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Agua Negra Deep Experiment Site
ANDES

-First Underground Laboratory in 
the Southern Hemisphere- 



maximum overburden ~ 1.7 km 

length of the tunnels ~ 14 km

Why go underground?
~4600-5000 mwe

ANDES

Agua Negra Tunnels

there will be 2 tunnels

ArgentinaChile



Possible Scientific Programs for ANDES Lab
Neutrinos

neutrino detector of  ~ a few kton
scintilator like KamLAND/Borexino/SNO 

observation of Solar/Geo/Supernova Neutrinos 

neutrinoless double beta decay

Dark Matter
seasonal variation?
new technology ?

Geophysics -seismology network between Chile and Argentina

Biology - effect of the low radiation for the evolution of life

Experiments with underground accelerator

nuclear astrophysics
small accelerator (cyclotron) as neutrino source



In this talk we consider two ν soruces 

Earth Supernovae

Two different approaches possible 

1. Use ν as a tool to study properties 
(physics) of these sources

2. Use these sources to study ν properties 



ANDES Laboratory concept

21x23x50 m

16x14x40 m 17x15x25 
m

X. Bertou, 3rd ANDES workshop, Valparaiso, January 2012

ϕ30, h30 m

 neutrino detector can be constructed

 total civil work cost ~ 15M USD

current design



Thank you!

http://andeslab.org/
30 m

30 m

18 m

18 m

KamLAND

SNO+

~1kt scintilator

12 m
~0.8 kt scintilator

12 m

We assume that 
KamLAND/SNO+ like
detector with a few kt

can be constructed

~20 m?

Possible Neutrino Detector at ANDES 

For definetness, 
let us assume 3kt L.S. of

C6H5C12H25 (alkyl Benzene)



Observation of Geoneutrinos at ANDES



We know that Earth Interior should  be 
something like below ...



but not so easy to probe directly ...
deepest hole in the Earth ~ 12 km depth

only ~ 0.2 % of the Earth Radius, 
only upper part of the Earth crust !

Kola Superdeep Barehole (Soviet Union)

deepest hole of 12.262 m depth 1989



Integrated Ocean Driling Program (IODP)

ちきゅう Chikyu 
(= Earth)

capable to dig more than 7 km from the seabed

one of the purposes:  direct access to the Earth Mantle



Methods to study Earth Interior

geochemistry: analysis of samples from the crust and 
upper mantle (deepest hole ~ 12 km, deepst rock 

samples  from ~ 200 km) 

seismology: it is possible to reconstruct the density
profile of the Earth (and ditinguish solid from liquid) 

but not the compositions 

geoneutrinos: new probe to study Earth Interior



Origin of the Earth Heat? 

Observed (estimated):  ~ 44 ± 1 TW
Theoretical Predictions:    ~ 20 - 45 TW

large uncertainty



238
U → 206

Pb + 8
4
He + 6 e

−
+ 6 ν̄e + 51.7 [MeV]



232
Th → 206

Pb + 6
4
He + 4 e

−
+ 4 ν̄e + 42.7 [MeV]
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Figure 2.1: Spectra of the U-Series, Th-Series and
40

K Geo-Neutrinos. Antineutrinos are

generated by beta decays of these radioactive isotopes. In this calculation, 82 beta decays

in the U series and 70 beta decays in the Th series are included. Neutrinos from
40

K

electron capture is not shown in this figure.

Table 2.1: Radiogenic Heat Generation per Decay

238
U Series

232
Th Series

40
K

β− (89.28%) EC (10.72%)

Q [MeV/decay] 51.7 42.7 1.311 1.505

Qν [MeV/decay] 3.96 2.23 0.801 0.051

Qheat [MeV/decay] 47.7 40.4 0.531 1.454

Radiogenic heat generation is calculated by subtracting neutrino energy from the decay

Q value.

Qheat = Q−Qν = Q−
� Emax

0

Eν
dN

dEν
dEν (2.10)

where N(Eν) is the neutrino spectrum given by (2.5). By summing all decays in the

U-series, Th-series and
40

K, radiogenic heat generation is calculated as summarized in

Table 2.1.

With atomic weights, natural abundances and halflives, neutrino luminosity Lν̄e and

heat generation from unit mass of U, Th and K are calculated as summarized in Table

2.2. From these calculations, the relation between neutrino luminosity and radiogenic

heat generation is expressed by:

Expected Geoneutrino Spectra 

Enomoto, PhD thesis, 2005

Can be detected by the inverse beta decay reaction

ν̄e + p→ n + e+ Ethreshold = 1.8 MeV

Ethreshold = 1.8 MeV
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Figure 4 |Measured geoneutrino flux and models. a, Measured
geoneutrino flux at Kamioka and Gran Sasso, and expected fluxes at these
sites and Hawaii4. The solid and dashed red lines represent, respectively,
the fluxes for a fully radiogenic model assuming the homogeneous and
sunken-layer hypotheses. b, Measured geoneutrino flux after subtracting
the estimated crustal contribution. No modelling uncertainties are shown.
The right axis shows the corresponding radiogenic heat production
assuming a homogeneous mantle. The solid red line indicates the fully
radiogenic model where the contributions from the crust (7.0 TW) and the
other isotopes6,24 (4.3 TW) are subtracted from the total heat flow7

(44.2 TW). Error bars, see text.

on the mantle by making simple but appropriate assumptions to
constrain the model.

We take the Th:U ratio for each contributing layer to be fixed at
the standard BSEmodel value of 3.9 (ref. 5). The composition of the
crust is derived from a BSE model that incorporates the crust and a
detailed description of the local geology4. As a simplifying hypothe-
sis, U and Th are assumed to be uniformly distributed in themantle.
Figure 4a shows the measured geoneutrino fluxes at the Kamioka
and Gran Sasso experimental sites along with the predictions for
these locations and Hawaii, as an example of an oceanic site with a
significantly smaller crustal contribution. Combining the 238U and
232Th geoneutrino measurements of Borexino3 and KamLAND we
obtain 20.0+8.8

−8.6 TW. The result is in good agreement with the BSE
model prediction of 16 TW (ref. 5), as illustrated in Fig. 4b, where
the crust contribution is subtracted for clarity.

The fraction of the global heat production from radioactive
decay is called the ‘Urey ratio’. The mantle contribution alone is
referred to as the ‘convective Urey ratio’22. Most models, including
the BSEmodel used here, set the convective Urey ratio to about 0.3,
allowing for a substantial fraction of the heat to be of primordial
origin. Other models require convective Urey ratios up to∼1.0 (see
discussion in ref. 23). Assuming extra mantle heat contributions
of 3.0 TW from other isotope decays6,24, the convective Urey ratio
deduced from the KamLAND and Borexino data is between 0.18
and 0.67 at the 68%CL, consistent with 0.3 from the BSEmodel.

