects
or due to the passageof shock waves through the SN envelope. If
the value of the 13-mixing angle is unknown, using additionally the
information encaded in the prompt neutronization ¢ burst might be
sucient to x both the neutrino hierarchy and to decidewhether #13
is \small" or \large."

1 Intro duction

Despite the enormousprogressof neutrino physicsin the last decade,many
open questionsremain to be solved. Among them are two, the masshier-
archy { normal versusinverted massspectrum { and the value of the 13-
mixing angle #,3, where the obsenation of neutrinos from a core-collapse
supernova (SN) could provide important clues[1, 2, 3]. The proliferation of
existing or proposedlarge neutrino detectorshas considerablyincreasedthe
con dence that sud a SN neutrino signal will evertually be obsened with



high-statistics. Howeer, in cortrast to terrestrial experimerts, large uncer-
tainties assaiated with the neutrino uxes produced inside the SN makes
a straight-forward extraction of the neutrino mixing parametersimpossible.
While the di erent interaction strength of o, cand x =f . ; . g with
matter guararties that their uxes arenot idertical, the exactextert of these
di erencesvariesin di erent simulations. Therefore,only featuresin the de-
tected neutrino spectra that are independert of unknown SN parameters
should be usedin sud an analysis.

The two most promising sourcesfor sud features are the detection of
modulations in the neutrino spectra causedby the Earth matter or by the
passageof shack wavesthrough the SN envelope. In the rst case,matter
e ects on SN neutrinos traversingthe Earth give rise to speci ¢ frequencies
in the energyspectrum of theseneutrinos, which are analytically known and
dependonly on the neutrino propertiesand the distancetraveledthrough the
Earth [4, 5]. In the other case the passagefthe SN shack wavesthrough the
density regioncorrespnding to resonar neutrino oscillationswith the atmo-
sphericneutrino massdi erence imprints speci ¢ time- and energy-degnden
modulations on the neutrino energyspectrum [6, 7], di cult to be mimicked
by other e ects. Only the amplitude of both modulations, and thus the
statistical con denceto detect them, dependson how di erent the emitted
neutrino uxes are,while the speci ¢ shape of the modulationsis independen
from the uxes.

Case Hierarchy sin°#,3 Earth Shak  burst

A Normal >10°% Yes No No
B Inverted > 103 No Yes Yes
C Any <10° Yes No Yes

Table 1. The presenceof Earth-matter and shack wave e ects in the
spectra and the ¢ burst for di erent neutrino mixing scenarios.

In the following sectionswe will conceitrate on three di erent neutrino
mixing sdhemes(A, B, C), cf. Tab. 1, where modulations by Earth or SN
shack e ects are clearly separated. For an inverted hierarchy and interme-
diate valuesof the 13-mixing angle,10 ®> < sin®#.3 < 10 3, both e ects can
be presen. In this case,modulations by Earth and SN shock e ects even
o er the possibility to restrict the range of #13.

If at the time of the SN detectionthe value of #,3 is known to be\large,”
then the neutrino masshierarchy canbeidenti ed observingthe modulations
inducedeither by the SN shack wave propagation(caseB in Tab. 1) or by the
Earth matter e ects (caseA). If the value of #43 is still unknown and Earth



matter e ects are obsened, an ambiguity betweencaseA and C exists. In
sec.4, we discusshow this degeneracycan be broken using the information
from the prompt . neutronization burst.

