
Perspectives on mass hierarchy 
determination with supernova ν’s

Pasquale D. Serpico

Lyon - 23 October 2012



Outline

✤ I will first review the feasibility of using the Earth Matter Effect (EME) on 
Supernova neutrinos as a probe of neutrino mass hierarchy

✤ Based on state of the art simulations and current understanding of 
neutrino flavour evolution in supernovae, I will explain why it is way less 
promising (and in a sense less “model-independent”) that initially thought.

✤ I will then argue that some other signatures of hierarchy may 
nonetheless survive: I will briefly discuss one which we have tentatively 
identified recently.

based on:

Enrico Borriello, Sovan Chakraborty, Alessandro Mirizzi, PS, and Irene Tamborra, 
Phys. Rev. D 86, 083004 (2012)

PS, Sovan Chakraborty, Tobias Fischer, Lorenz Hüdepohl, Hans-Thomas Janka, 
and Alessandro Mirizzi. Phys. Rev. D 85, 085031 (2012)



Part I: EME in SN neutrinos



One slide summary of the situation
 Core-collapse SNe emit flavour-dependent fluxes of ν’s, in large enough numbers to be 

measurable in detail with current technology for a future Galactic event. G. Raffelt’s talk
(Emitted fluxes actually do depend on the hierarchy... back to this point later.)

 Assume one measures such a flux for a SN crossing (enough mantle of) the Earth.

 Then, the flux of ν’s of a given flavour is a peculiar combination (=“EME”) of input fluxes. 

 In which channel EME manifests depends on the (still unknown) mass hierarchy: neutrinos 
for IH, antineutrinos for NH. Knowing the detection channel, detection or absence of Earth 
Matter effects gives information on the hierarchy. 

 Good news: 
✦ ambiguity between large θ13 and small θ13  cases now resolved; if a measurement can be 
performed, it is unambiguous (at least theoretically) 
✦ improved simulations exist (transport, GR effects, etc.) with respect to a decade ago.
✦ several detector options



next generation detectors in R&D phase

Mton scale water Cherenkov detectors

DUSEL LBNE Detector

HYPER-
KAMIOKANDE

MEMPHYS*

      GLACIER*

10-100 kton Liquid Argon TPC

50 kton scintillator

 LENA*

*=(European 
LAGUNA research 

infrastructure)
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ν̄e + p → n+ e+
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Expected # of events

Apologies: Of course, a theorist’s simplification... 

“MEMPHYS” “GLACIER”

νe +
40Ar → 40K∗ + e−

10  kpc: 2×104

1    kpc: 2×106

0.2 kpc: 4×107

10  kpc: 2×103

1    kpc: 2×105

0.2 kpc: 4×106

10  kpc: 3×103

1    kpc: 3×105

0.2 kpc: 8×106

In the following, illustrative results obtained with above parameters



Flavour-dependent SN neutrino fluxes
Figures adapted from Fischer et al., arXiv: 0908.1871, 10. 8 Msun progenitor 
mass (spherically symmetric with Boltzmnann ν transport, no oscillations!)

• Shock breakout
• De-leptonization of outer 
core layers

• Shock stalls ~ 150 km
• ν powered by infalling                          
matter

• Cooling on ν diffusion 
time scale

Neutronization Burst Accretion Cooling



Effects of oscillations on the input fluxes: sketch
• In the cooling phase, fluxes are much closer and collective oscillations can have an impact. 
Generic expectation: almost flavor-independent fluxes at the Earth, with small residual 
differences that might depend on details (for example, relatively poorly known angular 
distribution function may favor decoherence... see A. Mirizzi’s talk)

We cannot/should not rely upon that for flavour diagnostics (expect little effects anyway).



Effects of oscillations on the input fluxes: sketch
• In the cooling phase, fluxes are much closer and collective oscillations can have an impact. 
Generic expectation: almost flavor-independent fluxes at the Earth, with small residual 
differences that might depend on details (for example, relatively poorly known angular 
distribution function may favor decoherence... see A. Mirizzi’s talk)

We cannot/should not rely upon that for flavour diagnostics (expect little effects anyway).

• In the accretion phase, at least for Fe-core collapse SN, we expect matter multi-angle effects 
(see A. Esteban-Pretel et al. 0807.0659) to freeze any alteration due to collective effects (see S. 
Chakraborty et al. 1104.4031, 1105.1130, S. Sarikas et al. 1109.3601 for checks with actual simulation 
outputs). 
The well-known MSW-like effects studied for over a decade (e.g. A. S. Dighe and A.Y..Smirnov, 
hep-ph/9907423) apply.

We recover predictability and “large” flux differences, albeit for a signal lasting few 
hundreds ms. For example, for anti-νe:

FD
ν̄e

= p̄De (E)F 0
ν̄e

+ [1− p̄De (E)]F 0
ν̄x

p̄De ≈ cos2 θ12 p̄De ≈ 0
Normal mass hierarchy Inverted mass hierarchy
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⊕
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k⊕ ≡ 2∆m2
⊕ L

Earth Matter effect

0≤|κ|≤1, depends on mixing angle in matter

The probability gets modified (for antineutrinos in NH) as

In terms of y=12.5 MeV/E, there is modulation of the spectrum with a specific 
wavenumber (indipendent of SN physics!)