A fully radiogenic model (Urey ratio of 1) is constructed by
introducing U and Th uniformly in the mantle (homogeneous
hypothesis) or, alternatively, by putting all of the U and Th at
the mantle–core interface (sunken-layer hypothesis). The latter
assumption is used in an attempt to test the compatibility of a
fully radiogenic model with the observed geoneutrino flux, by
distributing the source as far from the detectors as possible. The
fully radiogenic, homogeneous hypothesis is disfavoured at the
97.2% CL with the combination of KamLAND and Borexino data,
or at the 98.1% CL by KamLAND alone. Even within the sunken-
layer hypothesis, the fully radiogenic model is still disfavoured at
the 87%CL using KamLAND data alone.

The radiogenic heat estimation from the geoneutrino flux
depends on the modelling of the geology. We account for crustal
uncertainties by assuming 17% and 10% errors for the U and
Th content, including correlated errors as suggested in ref. 9. We
use the crustal model of ref. 25, assuming independent errors for
each layer (upper, middle and lower crust), and include extra

contributions from the error in the mass distribution and the
fractional uncertainty in the Th:U ratio9. The radiogenic heat
contribution from 238U and 232Th is estimated to be 19.9+9.2

−9.1 TW
by KamLAND and Borexino data, excluding the fully radiogenic
model at the 96.6% CL. If we use the more recently determined
heat-loss rate of 46±3 TW (ref. 26) the fully radiogenic exclusion
increases to 98.0% CL, slightly enhanced owing to the larger mean
value of the heat flow as compared with ref. 7, despite its larger
error. We conclude that these uncertainties have little impact on
the results at this stage.

It is expected that geoneutrino detectors operated at different
locations will significantly improve our knowledge of radiogenic
sources in the Earth. Larger detectors distant from commercial
reactors will reduce the uncertainties on the measured geoneutrino
flux. The geoneutrino flux strongly depends on the distance from
thick continental crusts, so the exposure to νes at different locations
will provide better knowledge of the crustal contribution and
greater insight into the mantle. A detector in an oceanic location
with small crustal contribution would be very interesting in this
regard. The present detectors are all insensitive to 40K, and this will
remain an uncertainty unless new geoneutrino detectors with lower
threshold are developed.

Methods

The KamLAND inner detector consists of 1 kt of ultrapure LS contained
within a 13-m-diameter spherical balloon made of 135-µm-thick transparent
nylon/EVOH (ethylene vinyl alcohol copolymer) composite film. The balloon is
suspended in a bath of purified non-scintillating mineral oil contained inside an
18-m-diameter stainless-steel sphere. The LS contains 80% dodecane and 20%
pseudocumene (1,2,4-trimethylbenzene) by volume, as well as 1.36±0.03 g l−1

PPO (2,5-diphenyloxazole) as a fluorophore. The inner surface of the containment
sphere is covered by an array of 1,325 specially developed fast 20-inch-diameter
photomultiplier tubes (PMTs) masked to 17 inch diameter, and 554 older
unmasked 20 inch PMTs. The PMTs provide 34% solid-angle coverage in total. The
containment sphere is surrounded by a 3.2 kt cylindrical water–Cherenkov outer
detector instrumented with 225 PMTs of 20 inch diameter. The outer detector acts
as a veto counter for muons and helps shield the inner detector from γ-rays and
neutrons produced in the surrounding rock.

Radioactive sources are periodically deployed inside the detector to calibrate
its energy response and position-reconstruction accuracy. The reconstruction of
event location is important to establish the prompt–delayed event correlation
and to define the fiducial volume used in the measurement. After accounting for
systematic effects, we find that the deviation of reconstructed event locations from
the actual locations is less than 3 cm, from which we derive a 1.8% uncertainty
in the absolute size of the fiducial volume. Source calibration data for the entire
fiducial volume are available only for the data recorded before the start of the LS
purification campaign in 2007. For the remaining data we carried out calibrations
along the vertical axis only. These calibrations were augmented with a study of
muon-induced 12B/12N decays27, resulting in a larger uncertainly of 2.5% on the
absolute size of the fiducial volume for the post-purification data.

KamLAND was designed and sited primarily to study the phenomenon of
neutrino oscillations using reactor νe s. Therefore, such νe s represent the largest
background in the present measurement because their energy spectrum partially
overlaps that of geoneutrinos. Substantial discrimination between the two is
achieved not only by fitting their energy spectra but also by exploiting the fact
that the reactor νe rate varies with the output of the power plants whereas the
geoneutrino rate can be taken as constant over the timescale of the experiment.

The νe event-selection criteria are optimized as a function of energy to
maximize the sensitivity to geoneutrinos while rejecting the accidental background
from radioactive contaminants in the detector. The event selection is based on the
discriminant L= fνe/(fνe + facc), where fνe and facc are probability density functions
for νe signals and accidental backgrounds, respectively. These probability density
functions are based on six parameters (Ep, Ed, �R, �T , Rp, Rd), which represent,
respectively, the prompt and delayed event energies, their relative separations
in space and time and their radial distances from the detector centre. Owing to
an observed variation of the background rate with time, the probability density
function for accidental backgrounds is a time-dependent function constructed by
dividing the data set into five time periods. For the discrimination of accidental
backgrounds, we determine a selection value, Lcut(Ep), to maximize the figure of
merit S/

√
S+Bacc for each prompt energy interval of 0.1MeV, where S denotes

the expected signal rate and Bacc corresponds to the accidental background rate.
The selection efficiency and its uncertainty are obtained by comparing Monte
Carlo simulations with 68Ge and 241Am9Be source calibration data. The selection
efficiencies for geoneutrino signals produced by U and Th decays with energies

650 NATURE GEOSCIENCE | VOL 4 | SEPTEMBER 2011 | www.nature.com/naturegeoscience

KamLAND + Borexino             20.0+8.8-8.6 TW
Fully radiogenic model is disfavored at 97.2 % CL.
Only ~ half of the observaed heat flow ~ 44 TW.



Observation of Geoneutrinos at ANDES

Interesting Location (Higher Geo-nu flux)

Very low reactor neutrino background

Why at ANDES?

Interesting to confirm site dependence



5

Layer cU (µ g/g) cTh (µ g/g)

Oceanic Sediment 1.68 6.91

Oceanic Crust 0.1 0.22

Continental Sediment 2.8 10.7

Upper Continental Crust 2.8 10.7

Middle Continental Crust 1.6 6.1

Lower Continental Crust 0.2 1.2

Upper Mantle 0.012 0.048

Lower Mantle 0.012 0.048

TABLE I: U and Th mass abundances in different layers of the Earth crust and mantle used in this work.

where ∆m2
21 ≡ m2

2 −m2
1 � 7.6× 10−5 eV2, m1, m2 being the neutrino masses, sin2 θ12 = 0.31 and sin2 θ13 = 0.025.
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FIG. 3: Cumulative flux of geoneutrinos coming from the decay of
238

U as a function of the distance from the ANDES neutrino

detector.