2 ldentifying signatures of the SN shock
wave propagation

The neutrino spectra F |, arriving at the Earth are determined by the pri-
pary neutrino spectraFOi aswell asthe neutrino mixing scenarioF  (E;t) =

j p,-i(E;t)FCj’(E;t), where p;; is the corversion probability of a j into |
after propagation through the SN martle. The probabilities p;; are basi-
cally determined by the number of resonanceghat the neutrinos traverse
and their adiabaticity. Both are directly connectedto the neutrino mixing
stheme. In cortrast to the solar case,SN neutrinos must passthrough two
resonancdayers: the H-resonancdayer at y  10° g/cm?® corresmnding to

m2,., and the L-resonancdayerat | 10g/cm?® correspndingto m?.
Whereasthe L-resonanceis always adiabatic and in the neutrino channel,
the adiabaticity of the H-resonancedepends on the value of #,3, and the
resonanceshaws up in the neutrino or antineutrino channel for a normal or
inverted masshierarchy respectively [1].

During approximately the rst two secondsafter core bounce,the neu-
trino survival probabilities are constart in time and in energyfor all three
casesA, B, and C. Howewer, att 2 s the H-resonancdayer is readed by
the outgoing shock wave, seethe left panelof Fig. 1. The way the shack wave
passagea ects the neutrino propagation strongly dependson the neutrino
mixing scenario: casesA and C will not shav any evidenceof shack wave
propagation in the obsened . spectrum, either becausethere is no reso-
nancein the antineutrino channelasin scenarioA, or becausethe resonance
is always strongly non-adiabatic as in scenarioC. Howewer, in scenarioB,
the suddenchangein the density breaksthe adiabaticity of the resonance,
leadingto obsenable consequencem the , spectrum.

The key ingrediert to obsene signaturesof the shack wave propagation
is the time and energy dependenceof the neutrino survival probability. In
the right panel of Fig. 1, we shov p(E;t) p .. averagedwith the energy
resolution function of Super-Kamiokande, for the casewith a forward and
a reverseshack. The latters forms when a neutrino-driven baryonic wind
dewelops and collides with the earlier, more slowly expanding SN ejecta.
Although the exact propagation history dependson the detailed dynamics
during the early stagesof the SN explosion, a reverse shack forms in all
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Figure 1. Left: Shock and reverse-shok propagation. The density pro le
is showvn at the indicated instancesafter core bounce. The densily region
n correspndsto resonam neutrino oscillationswith the atmosphericmass
di erence, | to the solar one [7]. Right: Survival probability p(E;t) as
function of energyat di erent times [7].

models which were computed with su cient resolution [7]. The presenceof
two shacks resultsin adip in p(E; t) at thoseenergiedor which the resonance
region is passedby both shack waves. All these structures move in time
towards higher energiesasthe shock wavesread regionswith lower density.

A useful obsenable to detect e ects of the shack propagationis the av-
erage of the measuredpositron energies,hE¢i. In Fig. 2, we shav hE.i
together with the onesigmaerrors expectedfor a megatonwater Cherenlov
detector and a SN in 10 kpc distance, with a time binning of 0.5 s: Both
panels cortains the casethat no shack wave in uences the neutrino prop-
agation, the caseof only a forward shock wave and of both forward and
reverseshack wave. The left and right panelsshown two di erent models for
neutrino uxes: G1 assumedi erent averageenergiesof the emitted neu-
trinos, hEg( x)i=hEo( ¢)i = 1:2, and similar uxes, o ¢)= o x) = 0:8,
while G2 assumesidentical energy spectra, hEq( x)i=hEo( ¢)i = 1, and

o( )= o x) = 05.

The e ects of the shack wave propagationare clearly visible, independert
of the assumptionsabout the initial neutrino spectra. Moreover, it is not
only possibleto detect the shack wave propagation in general,but also to
idertify the specic imprints of the forward and reverse shock versusthe
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forward shock only case.The signature of the reverseshack is its double-dip
structure comparedto the one-dip of a forward shack only. To study the
dependenceof the double-dip structure on the value of #,3, we shov hEgi
as function of time for di erent 13-mixing anglesin the left panel of Fig. 3.
Even for assmall valuesastan?#,3= 5 10 ° the double-dipis still clearly
visible, while for tan?#,5 = 1 10 ° only a bump modulates the neutrino
signal.
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Figure 2: The averageenergyof p! ne* ewerts binnedin time for a static
density pro le (magerta), a pro le with only a forward shack (red) and with
forward and reverseshock (blue). The error barsrepreseh 1 errorsin any
bin, from Ref. [7].