A. S.Dighe, M. T. Keil and G. 
G.Raffelt, hep-ph/0304150
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neutrino energy. Fig. 1(b) shows the same neutrino signal as a function of the “inverse-

energy” parameter, defined as

y ≡ 12.5/E . (6)

Whereas the distance between the peaks of the modulation increases with energy in

the energy spectrum, the peaks in the inverse-energy spectrum are nearly equispaced

and hence have a single dominating frequency. This makes it easier to distinguish these

modulations from random background fluctuations that have no fixed pattern.
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Figure 1. The energy spectrum (a) and the inverse-energy spectrum (b) of σFD
ē .

The fluxes are normalized such that the area under each curve is unity. For all the
examples in this paper, we use the primary neutrino flux parameters αν̄e

= αν̄x
= 3.0,

〈Eν̄e
〉 = 15 MeV, 〈Eν̄x

〉 = 18 MeV, Φ0
ν̄e

/Φ0
ν̄x

= 0.8, which are realistic for the fluxes
during the cooling phase. For the mixing parameters, we use ∆m2

! = 6 (in 10−5 eV2)
and sin2(2θ!) = 0.9. The distance travelled through the Earth is L = 6 (in 1000 km)
unless otherwise specified.

The equidistant peaks in the modulation of the inverse-energy spectrum are a

necessary feature of the Earth effects. Indeed, the net ν̄e flux at the detector may

be written using (4) and (5) in the form

F D
ē = sin2 θ12F

0
x̄ + cos2 θ12F

0
ē + ∆F 0Ā⊕ sin2(∆m2

⊕Ly) , (7)

where ∆F 0 ≡ (F 0
ē − F 0

x̄ ) depends only on the primary neutrino spectra, whereas
Ā⊕ ≡ − sin 2θ̄⊕e2 sin(2θ̄⊕e2 − 2θ12) depends only on the mixing parameters and is

independent of the primary spectra. The last term in (7) is the Earth oscillation term

that contains a frequency k⊕ ≡ 2∆m2
⊕L in y, with the coefficient ∆F 0Ā⊕ being a

comparatively slowly varying function of y. The first two terms in (7) are also slowly

varying functions of y, and hence contain frequencies in y that are much smaller than

k⊕. The dominating frequency k⊕ is the one that appears in the modulation of the
inverse-energy spectrum in Fig. 1(b).

The frequency k⊕ is completely independent of the primary neutrino spectra, and

indeed can be determined to a good accuracy from the knowledge of the solar oscillation

parameters, the Earth matter density, and the direction of the SN. If this frequency
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smear out the oscillations and decrease the magnitude of their strength, thus increasing

the required number of events. We shall study the effects of the energy resolution of

the detectors in Sec. 4 and get a realistic estimate of the number of events needed to

identify the Earth effects. The relative strength of the Earth effects for different primary

spectra can still be read off from Fig. 6.

Note that the above procedure can be employed without any prior knowledge of k⊕.
Actually, if the value of ∆m2

⊕ and L is known, we already know the value of k⊕ to look

for. This helps in getting rid of any background due to spurious peaks. On the other

hand, if this peak is identified unambiguously, the value of k⊕ can help in improving the

accuracy of the measurement of ∆m2
". We shall study this in the next subsection.

3.3. Determination of ∆m2
"

The current 3σ range of the solar mass squared difference ∆m2
" = (5.4–19) × 10−5 eV2

is obtained mainly through the combination of the limits from Super-Kamiokande and

KamLAND. Although this range is expected to narrow significantly with the future

KamLAND data, it is worthwhile to note that the Fourier analysis of the SN neutrino

spectra can also determine this value to an accuracy of a few percent.
Once the Earth effect peak is identified, the value of k⊕ gives the value of ∆m2

⊕

since the value of L should be well known once the SN direction is established. The

error in the measurement of the position of the peak may be roughly estimated by w/k⊕.

Since we expect w ≈ 3–10, and k⊕ may be as high as 2∆m2
"(max) L(max) ≈ 400, even

this conservatively estimated error may be only a few percent. As long as k⊕ > 40,

which is the minimum value of k⊕ for the Earth effects to be detectable, the error due
to determination of the peak position is less than 25%.

The value of ∆m2
⊕ is related to ∆m2

" by

∆m2
⊕ = ∆m2

"

[

sin2 2θ" + (cos 2θ" + 2 V E/∆m2
")2

]1/2

(10)

where V is the magnitude of the matter potential inside the Earth. In Fig. 7, we show

the y-dependence of ∆m2
⊕/∆m2

" with various values of solar parameters. Since the y-

spectrum is significant only for y > 0.2, the deviation of this ratio from unity at y ≈ 0.2

may be taken as a conservative estimate of the error on ∆m2
" from the SN spectral

analysis. The figure shows that for y > 0.2, the values of ∆m2
⊕ and ∆m2

" differ by less
than 25%, and this difference decreases with increasing ∆m2

" values. Therefore, it may

be safely assumed that effectively, we have ∆m2
⊕ ≈ ∆m2

" to within 25%.