We have computed the total fluxes expected at the ANDES to be ΦU = 5.58× 106 cm−2 s−1 (3.04× 106 cm−2 s−1)
and ΦTh = 4.78 × 106 cm−2 s−1 (2.60 × 106 cm−2 s−1) without neutrino oscillation (with oscillation). In Fig. 3 we
present the geoneutrino cumulative flux for the U chain as a function of the distance from the ANDES laboratory. We
observe that 50% of the flux comes from 200 km from the detector and about 20% of the flux comes from the mantle.
In Fig. 4 we show our expectations for the total oscillated geoneutrino flux at Kamioka, Gran Sasso, SNO, Hawaii,
Pyhäsalmi and ANDES, discriminating the crust and mantle contributions in each case. We also show KamLAND [29]
and Borexino data [19] points to compare with the precision of the expected measurement by ANDES after 5 years of
data takying. According to Ref. [31] the current KamLAND and Borexino results combined imply the geoneutrinos
from the Mantle have been observed at 2.4 σ CL. Clearly ANDES by itself, after 5 years, is able to establish the
Mantle geoneutrino component at a level of about 3 σ or better.

Concentrations of U and Th assumed in this work

Typically, Th/U ~ 4 

Larger U and Th concentration in the continental crust 



Enomoto, Neutrino Sciences 2007

×
ANDES Lab.

Interesting place because of larger flux of  
Geo-neutrinos (to confirm site dependence)

U and Th are more concentrated in the continental crust



Enomoto, Neutrino Sciences 2007

Another Advantage:  Very few reactors

Nreac BG ~ 2 event
for 3 kt/yr at

Andes Laboratory×

×
 distance to nearest 
reactor ~ 600 km 

Andes Lab.
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FIG. 4: Total geoneutrino flux (oscillated) expected at Kamioka, Gran Sasso, SNO, Hawaii, Pyhäsalmi and ANDES. We show
the expected contribution from crust and mantle in each case as well as KamLAND [29] and Borexino data [19]. We also show
(in blue) the precision of the expected measurement by ANDES after 5 years at 1 and 3 σ CL.

Location Number from U Number from Th Total

Gran Sasso 53.8 14.7 68.5

Kamioka 45.7 12.4 58.1

Hawaii 27.3 7.4 34.7

Sudbury 63.2 17.2 80.4

Pyhäsalmi 66.1 18.0 84.1

ANDES 64.8 17.6 82.4

TABLE II: Number of geoneutrino events for a 3 kt liquid scintillator detector operating during a year with 80% efficiency at
different locations.

Assuming a 3 kt liquid scintillator detector (2.2× 1032 protons), one year of operation (3× 107 s) and 80% detector
efficiency we have calculated the total number of geonetrinos expected at the ANDES to be 82.4 (64.8 from U, 17.6
from Th). About 16 of these events would be from the mantle and 35 events would have Eν > 2.3 MeV, coming
exclusively from the U chain. To illustrate the site dependence we show in Tab. II our estimation for the corresponding
number of geoneutrino event for the same detector in different locations. From this table we see that the expected
number of geoneutrino events at the ANDES location is comparable to Sudbury in Canada and the Pyhäsalmi in
Finland.

Such a detector operating during 10 years could accumulate more than 800 geonetrino events (160 from the mantle
alone), allowing not only for a better determination of U and Th mass abundances in the crust and mantle but also
for the investigation of their presence in the Earth’s core. Clearly if an even larger detector, say 10 kt, could be
envisaged the scientific reach could be even more significant.

Expected Geoneutrino flux and events at ANDES 

comparison with other sites 

# of event /3 kt/yr

LENA?
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Observation of Supernova (SN) Neutrinos 
at ANDES



Stellar Evolution  



Georg Raffelt, Max-Planck-Institut für Physik, München ISAPP 2008, Probing the Universe with Neutrinos, 16-26 July 2008, Valencia
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Georg Raffelt, Max-Planck-Institut für Physik, München ISAPP 2008, Probing the Universe with Neutrinos, 16-26 July 2008, Valencia
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Georg Raffelt, Max-Planck-Institut für Physik, München ISAPP 2008, Probing the Universe with Neutrinos, 16-26 July 2008, Valencia
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Large Magellanic Cloud Large Magellanic Cloud 

Distance 50 kpcDistance 50 kpc

(160.000 light years)(160.000 light years)

Tarantula NebulaTarantula Nebula



Georg Raffelt, Max-Planck-Institut für Physik, München ISAPP 2008, Probing the Universe with Neutrinos, 16-26 July 2008, Valencia
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Supernova 1987ASupernova 1987A

23 February 198723 February 1987



Georg Raffelt, Max-Planck-Institut für Physik, München ISAPP 2008, Probing the Universe with Neutrinos, 16-26 July 2008, Valencia

Neutrino Signal of Supernova 1987ANeutrino Signal of Supernova 1987A

Within clock uncertainties,Within clock uncertainties,

signals are contemporaneoussignals are contemporaneous

KamiokandeKamiokande--II (Japan)II (Japan)

Water Cherenkov detectorWater Cherenkov detector

2140 tons2140 tons

Clock uncertainty  Clock uncertainty  !!1 min1 min

IrvineIrvine--MichiganMichigan--Brookhaven (US)Brookhaven (US)

Water Cherenkov detectorWater Cherenkov detector

6800 tons6800 tons

Clock uncertainty  Clock uncertainty  !!50 ms50 ms

Baksan Scintillator TelescopeBaksan Scintillator Telescope

(Soviet Union), 200 tons(Soviet Union), 200 tons

Random event cluster ~ 0.7/dayRandom event cluster ~ 0.7/day

Clock uncertainty  Clock uncertainty  +2/+2/--54 s54 s

G. Raffelt



Observation of Supernova (SN) Neutrinos 
at ANDES

Relevance of the ANDES detector

Galactic SN is so rare that it is highly welcome 
to have as many detector runnig as possible

Complementary to the detectors in the
Northern Hemisphere, increase 

the chance to see Earth matter effect
 

~ 10 Galactic SN in last ~ 2000 yrs



Observation of ν coming from next galactic supernova

theoretical prediction 
rate of galactic SN

~ a few SN per century

~ 8.5 kpc

last Galactic SN was
observed in1604

Distance ~ 6 kpc
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Distributions taken from Mirizzi et al,  JCAP05, 012 (2006)



For simplicity, we consider only the following 
2 channels of CC and NC reactions 

ν̄e + p→ n + e+

(1) CC: Inverse Beta Decay  

(2) NC: Neutrino-Proton elastic scattering

ν + p→ ν + p

Beacom, Farr & Vogel, PRD66, 033001 (2002)

Dasgupta & Beacom, PRD83, 113006 (2011)

depends on neutrino oscillation  

does not depend on oscillation



Expected SN neutrino spectra at Earth
Fν̄e(E) = p̄(E) F 0

ν̄e
(E) + [1− p̄(E)]F 0
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reference Osc. parameters
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Expected # of events for galactic SN

Prediction for ANDES D = 10kpc

# of event for                            ~ 800-1000 for 3 kt

# event for                           ~ 350-650 for 3 ktν + p→ ν + p
ν̄e + p→ n + e+

9

On the other hand, for the inverted mass hierarchy, by taking into account the recent observation of non-zero θ13 by
accelerator [53, 54] and reactor [11, 12] experiments, it is expected that Fν̄e(E) ≈ F 0

ν̄x
(E) [45] due to the adiabatic

conversion inside the SN driven by the mass squared difference, ∆m2
32, relevant for atmospheric neutrinos. Hence, it

is expected that independent of the mass hierarchy, by taking into account possible effects from collective oscillation,
shock wave, density fluctuations, etc, the value of P̄ (E) in Eq. (4) satisfy 0 ≤ P̄ (E) ≤ c2

12 � 0.69.
In Fig. 5 we show the expected neutrino flux spectra at the Earth for a SN located at 10 kpc from the Earth,

using the typical average SN neutrino energies we consider in this work, �Eν̄e� = 15 MeV (corresponding to dotted
blue curves) and �Eνx� = 18 MeV and 22 MeV for the upper and lower panels, respectively. The expected ν̄e flux
spectra at the Earth are shown by the solid red curves for the case of normal mass hierarchy which is given by Eq. (5),
whereas for the inverted mass hierarchy, ν̄e spectra is given by the dashed green curves in this figure. We note that
since we assumed that the total SN neutrino luminosity was equally divided into the 6 species of neutrinos, a larger
average energy implies a smaller flux as we can see from dashed green curves in Fig. 5.