In the right panelof Fig. 3, we show the number of everts binnedin energy
intervals of 10 MeV as function of time for the caseof a reverseshack. We
can obsene clearly how the positions of the two dips changein ead energy
bin. It is remarkable that the double-dip feature allows one to trace the
shock propagation: Given the neutrino mixing sdheme, the neutrino energy
xes the resonancedensity. Therefore,the progressof the shack fronts can
be read o from the position of the double-dip in the neutrino spectra of
di erent energy Thus, the obsenation of shack wave e ects doesnot only
identify caseB (inverted hierardhy, large#,3), but givesalsoaccesdo physics
deepinside the SN.

3 Earth-matter e ects

During the rst two secondsafter post-bounce, during which roughly half
of all neutrinos are emitted, the dependenceof the probability to reat the
Earth onthe neutrino energyE is very weak. Howe\er, if neutrinos crossthe
Earth beforereading the detector, p;j may becomeenergy-degndert and
induce modulations in the neutrino energy spectrum. These modulations
may be obsened in the form of local peaksand valleys in the spectrum of
the ewvert rate FD plotted as a function of 1=E. These modulations arise
in the antineutrino channelonly in casesA and C. Thereforeits obsenation
would excludecaseB. This distortion in the spectra could be measuredby
comparing the neutrino signal at two or more di erent detectorssud that
the neutrinos travel di erent distancesthrough the Earth before reading
them [2, 8]. Howewer these Earth matter e ects can be alsoiderntied in a
single detector [4, 5].
The net ¢ ux at the detector may be written in the form

i’
FO = sin®#,F) + cos #1,F2 + FOX A sin®(kiy=2) ; (1)
i=1
wherey isthe \in verseenergy"parametery 125MeV=E, F° (F? F))
dependsonly on the primary neutrino spectra, whereasthe A; depend only
on the mixing parametersand are independert of the primary spectra.

The last term in Eg. (1) is the Earth oscillation term that cortains up
to sewen analytically known frequencie; in y, the coe cients F°A; being
relatively slowly varying functions of y. The rst two termsin Eqg. (1) are
alsoslowly varying functions of y, and hencecontain frequenciesn y that are
much smallerthan the k;. The frequenciesk; are completelyindependen of
the primary neutrino spectra, and canbe determinedto a good accuracyfrom
the knowledgeof the solar oscillation parameters,the Earth matter density,
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Figure 3: Left: Time dependenceof hE.i for a prole with a forward and
reverseshack for seweral valuesof tan? #,3 asindicated. Upper: Number of
ewverts binned per energydecadeas function of time for forward and reverse
shack, from Ref. [7].
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and the position of the SN in the sky [5]. The latter can be determinedwith
su cient precisionewen if the SN is optically obscuredusing the pointing
capability of neutrino detectors|[9].

The power spectrum of N detectedneutrino everts is

2

X
17 g 2)

Gk

i=1

In the absenceof Earth e ect modulations, G(k) has an averagevalue of

onefor k > 40. The region k < 40 is dominated by the \0-p eak," which is

a manifestation of the low frequencyterms in Eq. (1). ldentifying Earth

e ects is equivalernt to observing excesspower in G(k) around the known

frequenciesk;, cf. Fig. 4. The areaunder the power spectrum betweentwo

xed frequencieKnmin and Kk is onan average(kmax  Kmin). In the absence
of Earth e ects, this areawill have a distribution certered around this mean.
The Earth e ect peakstend to increasethis area. The con dence level of

peakiderti cation, p , may then be de ned asthe fraction of the areaof the

badground distribution that is lessthan the actual areameasured.