Throughout our analysis, we have assumed a constant matter density inside the

mantle of the Earth. Actually the density may vary by as much as 30% along the

neutrino trajectory in the extreme case where the trajectory is nearly tangent to the

core. Since V ∝ ρ, this density variation contributes to the energy dependence of ∆m2
⊕

through the term involving EV in (10), and smears the Earth effect peak. However,

since the variation in E by a factor of five is already taken care of in the above error

estimation, the additional smearing due to the Earth density variation may be safely

neglected.



Idea nr. 1

A. S.Dighe, M. T. Keil and G. G.Raffelt, 
hep-ph/0304150

To “tag” the hierarchy, one may search for a known peak in the Fourier Transform 
(wrt y) of the even rate spectrum (~σ F), seemingly independently of SN input!
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Figure 4. Background due to statistical fluctuations when the Earth effects are absent
(a) and the signal peak with the Earth effects (b).

distribution P (G), we can estimate the integral of the background within this interval
to be B = µBW ± σB

√
W . For µB = 1.0, σB = 1.0 and W = 20, we get B ≈ 20 ± 4.5.

This implies that
∫

W GN(k) dk > 35, for example, would correspond to a more than 3σ

detection of a positive signal. Depending on the actual data, the value of W may be

optimized. The procedure of measuring the area under the peak is more efficient than

just measuring the peak height since it can weed out the spurious high peaks that do

not have the minimum width dictated by GT (k).
The number of events needed in order to see the signal above the background

depends strongly on the primary neutrino spectra, since the coefficient of the Earth

effect term depends on ∆F 0. In Fig. 5(a), we show the Earth effect term T⊕ sin2(k⊕y)

in comparison with the term σF 0
x̄ , normalized such that

∫

σF 0
x̄ = 1. In Fig. 5(b) we

show the normalized term σF 0
x̄ for comparison. The area under this curve is unity.

The area A under the curve in Fig. 5(a) may then be taken to be a measure of the
net contribution per event of the Earth effect term to the y-spectrum. For the primary

spectrum parameters used here, A ≈ 0.03 per event.

We show in Fig. 6 the dependence of A on the parameters of the primary spectra.

We keep the parameters αν̄x
= 3 and 〈Eν̄e

〉 = 15 MeV fixed, and show A as a function of

Φ0
ν̄e

/Φ0
ν̄x

and 〈Eν̄x
〉 for two typical values of αν̄e

. During the accretion phase, αν̄e
> αν̄x

,

which is the situation depicted in Fig. 6(a). During the cooling phase, the α values
for both spectra are very similar, which is depicted in Fig. 6(b). The stars roughly

correspond to the parameter values obtained in the SN simulations [16]. It may be

observed that for these parameter values, A % 0.01 during the accretion phase and

A ≈ 0.03 during the cooling phase, so that the Earth effects during the accretion phase

are expected to be much smaller. The relative magnitude of these effects thus also

provides a test for the SN simulations.

The peak clearly emerges from 
the finite-statistics (and E-range) 
“noise” when neutrinos cross the 
Earth Earth effects on SN neutrinos at a single detector 15

The difference between Figs. 8(a) and (b) is reflected in the number of events

required for the signal to rise above the background at the two detectors. A numerical

simulation that generates inverse beta decay events in each of the detectors illustrates

the comparative efficiency of the Fourier analyses at these two detectors. In Fig. 9, we

show the Fourier transforms of the spectra at these two detectors with 2000 events each.

Whereas the peak can be identified even by eye at the scintillation detector, the Fourier
power spectrum at the Cherenkov detector is indistinguishable from background.
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Figure 9. The Fourier transforms of the simulated y-spectra in scintillation and
Cherenkov detectors with 2000 events each.

In Fig 9(a), the area under the peak is around 80. Since the area under the peak
grows nearly linearly with the number of events, this indicates that at a scintillation

detector, the signal starts becoming visible at around N ≈ 1000. At the proposed 50

kiloton scintillation detector LENA [18] for example, one expects about 13,000 events

from a SN at 10 kpc. This is an order of magnitude more than the statistics required

for identifying the Earth effects. Indeed, a much smaller scintillation detector may be

sufficient for this purpose.
At a water Cherenkov detector, the energy resolution is poor compared to a

scintillation one. Indeed, the energy resolution is of nearly the same size as the

wavelength of the Earth effect modulations for k⊕ ∼ 50. It is therefore much harder to

identify the modulations. In Fig. 10(a), we show the Fourier transform of the y-spectra

generated at a Cherenkov detector with 100,000 events. We expect that we need more

than 60,000 events to be able to identify the peak unambiguously. This indicates that
Super-Kamiokande may be too small for detecting the Earth effects by itself in this

parameter range. However the proposed Hyper-Kamiokande would have the required

size.