B. Inverse beta decay reaction

In this paper we focus on two reactions, one is the inverse beta decay ν̄e + p → n + e+, which is the main channel
due to its larger cross section, and the other other is the proton-neutrino elastic scattering, ν + p → ν + p, which
is useful to determine the original νx spectrum [55, 56]. Based on the fluxes shown in Fig. 5, we present in Table
III the expected number of events we have computed for the ANDES neutrino detector with three different chemical
compositions for the liquid scintillator, in the absence and presence of neutrino oscillation. Here we consider three
options already used by the existing or planned detectors, KamLAND, Borexino and SNO+ [14]. KamLAND mixture
is based on 80% of C12H26 and 20% of C9H12, whereas Borexino and SNO+ are based on C9H12 (pseudocumene)
and C6H5C12H25 (alkyl benzene), respectively. For simplicity, we consider only the two extreme cases where p̄ = 0.69
and 0 corresponding, respectively, to the normal and inverted mass hierarchy assuming that only the standard MSW
effect in the SN envelope is operative. Due to the possible presence of other effects, such as collective oscillations, in
reality the expected number of events may lay between these two cases.

Chemical Composition of the Scintillator

Reaction (a) C12H26 + C9H12 (b) C9H12 (c) C6H5C12H25 Assumptions

( 80% + 20% ) pseudocumene alkyl benzene

ν̄e + p → n + e+ 873 630 762 No Oscillation

ν̄e + p → n + e+ 924 669 804 p̄ = c2
12 = 0.69 (NH), �Eνx�= 18 MeV

ν̄e + p → n + e+ 1038 750 903 p̄ = 0.0 (IH), �Eνx�= 18 MeV

ν̄e + p → n + e+ 957 690 834 p̄ = c2
12 = 0.69 (NH), �Eνx�= 20 MeV

ν̄e + p → n + e+ 1140 825 993 p̄ = 0.0 (IH), �Eνx�= 20 MeV

ν̄e + p → n + e+ 987 714 858 p̄ = c2
12 = 0.69 (NH), �Eνx�= 22 MeV

ν̄e + p → n + e+ 1239 894 1080 p̄ = 0.0 (IH), �Eνx�= 22 MeV

ν + p → ν + p 294 318 453 all flavors T � > 0.2 MeV, �Eνx�= 18 MeV

ν + p → ν + p 399 405 561 all flavors T � > 0.2 MeV, �Eνx�= 20 MeV

ν + p → ν + p 510 492 663 all flavors T � > 0.2 MeV, �Eνx�= 22 MeV

TABLE III: Expected number of SN neutrino induced events for the inverse beta decay and proton-neutrino elastic scattering
for the 3 types of liquid scintillators we consider in this work. They are (a) 80% of C12H26 and 20% of C9H12 used for
KamLAND, (b) C9H12 (pseudocumene) used for Borexino, and (c) C6H5C12H25 (alkyl benzene) to be used for SNO+. For all
cases, we assume the fiducial mass to be 3 kt and the distance to the SN was to be 10 kpc. NH and IH indicate the normal and
inverted mass hierarchies, respectively. For ν + p → ν + p, we considered the kinetic (quenched) energy of the recoil proton,
T �, larger than 0.2 MeV following Refs. [55, 56].

In Fig. 6 we show the expected ν̄e event number distribution dN/dE for a 1 kt detector in the absence and presence
of neutrino oscillation. For definiteness, we considered the same composition of the SNO+ detector, C6H5C12H25.
Depending on the oscillation probabilities, we expect to have ∼ 250−400 events per kt (see Table III). In the presence
of oscillation, the energy spectrum of ν̄e gets harder whereas its total flux will decrease (as we assume that the original
value of Φνα�Eνα� is constant for all 6 species). Nevertheless, the oscillation effect makes the expected observed event
number larger, as the cross section depends on ∼ E2

ν , which overcomes the reduction of the flux due to oscillation.
As mentioned before, due to the neutrino oscillation in the SN envelope, it is expected that the spectrum of ν̄e to

be observed at the Earth is in general the mixture (superposition) of the original ν̄e and ν̄x. In principle, by fitting

KamLAND BOREXINO SNOtype

3kt liquid scintilator
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Site Latitude Longitude Shadowing Probability

Mantle (Core)

Kamioka, Japan 36.42
o
N 137.3

o
E 0.559 (0.103)

South Pole 90
o
N - 0.413 (0.065)

ANDES 30.25
o
S 68.88

o
W 0.449 (0.067)

SNO, Canada 46.476
o
N 81.20

o
E 0.571 (0.110)

TABLE IV: Positions of the detectors we consider in this pa-

per. In the last column, we show the shadowing probability,

the probability that SN neutrinos will pass only through the

mantle (indicated as Mantle) or will pass both through the

mantle and core (indicated as Core).

Earth mantle and/or core.

For definiteness, we use the same SN distribution

model considered in Eqs. (1) and (2) of Ref. [63], which

are given in Eqs. (C1) and (C2) of the Appendix C. Us-

ing this distribution, as done in [63], we can compute

the shadowing probability for an arbitrary number of de-

tector positions on the Earth.

The shadowing probability for the most simple case

where only a single detector is considered is shown in

the last column of Table IV. For the case where two

detector locations, Kamioka and South Pole, are consid-

ered simultaneously, we show the results in Table V. We

observe that the numbers shown in this table agree well

with the ones found in Table 2 of Ref. [63]. From Table V

we conclude that the probability that only one of these

detectors observes SN neutrinos having passed through

the Earth is about 72%.

Earth Matter Effect

Case Kamioka South Pole Shadowing Probability

Mantle (Core)

(1) No No 0.152 (0.832)

(2) Yes No 0.435 (0.104)

(3) No Yes 0.288 (0.065)

(4) Yes Yes 0.125 (0.000)

TABLE V: Earth shadowing probability for the case where

detectors at Kamioka and South Pole are considered.