In the right panelof Fig. 4, we assumehe model G1 for the neutrino uxes
and comparethe results obtained with a 32 kton scirtillator detector and a
megaton water Cherenlov detector. In the latter case,as neutrinos travel
more and moredistancein the mantle the peakmovesto higherk values,and
dueto the high k suppressionthe e ciency of peakiderti cation decreases.
When the neutrinos start traversing the core, additional low k peaksare
generatedand the e ciency increasesagain.

The identi cation of Earth matter e ects excludescaseB, and it thus
complemetary to the obsenation of shack wave e ects.

4  Neutronization e burst

The possibleambiguity between casesA and C cannot be resolhed by the
obsenation of Earth matter e ects alone, if the value of #4353 is unknown.
In this case,the additional information encaded in the . neutrinos emitted
during the neutronization burst might x the range of #,3 as well as the
neutrino masshierarchy.

The neutronization burst lasts about 10 millisecondsand reatesa peak
luminosity L 102 erg/s. Despitethis enormousluminosity, the duration of
the burst is soshort that the number of everts expectedis small. Moreover,
the uncertainty of SN modelsis still solarge that this number has a rather
large incertitude [10]. Howewer, the time-dependenceof the peakis rather
model-independen [11], seealsothe left panel of Fig. 5.
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The obsenation of the neutronization . burst asa tool for determining
the neutrino parameterso ers also one important advantage: during the
burst, the SN is emitting essetially just neutrinosof one avor, .. Thusthe
obsenation of sud a peakin a detector sensitive to  via charged current
reactions, like SNO or liquid Ar detectors, would rule out caseA (where
p.. 0)[11,12]

For an identi cation of the neutronization burst, it is necessaryto follow
the time ewlution of the peak,insteadof simply consideringthe total number
of everts in the early-phaseof the SN: the latter is too model-dependert
and should be therefore not usedas obsenable. Binning the ewerts in time
requireshowever a large enoughnumber of everts, and thereforewe consider
instead of SNO the caseof a megatonwater Cherenlov detector.

Main badkgroundto the reactionwe are interestedin, elasticscattering of

e onelectrons,areinversebetadecas p! ne'. It canbestrongly reduced
by using a cut in the forward direction and/or by tagging it with Gadolin-
ium. The irreducible badkground comesfrom the other elastic scattering
reactions on electrons,namely from  via neutral current and .. There-
fore we consideras obsenable the number of all elastic scattering everts on
electrons.

In the right panelof Fig. 5, we plot the number of elasticscattering everts
in v e time bins for two SN models with 13 and 25M progenitor masses,
and for the casesA and C. Although all neutrino avors cortribute to the
obsenable, the method turns out to be rather powerful in disertangle A and
C: While in the caseC a clear peak structure is visible, with a signi cant
decreasdan the number of ewverts in the fourth bin, in caseA this structure
is practically abser.

Thus the detection of the neutronization . peak breaksthe degeneracy
betweenA and C for unknown #3. The model-dependenceof the absolute
valuesof the neutrino uxes can be avoided, if enoughewerts are obsened
sothat the peak structure of the neutronization burst can be resoled.

5 Summary

A reliable determination of neutrino parametersusing SN neutrinos should
be independert from our poor understandingof the primary neutrino uxes
producedinside the SN. Earth-matter e ects and the passageof SN shocks
through the H-resonanceboth introduce unique modulations in the neutrino
energyspectrum that allow onetheir identi cation without knowledgeof the
primary neutrino spectra. While the obsenation of Earth-matter e ects in
the ¢ energyspectrum rulesout caseB, modulationsin the , time spectrum
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Figure 5: Upper: Neutrino luminosities as function of time for di erent
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idertify caseB. If the value of #;3 would be know to be large, then the
neutrino masshierarchy would be identi ed. Otherwise,the detection of the
neutronization . peakcan break the remaining degeneracybetweenA and
C.
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