If the modulation wavelength is larger than the energy resolution, which is the

case for low k⊕, the peak is easier to detect. In addition, if the differences in the

primary spectra of ν̄e and ν̄x are larger than those taken in this paper till now, the peak

Earth effects on SN neutrinos at a single detector 16
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Figure 10. The Fourier transforms of the simulated y-spectra in a Cherenkov detector.
(a) uses 100,000 events and the typical neutrino spectral parameters, while (b) uses
more extreme “favorable” parameters, 〈Eν̄x

〉 = 21 MeV and L = 4000 km. In the
latter case, only 5,000 events are enough for the identification of Earth effects.

identification can be achieved with a much smaller number of events. In Fig. 10(b), we

show the power spectrum with the average energies of the primary spectra differing by

40%, and the value of L decreased to 4000 km. In such a “favorable” range, even a

few thousand events would be enough at a water Cherenkov detector, so that Super-

Kamiokande has a chance of performing a successful Earth effect detection. However
in the light of the latest calculations of SN spectra, such a large energy difference is

basically ruled out.

Note that even for a scintillation detector, the energy resolution becomes

comparable to the modulation wavelength for large k⊕ values, so the number of events

required will increase with k⊕. At values of k⊕ > 200, the modulations get significantly

washed out even at a scintillation detector.

5. Conclusions

The modulations introduced in the neutrino spectrum by the Earth matter effects

provide a way of detecting the presence of these effects without prior assumptions about

the flavor-dependent source spectra. We have demonstrated that a Fourier analysis of

the inverse-energy spectrum of the ν̄e signal may reveal a peak corresponding to the
neutrino oscillation frequency in Earth. The position of this peak is insensitive to the

primary spectra, and depends only on ∆m2
" and the distance travelled through the

Earth. We study the feasibility of the identification of this peak.

The number of events required for an unambiguous identification depends crucially

on the energy resolution of the detector. The task is certainly feasible at a large water

Cherenkov detector like Hyper-Kamiokande that can detect nearly 105 events from
a galactic SN. However, scintillation detectors generically have a much better energy

Too good to be true?
Beware of some caveats...

Good perspectives found for 
Scintillators of the “LENA” size
(exploit E-resolution) or even 
megaton class Cherenkov 
detectors (exploit statistics)
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(Some) Caveats
 To predict this wavenumber reasonably well we should be sure to have a decent pointing of 

the SN (otherwise e.g. L is badly determined)

 Errors in the cross-sections, detector E-resolution, PREM, mismatch between neutrino and 
electron energy... all affect the precision, hence the “model-independence”.

 How important/dominant the “Earth matter” mode is depends also on the flux difference 
(which is model-dependent!): according to the normalization and E-distribution of fluxes, 
relevant cross-correlation terms in FT can alter the spectrum of modes...
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= FD
ν̄e
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− F 0
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Caveats (“double peak” in a toy model)

where the first contribution on the right-hand side is asso-
ciated with E2ð1" !P2eÞF0

!!e
, the second with E2 !P2eF

0
!!x
, and

the third with the cross-correlation of the previous two. The
three terms in the power spectrum are peaked at very
similar frequencies. Since G !!e !!x

ðkÞ can assume negative
values, it can sometimes determine the appearance of the
double-peak feature, especially when the positive and
negative terms become comparable, as in the lower-right
panel of Fig. 3.

IV. NEUTRINO DETECTION

In this section, we describe the main aspects and ingre-
dients of our calculations of supernova neutrino event
rates. The oscillated SN neutrino fluxes at the Earth, F!,
must be convolved with the differential cross section"e for
electron or positron production, as well as with the energy
resolution function Re of the detector, and the efficiency "
(that we assume is equal to 1 above the energy threshold),
in order to finally get observable event rates [51]:

Ne ¼ F! % "e % Re % ": (18)

We will now describe the main characteristics of four
types of detectors we have used to calculate the signals in
the presence of Earth matter effects, namely water
Cherenkov detectors, scintillation detectors, Liquid
Argon Time Projection Chambers, and the ice Cherenkov
detector IceCube.

A. Water Cherenkov detectors

In large WC detectors, the dominant channel for super-
nova neutrino detection is the inverse beta decay of elec-
tron antineutrinos1:

!! e þ p ! nþ eþ: (19)
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FIG. 3 (color online). Left panels: Contributions of the different flavors to the observable Earth-modulated signal E2F'
!!e
,

corresponding to the uppermost and lowermost cases of the left panel in Fig. 2. The continuous curve represents the total E2F'
!!e

flux, and the short-dashed one corresponds to E2ð1" !P2eÞF0
!!e
, while the long-dashed one corresponds to E2 !P2eF

0
!!x
[see Eq. (14)].

Right panels: Contributions to the power spectrum GðkÞ, as from Eq. (17). The continuous curve represents the total power spectrum
GðkÞ, the short-dashed one corresponds to G !!e

ðkÞ, and the long-dashed one corresponds to G !!x
ðkÞ, while the dash-dotted curve is for

G !!e !!x
ðkÞ (see text for details).

1We will neglect the subleading neutrino interaction channels
in the detectors, assuming that they can be separated at least on a
statistical basis.

ENRICO BORRIELLO et al. PHYSICAL REVIEW D 86, 083004 (2012)

083004-6

note the smearing of the feature in the total flux



Latest simulations show reasons to worry....