Next in Table VI we show the Earth shadowing prob-

ability for the case where we consider three detectors:

at Kamioka, South Pole and Andes sites. From this ta-

ble, we see that the probability of having at least one of

these detectors observing SN neutrinos passing through

the Earth while at least one of the other two sees them

non shadowed by the Earth is 96%, which is about 30%

larger than the case above with two detectors, one at

Kamioka and the other at the South Pole. One can also

compare our three detector combination with any two

detector combination found in Table 2 of Ref. [63] where

the largest probability for having one detector shadowed

and one non shadowed is 87.2% for the Pyhäsalmi and

South Pole sites.

In Table VII we show the case where four detectors at

Earth Matter Effect

Case Kamioka South Pole ANDES Shadowing Probability

Mantle (Core)

(1) No No No 0.024 (0.767)

(2) Yes No No 0.388 (0.105)

(3) No Yes No 0.034 (0.061)

(4) No No Yes 0.128 (0.063)

(5) Yes Yes No 0.106 (0.000)

(6) No Yes Yes 0.254 (0.003)

(7) Yes No Yes 0.047 (0.000)

(8) Yes Yes Yes 0.020 (0.000)

TABLE VI: Earth shadowing probability for the case where

detectors at Kamioka, South Pole and Andes sites are consid-

ered.

Kamioka, South Pole, ANDES and SNO sites are consid-

ered. With four detectors, the probability that at least

one of the detectors have the Earth effect and at least

one of the others have not, increases to 98%. We also

found that the probability that at least one of these sites

receives a SN neutrino flux which passes the core of the

Earth is not very small, ∼ 34%.

F. Quantifying the Earth matter effect: Comparing
the detectors with and without Earth matter effect

Let us now try to quantify the Earth effect which could

be observed in a model independent way by comparing

the yields of two (or more) detectors if only some (not all)

of them receive SN neutrinos passing through the Earth’s

interior. In this paper, we focus on the possible Earth

matter effect for ν̄e due to the larger number of expected

events. For ν̄e, it is a known fact that the Earth matter

effect can only be large for the normal mass hierarchy or

the inverted one if sin
2 θ13 <∼ 10−3. Since we now know

that θ13 is not so small, sin
2
2θ13 � 0.09− 0.1 [11–13, 53,

54], assuming the standard three flavor mixing scheme,

we consider only the case of the normal mass hierarchy.

If SN neutrinos reach the detector after passing

through the Earth matter, assuming the impact of non-

zero θ13 is not very significant for the Earth matter effect

itself (though the impact of θ13 may be large for the os-

cillations inside the SN, affecting significantly p̄(E) men-

tioned above), the SN flux spectrum is expected to get

modified as follows,

F⊕ν̄e
(E) = p̄⊕(E)F 0

ν̄e
(E) + [1− p̄⊕(E)]F 0

ν̄x
(E), (7)

where
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Kamioka, Japan 36.42
o
N 137.3

o
E 0.559 (0.103)

South Pole 90
o
N - 0.413 (0.065)

ANDES 30.25
o
S 68.88

o
W 0.449 (0.067)

SNO, Canada 46.476
o
N 81.20

o
E 0.571 (0.110)

TABLE IV: Positions of the detectors we consider in this pa-

per. In the last column, we show the shadowing probability,

the probability that SN neutrinos will pass only through the

mantle (indicated as Mantle) or will pass both through the

mantle and core (indicated as Core).

Earth mantle and/or core.

For definiteness, we use the same SN distribution

model considered in Eqs. (1) and (2) of Ref. [63], which

are given in Eqs. (C1) and (C2) of the Appendix C. Us-

ing this distribution, as done in [63], we can compute

the shadowing probability for an arbitrary number of de-

tector positions on the Earth.

The shadowing probability for the most simple case

where only a single detector is considered is shown in

the last column of Table IV. For the case where two

detector locations, Kamioka and South Pole, are consid-

ered simultaneously, we show the results in Table V. We

observe that the numbers shown in this table agree well

with the ones found in Table 2 of Ref. [63]. From Table V

we conclude that the probability that only one of these

detectors observes SN neutrinos having passed through

the Earth is about 72%.

Earth Matter Effect

Case Kamioka South Pole Shadowing Probability

Mantle (Core)

(1) No No 0.152 (0.832)

(2) Yes No 0.435 (0.104)

(3) No Yes 0.288 (0.065)

(4) Yes Yes 0.125 (0.000)

TABLE V: Earth shadowing probability for the case where

detectors at Kamioka and South Pole are considered.

Next in Table VI we show the Earth shadowing prob-

ability for the case where we consider three detectors:

at Kamioka, South Pole and Andes sites. From this ta-

ble, we see that the probability of having at least one of

these detectors observing SN neutrinos passing through

the Earth while at least one of the other two sees them

non shadowed by the Earth is 96%, which is about 30%

larger than the case above with two detectors, one at

Kamioka and the other at the South Pole. One can also

compare our three detector combination with any two

detector combination found in Table 2 of Ref. [63] where

the largest probability for having one detector shadowed

and one non shadowed is 87.2% for the Pyhäsalmi and

South Pole sites.

In Table VII we show the case where four detectors at

Earth Matter Effect

Case Kamioka South Pole ANDES Shadowing Probability

Mantle (Core)

(1) No No No 0.024 (0.767)

(2) Yes No No 0.388 (0.105)

(3) No Yes No 0.034 (0.061)

(4) No No Yes 0.128 (0.063)

(5) Yes Yes No 0.106 (0.000)

(6) No Yes Yes 0.254 (0.003)

(7) Yes No Yes 0.047 (0.000)

(8) Yes Yes Yes 0.020 (0.000)

TABLE VI: Earth shadowing probability for the case where

detectors at Kamioka, South Pole and Andes sites are consid-

ered.

Kamioka, South Pole, ANDES and SNO sites are consid-

ered. With four detectors, the probability that at least

one of the detectors have the Earth effect and at least

one of the others have not, increases to 98%. We also

found that the probability that at least one of these sites

receives a SN neutrino flux which passes the core of the

Earth is not very small, ∼ 34%.

F. Quantifying the Earth matter effect: Comparing
the detectors with and without Earth matter effect

Let us now try to quantify the Earth effect which could

be observed in a model independent way by comparing

the yields of two (or more) detectors if only some (not all)

of them receive SN neutrinos passing through the Earth’s

interior. In this paper, we focus on the possible Earth

matter effect for ν̄e due to the larger number of expected

events. For ν̄e, it is a known fact that the Earth matter

effect can only be large for the normal mass hierarchy or

the inverted one if sin
2 θ13 <∼ 10−3. Since we now know

that θ13 is not so small, sin
2
2θ13 � 0.09− 0.1 [11–13, 53,

54], assuming the standard three flavor mixing scheme,

we consider only the case of the normal mass hierarchy.

If SN neutrinos reach the detector after passing

through the Earth matter, assuming the impact of non-

zero θ13 is not very significant for the Earth matter effect

itself (though the impact of θ13 may be large for the os-

cillations inside the SN, affecting significantly p̄(E) men-

tioned above), the SN flux spectrum is expected to get

modified as follows,

F⊕ν̄e
(E) = p̄⊕(E)F 0

ν̄e
(E) + [1− p̄⊕(E)]F 0

ν̄x
(E), (7)

where

A

B
SN shadowed for A

SN is

non-shadowed for B

shadowing prob. for 
one detector only

shadowing prob. for 
two detectors

prob. that at least one detector 
is showed is 0.848
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mantle and core (indicated as Core).
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ing this distribution, as done in [63], we can compute
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tector positions on the Earth.
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observe that the numbers shown in this table agree well

with the ones found in Table 2 of Ref. [63]. From Table V

we conclude that the probability that only one of these

detectors observes SN neutrinos having passed through

the Earth is about 72%.
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(1) No No 0.152 (0.832)

(2) Yes No 0.435 (0.104)

(3) No Yes 0.288 (0.065)

(4) Yes Yes 0.125 (0.000)

TABLE V: Earth shadowing probability for the case where

detectors at Kamioka and South Pole are considered.

Next in Table VI we show the Earth shadowing prob-

ability for the case where we consider three detectors:

at Kamioka, South Pole and Andes sites. From this ta-

ble, we see that the probability of having at least one of

these detectors observing SN neutrinos passing through

the Earth while at least one of the other two sees them

non shadowed by the Earth is 96%, which is about 30%

larger than the case above with two detectors, one at

Kamioka and the other at the South Pole. One can also

compare our three detector combination with any two

detector combination found in Table 2 of Ref. [63] where

the largest probability for having one detector shadowed

and one non shadowed is 87.2% for the Pyhäsalmi and

South Pole sites.

In Table VII we show the case where four detectors at

Earth Matter Effect

Case Kamioka South Pole ANDES Shadowing Probability

Mantle (Core)

(1) No No No 0.024 (0.767)

(2) Yes No No 0.388 (0.105)

(3) No Yes No 0.034 (0.061)

(4) No No Yes 0.128 (0.063)

(5) Yes Yes No 0.106 (0.000)

(6) No Yes Yes 0.254 (0.003)

(7) Yes No Yes 0.047 (0.000)

(8) Yes Yes Yes 0.020 (0.000)

TABLE VI: Earth shadowing probability for the case where

detectors at Kamioka, South Pole and Andes sites are consid-

ered.

Kamioka, South Pole, ANDES and SNO sites are consid-

ered. With four detectors, the probability that at least

one of the detectors have the Earth effect and at least

one of the others have not, increases to 98%. We also

found that the probability that at least one of these sites

receives a SN neutrino flux which passes the core of the

Earth is not very small, ∼ 34%.

F. Quantifying the Earth matter effect: Comparing
the detectors with and without Earth matter effect

Let us now try to quantify the Earth effect which could

be observed in a model independent way by comparing

the yields of two (or more) detectors if only some (not all)

of them receive SN neutrinos passing through the Earth’s

interior. In this paper, we focus on the possible Earth

matter effect for ν̄e due to the larger number of expected

events. For ν̄e, it is a known fact that the Earth matter

effect can only be large for the normal mass hierarchy or

the inverted one if sin
2 θ13 <∼ 10−3. Since we now know

that θ13 is not so small, sin
2
2θ13 � 0.09− 0.1 [11–13, 53,

54], assuming the standard three flavor mixing scheme,

we consider only the case of the normal mass hierarchy.

If SN neutrinos reach the detector after passing

through the Earth matter, assuming the impact of non-

zero θ13 is not very significant for the Earth matter effect

itself (though the impact of θ13 may be large for the os-

cillations inside the SN, affecting significantly p̄(E) men-

tioned above), the SN flux spectrum is expected to get

modified as follows,

F⊕ν̄e
(E) = p̄⊕(E)F 0

ν̄e
(E) + [1− p̄⊕(E)]F 0

ν̄x
(E), (7)

where
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Earth Matter Effect

Case Kamioka South Pole ANDES SNO Shadowing Probability

Mantle (Core)

(1) No No No No 0.008 (0.657)

(2) Yes No No No 0.206 (0.105)

(3) No Yes No No 0.034 (0.061)

(4) No No Yes No 0.001 (0.063)

(5) No No No Yes 0.016 (0.111)

(6) Yes Yes No No 0.205 (0.000)

(7) Yes No Yes No 0.000 (0.000)

(8) Yes No No Yes 0.282 (0.000)

(9) No Yes Yes No 0.163 (0.003)

(10) No Yes No Yes 0.000 (0.000)

(11) No No Yes Yes 0.127 (0.000)

(12) No Yes Yes Yes 0.091 (0.000)

(13) Yes No Yes Yes 0.047 (0.000)

(14) Yes Yes No Yes 0.011 (0.000)

(15) Yes Yes Yes No 0.012 (0.000)

(16) Yes Yes Yes Yes 0.008 (0.000)

TABLE VII: Earth shadowing probability for the case where detectors at Kamioka, South Pole, Andes and Pyhäsalmi sites are

considered.

p̄⊕(E) =
1

|Ue2|2 − |Ue1|2
��

|Ue2|2 − p̄(E)
�

p̄⊕1e +
�
p̄(E)− |Ue1|2

�
p̄⊕2e

�
, (8)

where Uek (k = 1, 2) are the elements of neutrino mixing
matrix which relate flavor and mass eigenstates (we use
the standard parameterization found in Ref. [69]), and

p̄⊕ke ≡ P⊕(ν̄k → ν̄e, L), (k = 1, 2), (9)

are the probabilities that a mass eigenstate ν̄k (k = 1, 2)

entering the Earth will be detected as ν̄e at the detector,
after traveling the distance L inside the Earth.

If we take the difference of SN spectra given in Eqs.
(7) and (4) with and without Earth matter effect,

∆Fν̄e ≡ F⊕ν̄e
(E)− Fν̄e(E)

=
1

|Ue1|2 − |Ue2|2
�
[2p̄(E)− 1]

�
|Ue2|2 − p̄⊕2e

�
+ |Ue3|2

�
p̄(E)− p̄⊕2e

�� �
F 0

ν̄e
(E)− F 0

ν̄x
(E)

�

� 1
cos 2θ12

[2p̄(E)− 1](s2
12 − p̄⊕2e)

�
F 0

ν̄e
(E)− F 0

ν̄x
(E)

�

� (p̄⊕1e − c2
12)

�
F 0

ν̄e
(E)− F 0

ν̄x
(E)

�
, (10)

where p̄(E) ≈ c2
12 was assumed to get the last expression.

We also observe that the term proportional to |Ue3|2 can
be dropped because it will only contribute to about 7%
of the first term. As one can see from Eq. (10), in order
to observe the Earth matter effect, the deviation of p̄⊕1e

from c2
12 must be large enough and at the same time,

the difference between the original spectra of F 0
ν̄e

(E) and
F 0

ν̄x
(E) must be also large enough.

In order to have some idea about the magnitude of the
Earth matter effect as functions of the neutrino energy

shadowing prob. for 
three detectors

shadowing prob. for 
four detectors

prob. that at least one detector 
is showed is 0.976

prob. that at least one detector 
is showed is 0.992
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Idenfitying the Earth Matter Effect by 
comparing SK and ANDES (for SN@5kpc)

expected strongest when neutrinos pass through the Earth’s
core (corresponding to !nadir & 33!) and for higher neutrino
energies. Here !nadir is defined such that !nadir " 0! corre-
sponds to the case where SN neutrinos arrive at the detector
from the other side of theEarth passing the center of theEarth
and !nadir " 90! corresponds to the case where neutrinos
come from the horizontal direction.