III. FLAVOR CONVERSIONS AND EARTH
MATTER EFFECTS

A. Neutrino mixing parameters

We assume the three neutrino-mass eigenstates sepa-
rated by the following neutrino-mass-squared differences
as from the global 3! oscillation analysis [31]:

!m2
atm ¼ m2

3 "m2
1;2 ¼ 2:35# 10"3 eV2; (4)

!m2
$ ¼ m2

2 "m2
1 ¼ 7:54# 10"5 eV2: (5)

Since the sign of !m2
atm is not determined yet, we will

consider both normal hierarchy (NH, !m2
atm > 0) and in-

verted hierarchy (IH, !m2
atm < 0) scenarios. The mass

eigenstates are related to the flavor eigenstates
ð!e;!";!#Þ by means of three mixing angles. Their best-

fit values, as in the global 3! oscillation analysis in
Ref. [31], are

sin 2$13 ¼ 0:02 and sin2$12 ¼ 0:31: (6)

The mixing angle $23 is not relevant for our purposes, since
we are assuming equal !" and !# fluxes.

B. No Earth crossing

The emitted SN neutrino flux is processed by self-
induced and MSW oscillation effects during its propaga-
tion. The self-induced effects would take place within
r'Oð103Þ km from the neutrinosphere, whereas the
MSW transitions take place at larger radii, in the region
r' 104–105 km. As the self-induced and MSWeffects are
widely separated in space, they can be considered inde-
pendently of each other.

TABLE I. Spectral fit parameters for the neutrino and antineutrino fluxes integrated over the accretion phase of the 15 M$ Garching
progenitor (G) and both the accretion and cooling phases of the 18 M$ Basel/Darmstadt (B/D) progenitor.

Model hE!e
i (MeV) hE!x

i (MeV) "0
!e
, (# 1056) "0

!x
, (# 1056) %!e

%!x

G (accretion, t ( 0:25 s) 10.9 14.0 5.68 2.67 3.1 2.5

B/D (accretion, t ( 0:4 s) 9.5 15.6 8.53 3.13 3.4 2.0

B/D (cooling, t > 1:0 s) 8.6 10.5 11.80 10.75 2.8 1.5

G (accretion, t ( 0:25 s) 13.2 14.0 4.11 2.67 3.3 2.5

B/D (accretion, t ( 0:4 s) 11.6 15.6 7.51 3.13 4.0 2.0

B/D (cooling, t > 1:0 s) 10.0 10.5 9.74 10.75 1.9 1.5
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FIG. 1 (color online). Time evolution of neutrino luminosities L! (upper panels), average energies hE!i (middle panels), and time-
integrated energy spectra (lower panels) for !e (continuous curve), #!e (dashed curve), and !x (dash-dotted curve). The left panels refer
to the accretion phase of a Garching simulation for a 15:0 M$ progenitor, while the others refer to a Basel/Darmstadt simulation for a
18:0 M$ progenitor for the accretion (central panels) and cooling (right panels) phases.
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Left: Garching simulation for a 15.0 Msun progenitor 
(integrated signal for t<0.25 s used in the following). 
Right: Basel/Darmstadt simulation for a 18.0 Msun progenitor.
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Livermore 1997
(“Traditional” Simulation)

The EME IS visible in the
energy spectrum.

Garching 2003

The EME IS visible in the
power spectrum of the
“inverse-energy” spectrum.

Garching 2011

The EME MAY BE visible in
the power spectrum of the
“inverse-energy” spectrum.

Enrico Borriello Down to Earth Matter Effect

Especially in anti-ν, less 
prominent spectral differences 
than in older models

Also, only a fraction of the flux 
(i.e. accretion) is available for 
reasonably robust flavour studies

http://www.mpa-garching.mpg.de/ccsnarchive

T. Fischer, S. C. Whitehouse, A. Thielemann, 
and M. Liebendörfer, 517, A80 (2010)

http://www.mpa-garching.mpg.de/ccsnarchiv
http://www.mpa-garching.mpg.de/ccsnarchiv
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Our results
Sub-kpc distance
required in general for 
unambigous detection 
(provided electronics 
can handle those rates!)

For Liq. Argon, hope
up to O(kpc) distances 
given the larger 
differences found in the 
neutrino channel.

Realistically, no more
than a few percent 
chance to detect EME 
at next Gal. SN.



However, some candidates at d~0.2 kpc exist!
Betelgeuse Antares

Orion was an old-age gigantic hunter 
that was killed by a giant scorpion sent 
by upset Artemis to kill him.

Let’s hope then to receive a gift from 
one of those “primordial enemies”...
but are we ready to profit of it?



Idea nr. 2
The EME would produce a modification in the SN anti-νe light-curve (time signal, E-
integrated) between a “shadowed” detector and an unshadowed one, like IceCube & SK

A. S.Dighe, M. T. Keil and G. G.Raffelt,  hep-ph/0303210

Supernova Neutrino Oscillations at IceCube 11

value.” For Case (a), this value corresponds to about 1.5% depletion of the signal,

whereas for (b) it corresponds to about 6.5% depletion.

Figure 3. Variation of the expected IceCube signal with neutrino Earth crossing
length L for the assumed flux and mixing parameters of Table 3. The signal is
normalized to 1 when no Earth effect is present, i.e. for L = 0. The dashed line
is for the case representing the accretion phase, the solid line for the cooling phase.

Table 3. Flux parameters for two representative cases.

Example Phase 〈Eν̄e
〉 〈Eν̄x

〉 αν̄e
αν̄x

Φ0
ν̄e

/Φ0
ν̄x

Asymptotic
[MeV] [MeV] Earth Effect

(a) Accretion 15 17 4 3 1.5 −1.5%
(b) Cooling 15 18 3 3 0.8 −6.5%

Beyond an Earth-crossing length of ∼10,500 km, the neutrinos have to cross the

Earth core with another large jump in density. The core effects change the asymptotic

mantle value by ∼ 1% as can be seen in Fig. 3. We neglect the core effects in the

following analysis, and the “asymptotic value” always refers to the asymptotic mantle

value.

For the largest part of the sky the Earth effect either appears with this asymptotic
value (“neutrinos coming from below”), or it does not appear at all (“neutrinos from

above”). Therefore, we now focus on the asymptotic value and study how the signal

modification depends on the assumed flux parameters. In Table 4 we show the signal

modification for 〈Eν̄e
〉 = 15 MeV, αν̄e

= 4.0, and αν̄x
= 3.0 as a function of 〈Eν̄x

〉 and

the flux ratio Φ0
ν̄e

/Φ0
ν̄x

. In Table 5 we show the same with αν̄e
= αν̄x

= 3.0. The results

are shown in the form of contour plots in Fig. 4.
Even for mildly different fluxes or spectra the signal modification is several percent,

by far exceeding the statistical uncertainty of the IceCube signal, although the absolute

calibration of IceCube may remain uncertain to within several percent. However, the

signal modification will vary with time during the SN burst. During the early accretion

ratio of shadowed/
unshadowed signal in
IceCube (different SN 
phases)



Idea nr. 2
The EME would produce a modification in the SN anti-νe light-curve (time signal, E-
integrated) between a “shadowed” detector and an unshadowed one, like IceCube & SK

A. S.Dighe, M. T. Keil and G. G.Raffelt,  hep-ph/0303210

Supernova Neutrino Oscillations at IceCube 11

value.” For Case (a), this value corresponds to about 1.5% depletion of the signal,

whereas for (b) it corresponds to about 6.5% depletion.

Figure 3. Variation of the expected IceCube signal with neutrino Earth crossing
length L for the assumed flux and mixing parameters of Table 3. The signal is
normalized to 1 when no Earth effect is present, i.e. for L = 0. The dashed line
is for the case representing the accretion phase, the solid line for the cooling phase.

Table 3. Flux parameters for two representative cases.

Example Phase 〈Eν̄e
〉 〈Eν̄x

〉 αν̄e
αν̄x

Φ0
ν̄e

/Φ0
ν̄x

Asymptotic
[MeV] [MeV] Earth Effect

(a) Accretion 15 17 4 3 1.5 −1.5%
(b) Cooling 15 18 3 3 0.8 −6.5%

Beyond an Earth-crossing length of ∼10,500 km, the neutrinos have to cross the

Earth core with another large jump in density. The core effects change the asymptotic

mantle value by ∼ 1% as can be seen in Fig. 3. We neglect the core effects in the

following analysis, and the “asymptotic value” always refers to the asymptotic mantle

value.

For the largest part of the sky the Earth effect either appears with this asymptotic
value (“neutrinos coming from below”), or it does not appear at all (“neutrinos from

above”). Therefore, we now focus on the asymptotic value and study how the signal

modification depends on the assumed flux parameters. In Table 4 we show the signal

modification for 〈Eν̄e
〉 = 15 MeV, αν̄e

= 4.0, and αν̄x
= 3.0 as a function of 〈Eν̄x

〉 and

the flux ratio Φ0
ν̄e

/Φ0
ν̄x

. In Table 5 we show the same with αν̄e
= αν̄x

= 3.0. The results

are shown in the form of contour plots in Fig. 4.
Even for mildly different fluxes or spectra the signal modification is several percent,
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Problem I: detectors are not identical.
The luminosity curve detected in one can only be used  indicatively to “predict” what one 
should see in a different  detector in absence of EME. Is the EME larger than this error?

Older expectations where up to 10% differences, easily O(5%)
We now find never more than ~1.7%.

ratio of shadowed/
unshadowed signal in
IceCube (different SN 
phases)
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Idea nr. 2, contʼd
Problem II: distance matters.
the shape of the ratio IceCube/SK changes with the distance of the SN, since the measured 
signal in IceCube is the sum of a time-independent background rate (independent of the 
distance) and a true SN lightcurve whose normalization depends on the distance.

It does not seem to be working, either...



Comments on Part I

 The EME has been often thought as the most promising and “model-independent” 
way to infer ν-mass hierarchy from a future observation of a Galactic SN (Yet, it does 
require at least one shadowed detector and lots of statistics!)

 It turns out that the actual chance of observing a significant signal wrt the noise/
errors is quite low and its features less model-independent than once believed. 

This is mostly due to much more similar fluxes (especially in the anti-ν sector) 
suggested  by the current generation of SN simulations (including state of the art in 
ν-opacities, for example). 

 In general, a ν (rather than anti-ν) detector offers better chances, still probably not
above a few %.
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Part II: alternative diagnostics



the neutronization burst

I.H.
N.H.

 sin2θ13 =    

νe,x e-          νe,x e-     

      1 Mton Water Cherenkov

M.Kachelriess & R. Tomas, hep-ph/0412082 I.Gil-Botella & A.Rubbia, hep-ph/0307244

70 kton Lar TPC

At “large” θ13 (like recently measured!):
 •  The peak   is not seen   The hierarchy is normal (if one could see it...)