In Fig. 15 we show the fractional difference of the
flux spectra with and without the Earth effect defined
by !F ""e

=F ""e
, where !F ""e

is given by Eq. (10) for three
different path lengths in the Earth, L " 1000 km
(solid blue curve), L " 5000 km (dotted red curve), and
L " 10000 km (dashed green curve). From this figure, we
can see that strong Earth matter effect is expected in the
higher energy range. We must note, however, that as the
energy becomes higher, the number of events gets smaller,
so that in order to identify the Earth matter effect, both the
Earth effect (difference of probabilities with and without
matter effect) and the number of events in the relevant
energy range must be large enough.

Since we cannot compare the number of events at the
same detector with and without the Earth matter effect, we

need two or more detectors to be able to conclude something
on the matter effect. For simplicity and for the sake of
discussion, let us consider only two detectors at two differ-
ent sites, say, one at Kamioka (SK) and the other at ANDES.
Suppose that the arrival of the SN neutrinos at the

ANDES detector is shadowed by the Earth, while the
arrival at the SK detector is not. Then, to some extent,
within the statistical and systematic errors, one can try to
infer the expected SN spectra at SK from the observed ones
at ANDES (or vice versa) as if the SK detector were also
shadowed like ANDES. If both detectors receive SN neu-
trinos without Earth matter effect, these two spectra must
agree with each other; but, with the matter effect, they are
not expected to coincide exactly.
In order to see the presence of Earth matter effect, the

combination of SK and ANDES must be able to distinguish,
for a givenSNmodel, vacuum frommatter event distribution.
To illustrate that, we show in Table VI the expected number
of events in SK for four different energy bins for vacuum and
matter with L " 1000 km, for a variety of SN parameters. If
we assume that the shadowed SN neutrino spectra distribu-
tion of events at SK can be provided by ANDES with an

TABLE VI. Number of inverse beta decay events expected at the SK detector (1:7# 1033 free protons) for a SN happening at 5 kpc
from the Earth for E< 30 MeV, 30<E=MeV< 40, 40<E=MeV< 50, and E> 50 MeV for the case of vacuum and matter effect
with a baseline of 1000 km and various SN parameters. We assume L ""e

=L"x " 1 and hE ""e
i " 15 MeV. We assume that the SK

detector receives SN neutrinos without the Earth matter effect, whereas the ANDES neutrino detector receives them after traveling
1000 km inside the Earth. The numbers in the row indicated as vacuum are the ones to be observed at SK detector which must be
compared with the theoretical prediction at SK inferred from the observed number of events at ANDES neutrino detector. In the last
column we point out in how many # the 1000 km observation is distinguishable from vacuum.

E < 30 MeV 30<E=MeV< 40 40<E=MeV< 50 E> 50 MeV Case Incompatibility

Vacuum (observed) 18159$ 135 4973$ 71 2032$ 45 889$ 30 hE"x i " 22 MeV 3:1#
1000 km (prediction) 18132$ 374 5065$ 198 1908$ 121 700$ 74 $x " $e " 4
Vacuum (observed) 17395$ 132 5785$ 76 2583$ 51 1147$ 34 hE"x i " 22 MeV 2:2#
1000 km (prediction) 17370$ 367 5858$ 213 2483$ 139 988$ 87 $x " 4 $e " 3
Vacuum (observed) 16031$ 127 6674$ 82 3594$ 60 1978$ 45 hE"x i " 22 MeV 0:7#
1000 km (prediction) 16011$ 352 6728$ 228 3541$ 166 1917$ 122 $x " 4 $e " 2
Vacuum (observed) 16863$ 130 5722$ 76 2864$ 54 1604$ 40 hE"x i " 22 MeV 3:2#
1000 km (prediction) 16837$ 361 5787$ 212 2731$ 145 1321$ 101 $x " $e " 3
Vacuum (observed) 15499$ 125 6611$ 81 3875$ 62 2434$ 49 hE"x i " 22 MeV 1:7#
1000 km (prediction) 15479$ 346 6657$ 227 3789$ 171 2250$ 132 $x " 3 $e " 2
Vacuum (observed) 14790$ 122 6388$ 80 4089$ 64 3059$ 55 hE"x i " 22 MeV 2:8#
1000 km (prediction) 14766$ 338 6419$ 223 3971$ 175 2701$ 145 $x " $e " 2
Vacuum (observed) 17686$ 133 5240$ 72 2439$ 49 1285$ 36 hE"x i " 24 MeV 4:3#
1000 km (prediction) 17655$ 370 5343$ 203 2272$ 133 990$ 88 $x " $e " 4
Vacuum (observed) 16922$ 130 6052$ 78 2990$ 55 1543$ 39 hE"x i " 24 MeV 3:1#
1000 km (prediction) 16892$ 362 6136$ 218 2847$ 148 1278$ 100 $x " 4 $e " 3
Vacuum (observed) 15557$ 125 6941$ 83 4001$ 63 2374$ 49 hE"x i " 24 MeV 1:7#
1000 km (prediction) 15533$ 347 7006$ 233 3905$ 174 2207$ 131 $x " 4 $e " 2
Vacuum (observed) 16441$ 128 5858$ 77 3174$ 56 2022$ 45 hE"x i " 24 MeV 4:0#
1000 km (prediction) 16409$ 356 5928$ 214 3007$ 153 1625$ 112 $x " $e " 3
Vacuum (observed) 15077$ 123 6746$ 82 4185$ 65 2853$ 53 hE"x i " 24 MeV 2:5#
1000 km (prediction) 15051$ 341 6797$ 229 4065$ 177 2554$ 141 $x " 3 $e " 2
Vacuum (observed) 14439$ 120 6400$ 80 4248$ 65 3402$ 58 hE"x i " 24 MeV 3:3#
1000 km (prediction) 14410$ 334 6430$ 223 4116$ 179 2948$ 151 $x " $e " 2

MACHADO et al. PHYSICAL REVIEW D 86, 125001 (2012)

125001-14If Spectra at SK and ANDES do not agree, 
Earth Matter Effect 



Summary
ANDES (Agua Negra Deep Experiment Site)
- First Underground Laboratory in the Southern Hemisphere - 

can offer varios interesting scientific programs
neutrinos (solar, geo SN neutrinos, 0νββ, etc), dark matter,  

nuclear astrophysics (cross section measurements), biology, etc

We propose to build a few kt liquid scintilation
based neutrino detector for 

Geoneutrino observation (this talk)
SN neutrino observation (this talk)

Solar neutrinos, artificial sources (to be studied) 
Some interesting (complementary) contributions 

to the current detectors can be achieved

See the talk by Claudio Dib 



Summary (2)
Geoneutrino observation

SN neutrino observation 

NC reactions (such as p-ν elastic scattering) 
provides better understanding of SN physics 