•  The peak   is  seen   The hierarchy is inverted (more robust)



shock wave effect... and turbulence

A (limited) list of references:
R. C. Schirato and G. M. Fuller, astro-ph/0205390  K. Takahashi et al.astro-ph/0212195, 
C. Lunardini C and A. Y. Smirnov, hep-ph/0302033  G. L. Fogli et al. hep-ph/0304056 
R. Tomàs  et al. astro-ph/0407132, G. L. Fogli et al. hep-ph/0412046,  
G. L. Fogli et al. hep-ph/0603033,  J. P. Kneller and C. Volpe, arXiv:1006.091
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Damping of supernova neutrino transitions in stochastic shock-wave density profiles

Figure 4. Absolute time spectra of positron events induced by νe in IH in
a 0.4 Mton water–Cherenkov detector, in the presence of forward shock (left
panels) and forward plus reverse shock (right panels). Four representative values
of sin2 θ13 are considered. The solid histograms refer to the case of no fluctuation
(ξ = 0), while the dashed ones refer to the case of fluctuations with ξ = 4%. In
each panel, the upper (lower) couple of histograms refer to the positron energy
bin Epos = 20 ± 5 MeV (Epos = 45 ± 5 MeV).

monotonic profiles. In this paper, we have investigated the case of time-dependent and
non-monotonic profiles, embedding forward (plus reverse) shock propagation, as suggested
by recent SN numerical simulations. In the hypothesis of small-scale (L0 ∼ O(10 km))
and small-amplitude (ξ ! few %) fluctuations, we have discussed an analytical recipe to
evaluate the SN electron (anti)neutrino survival probability Pee, which accounts for both

Journal of Cosmology and Astroparticle Physics 06 (2006) 012 (stacks.iop.org/JCAP/2006/i=06/a=012) 13
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In principle, the presence of the forward (plus reverse) shock can leave peculiar imprints
on the time (and energy) structure of the signal (e.g. inverse beta decay in Mton detectors).

On the other hand, these patterns are affected by the level and properties of the turbulence
in the SN mantle. More likely to infer something on SN astrophysics if hierarchy is known than 
vice-versa....
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What about current detectors (mostly anti-νe)?

any significant amounts during the core-collapse phase
until core bounce. Instead, their vivid production sets in
onlywhen the bounce shock starts to heat swept-upmaterial
to high temperatures. This allows nucleon-nucleon brems-
strahlung to become efficient and positrons to appear so that
electron-positron annihilation can also take place. These
processes becomemore andmore important as the tempera-
ture rises and the electron degeneracy drops as a conse-
quence of the deleptonization triggered by the prompt !e

burst. The production of!e ismore strongly suppressed than
that of !x during the first !20 ms after bounce because of
the high degeneracy of electrons and !e, which are present
in very large numbers before and during the emission of the
deleptonization burst.2 This was already visible in [26].

The steep initial increase of the !x luminosity is fol-
lowed by a relatively abrupt termination of this growth at a
value of typically a few 1052 erg=s (for a single kind of
heavy-lepton neutrino), considerably (almost a factor of
two) below the peak luminosity reached by !e more gradu-
ally about 0.1 s later. During this phase, the emission of !e

and especially !e grows thanks to their highly efficient
production via charged-current processes (electron and
positron captures on free nucleons) in the matter that forms
a thick, hot mantle around the newly born proto-neutron
star after having been accreted through the standing
bounce shock. The transition from a growing/plateau phase
to a decreasing luminosity depends on the core structure of
the collapsing star and the corresponding shallow decline
of the mass-infall rate with time and thus varies with the
progenitor: in the models considered it varies from about
0.1 to 0.3 s. A faster luminosity drop sets in when the
density and thus mass-accretion rate decreases more
abruptly. This can be associated with, e.g., the infall of
an interface between progenitor shells containing different
chemical compositions or with the onset of the explosion,

FIG. 1 (color online). Early post-bounce evolution of luminosities (left-hand panels), and mean energies (right-hand panels) for a set
of nine 1D simulation with progenitors of different masses (see text for details) as obtained by the Garching group [41]. Quantities for
!e, !e, and !x are shown in the top, middle, and bottom panels, respectively. The vertical line indicates the early timescale (100 ms) of
particular interest in this article.

2Since the high electron degeneracy allows only for a low
abundance of positrons, the production of !e by eþe# annihila-
tion and eþ captures on neutrons is not efficient. Moreover, since
in the optically thick regime !e are in chemical equilibrium with
the matter their degeneracy also blocks the phase space for the
creation of !e via nucleon-nucleon bremsstrahlung.

SERPICO et al. PHYSICAL REVIEW D 85, 085031 (2012)

085031-4

The production of anti-νe is more strongly suppressed 
than that of (anti)νx during the first tens of ms after 
bounce  because of the high degeneracy of e and νe.