(independent of oscillation) 

Higher geoneutrino flux than at Kamioka and 
Gran Sasso, interesting to confirm

Very few nearby reactors is an advantage for ANDES 

Earth matter effect, if observed, provides 
information on neutrino mass hierachy



Thank you very much!

http://andeslab.org

http://andeslab.org
http://andeslab.org
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F⊕ν̄e
(E) = p̄⊕(E)F 0

ν̄e
(E) + [1− p̄⊕(E)]F 0

ν̄x
(E),

Earth Matter Effect

p̄⊕(E) =
1

|Ue2|2 − |Ue1|2
��

|Ue2|2 − p̄(E)
�

p̄⊕1e +
�
p̄(E)− |Ue1|2

�
p̄⊕2e

�

p̄⊕1e = |Ue1|2, p̄⊕2e = |Ue2|2 means no earth effect

∆Fν̄e ≡ F⊕ν̄e
(E)− Fν̄e(E) � (p̄⊕1e − c2

12)
�
F 0

ν̄e
(E)− F 0

ν̄x
(E)

�

Dighe-Smirnov, hep-ph/9907423

Normal Mass Hierarchy



!"#$%&'"#()%#*+&'%'#,-#.%/"01.,#%21''1,.#3&.#4%#
15%."1(%56

B
u

ras et al. (2
0

0
5

) 

76#8+,39#40%&9,/" :6#!330%"1,.
;6#<%$)1.=>%$2+,$"?@6#A.-&$$

e− + “p”→ “n” + νe e+ + “n”→ “p” + νe

e+ + e− → νe,µ,τ + νe,µ,τ

N + N → N + N + νe,µ,τ + νe,µ,τ

83&""%01.B

C. Cardall, CIPANP 2012



To study the effect of oscillation and/or infer 
the original SN parameters in a less model 

dependent way, let us deifne, 

R(Nν̄ep/Nνp) ≡
�

Nν̄ep

Nνp

�obs

CC

NC



 CC/NC dependence on  �Eνx�

p = 0 (inverted)  

p = 0.69 (inverted)  

can be determined by ν-p reaction 
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CC/NC dependence on p 

�Eνx � = 21 MeV

�Eνx � = 18 MeV

Inverted mass hierarchy Normal mass hierarchy

usual MSW effect w/o collective effects
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CC/NC dependence on luminosity
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SN ν “Oscillogram” 

P⊕(ν̄1 → ν̄e)/ cos2 θ12Iso-contours of  

Akhmedov, Maltoni & Smirnov, JHEP 05, 077 (2007),  06, 072 (2008)
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14 CHAPTER 2. NEUTRINO GEOPHYSICS

Table 2.3: Uranium and Thorium Concentrations in Continental Crust

Uranium Concentration [ppm]
Upper Crust Middle Crust Lower Crust

McLennan & Taylor (1999)
2.8 0.28

0.91

Wedepohl (1995)
2.5 0.93

1.7

Rudnick & Fountain (1995)
(2.8) 1.6 0.2

1.42
Condie (1993) 2.4 / 2.2 - -

Thorium Concentration [ppm]
Upper Crust Middle Crust Lower Crust

McLennan & Taylor (1999)
10.7 1.06

3.5

Wedepohl (1995)
10.3 6.6

8.5

Rudnick & Fountain (1995)
(10.7) 6.1 1.2

5.6
Condie (1993) 9.1 / 8.6 - -

and oceanic plateaus. The oceanic crusts, especially ones formed at mid-ocean ridges, are
relatively homogeneous in thickness (∼7km) and in chemical composition, as compared
with the continental crust. The time scale of oceanic plate formation and subduction is
1-1.3 Ga.

The oceanic crust is basaltic in composition, whose Uranium and Thorium concentra-
tions (∼ 0.10 ppm and ∼ 0.22 ppm, respectively [27]) are higher than those of the mantle
(∼ 0.01 ppm and ∼ 0.05 ppm), but lower than those of the continental crust (∼ 1 ppm and
∼ 4 ppm). This is believed to be a result of the upper mantle’s depletion in incompatible
elements; Hofmann (1988) [30] demonstrated that the composition of Mid-Ocean-Ridge
Basalt (MORB) is successfully reproduced by a two stage model, with melt extraction
of the primary mantle as the first step and extraction from the depleted mantle as the
second step.

The oceanic crust, especially old oceanic crust, is covered with thick sediment that
originates detrital sources (volcanic and continental) and biological products. Sediment
on the oceanic crust is systematically surveyed by Deep Sea Drilling Project (DSDP) and
Ocean Drilling Program (ODP), and composition of sediment on subducting plates is
compiled by T.Plank et al. (1988) [28] as GLOSS (Global Subducting Sediment), giving
estimated Uranium and Thorium concentration to be 1.68 ppm and 6.91 ppm respectively.

We know that the concentration of U and Th 
is larger in the upper Earth Crust

 U: ~ 2,5 - 2,8 ppm Th: ~ 10,3 - 10,7 ppm Th/U ~ 4
But we do not know the concentration of U and Th 

in the deep Mantle (and core of Earth)
reference values for the Mantle : U ~ 0.012 pm, Th ~ 0.048 ppm

Enomoto, PhD thesis, 2005
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Figure 1: Schematic illustration of the k -th cell of the Earth crust in which its thickness is assumed
to be constant.
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Figure 2: Iso-contours of the Earth crust thickness based on the global 2! ! 2! crustal map [19]
we adopted in this work.

We have thus the basic equations for determining radiogenic heat production and neu-
trino flows from models of the Earth composition. In order to have some feeling about the
local variation of geo-antineutrino fluxes due to the variable crustal thickness, in figure 3,
we present the normalized cumulative geo-antineutrino flux coming from the continental
as well as oceanic crust (without contributions from the mantle) at Kamioka, Gran Sasso,
Homestake and Sudbury, as a function of the distance (L) from the source to the detector,

– 6 –

crust was divided into16200 parts 
of 2 x 2 degrees
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P. Machado, T. Mühlbeier, H. Nunokawa, R. Z. Funchal, in preparation

Expected Geoneutrino flux at ANDES 

Flux of Geo-Neutrinos coming from U as a functio of the distance

11/04/06 17:23Google マップ
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Total energy released by SN

∆E = Einicial − Efinal ∼ −GN
M

Ri
−

�
−GN

M

Rf

�

∼ GN
M

Rf
∼ 3× 1053erg

M ∼M⊙, Ri ∼ 1000 km, Rf ∼ 10 km

observed energy of explostion (kinetic + radiation) 
is only ~1 % de ΔE

neutrinos carry ~ 99 % of energy of ΔE !



Betelgeuse !?

Candidate for the next galactic supernova

Distance ~ 640 light yrs

~ 20 solar mass
~ 1000 solar radius

red giant



Supernova Neutrino Early Warning System

Super-Kamiokande @Kamioka
LVD (Large Volume Detector)@Gran Sasso

Borexino@Gran Sasso

IceCube@South Pole
http://snews.bnl.gov/

http://snews.bnl.gov
http://snews.bnl.gov