The high e-degeneracy allows only for a low abundance 
of e+, the production of anti-νe by pair annihilation and e+ 
captures on neutrons is not efficient. Moreover, since in 
the optically thick regime νe are in chemical equilibrium 
with the matter their degeneracy also blocks the phase 
space for the creation of anti-νe via nucleon-nucleon 
bremsstrahlung (which is however operative for νx...)

anti-νe are produced more gradually via via charged-
current processes (electron and positron captures on 
free nucleons) in the accreting matter that forms a thick, 
hot mantle around the newly born proto-neutron star;
νx come fastly from a deeper region.

The lightcurve of the two species is quite different in 
the first O(100 ms) and the shape keep significant 
differences independently of the progenitor and 

dimensionality of simulation
Garching group, 2011
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Are the risetime shapes “enough” robustly 
predicted to be useful?

Models with state-of-the art treatment of weak 
physics (Garching simulations were used) 
suggest so: with infinite precision, one could 
unambigously attribute the “shape” to a NH or 
IH type. 

Note: Basel/Darmstadt simulations show even 
sharper differences...
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What about realistic statistics from a Gal. SN?
Question 2. Are the expected theoretical shape 
differences large or small compared to the 
expected statistical errors?

We run MonteCarlo simulations, finding that in at 
least 99% of the cases the right hierarchy could be 
identified (for 10 kpc distances) even if we exclude 
the right template from the set we compare the 
mock data to.
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What about realistic statistics from a Gal. SN?
Question 2. Are the expected theoretical shape 
differences large or small compared to the 
expected statistical errors?

We run MonteCarlo simulations, finding that in at 
least 99% of the cases the right hierarchy could be 
identified (for 10 kpc distances) even if we exclude 
the right template from the set we compare the 
mock data to.

Note 1: We did not try to optimize the “statistical estimators”
(our work was a “proof-of-principle”)

Note 2: We did not use E-information, which will be available (e.g. from SK!), to reduce the 
likelihood of “wrong hierarchy” templates

Note 3: in 1108.0171, IceCube performed a likelihood analysis for O-Ne-Mg progenitors signals, 
finding  good hierarchy discrimination up to ~6 kpc... qualitatively ok (little accretion there!), but 
little reliability since collective effects may be important...
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Question 2. Are the expected theoretical shape 
differences large or small compared to the 
expected statistical errors?

We run MonteCarlo simulations, finding that in at 
least 99% of the cases the right hierarchy could be 
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Note 2: We did not use E-information, which will be available (e.g. from SK!), to reduce the 
likelihood of “wrong hierarchy” templates

Note 3: in 1108.0171, IceCube performed a likelihood analysis for O-Ne-Mg progenitors signals, 
finding  good hierarchy discrimination up to ~6 kpc... qualitatively ok (little accretion there!), but 
little reliability since collective effects may be important...

CAVEAT: Despite the fact that the difference between two cases is qualitatively robust (always 
IH risetime found to be faster than NH one) and the promising early results, it remains to be 
seen if the relative quantitative robustness of this signature is confirmed by more and more 
realistic simulations in the future.
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What about realistic statistics from a Gal. SN?
Question 2. Are the expected theoretical shape 
differences large or small compared to the 
expected statistical errors?

We run MonteCarlo simulations, finding that in at 
least 99% of the cases the right hierarchy could be 
identified (for 10 kpc distances) even if we exclude 
the right template from the set we compare the 
mock data to.

Note 1: We did not try to optimize the “statistical estimators”
(our work was a “proof-of-principle”)

Note 2: We did not use E-information, which will be available (e.g. from SK!), to reduce the 
likelihood of “wrong hierarchy” templates

Note 3: in 1108.0171, IceCube performed a likelihood analysis for O-Ne-Mg progenitors signals, 
finding  good hierarchy discrimination up to ~6 kpc... qualitatively ok (little accretion there!), but 
little reliability since collective effects may be important...

CAVEAT: Despite the fact that the difference between two cases is qualitatively robust (always 
IH risetime found to be faster than NH one) and the promising early results, it remains to be 
seen if the relative quantitative robustness of this signature is confirmed by more and more 
realistic simulations in the future.

For the time being, best compromise we could find between model-independence & 
detectability in an existing experiment, for a large fraction of expected gal. SN events.



Conclusions
Expectations based on state-of-the-art SN simulations and current understanding 

of neutrino flavour conversions in Fe-core progenitors suggest that the EME 
signature is very difficult to detect (and less sharply defined that once thought)

 Of course, checking that no EME signature is present in a future signal is “per se” 
of some interest, especially if hierarchy is known: for example to check that no major 
departure from expectations based on current simulations takes place.

It does not mean necessarily that it is hopeless to infer hierarchy from SN ν:
in particular a large detector sensitive to νe would be useful (also for neutronization 
burst!)

 Studies are on-going to find alternative diagnostic tools 
we showed that early encouraging results exist for the risetime signal in IceCube

 In any case, terrestrial experiment will eventually measure neutrino mass 
hierarchy. Independent of when it happens, we have to make sure that the next 
galactic SN event is recorded in neutrinos in the best possible way.

 It will surely be a bonanza for astrophysics, and neutrinos may offer a view of 
the behaviour of matter under extreme conditions, impossible to probe otherwise.

Be ready for surprises! Neutrinos did it more than once...


