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What are




Natural Radioactivity of
the Present Earth

from isotopes with half-life comparable to Earth’s age

) 238U’ 232Th’ 40K’ 235U and 87Rb

® Radiogenic Heat is produced in the decay
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VWWhat can be




Observed Heat Flow in the Earth Surface

Uncertainties on lotal /—Ieat Flow (~40 TW)
What is the Radiogenic Contribution 7 20 TW 7



Earth Science

seismology : can reconstruct density profile but not composition

geochemistry . analyze samples from crust and top mantle
(deepest borehole ~ |2 km, deepest rock sample from ~200 km)

8eo-neutrinos : new probe of the global composition of the Earth |




Earth Science

geo-neutrinos : new probe of the global composition of the Earth

® Address the Radiogenic Contribution to Earth’s
Heat Production
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VVhy can we




Great Developments in
Neutrino Physics

Experimentally : we know how to
build extremely low background neutrino
detectors







Detection

Ve +p— e +n

Eorompt = By, — 0.8 MeV
Einhreshold = 1.8 MeV
1.8 < Eyeov./MeV < 3.3
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Only main decays are shown
Gamma emitters are not indicated
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Pb-214
26.8 m

[3] Bi-214
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The Uranium-238 Decay Chain

Atomic Number
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Half-life units
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Element Names

Pb-210 ¥
22.3 a [

U - uranium
Th - thorium
Ra - radium
Pa - protactinium

a- years
d - days
N - hours
m - minutes

Po - 214

-4
1.64x10 s

Bi-210
50d

3

N

Rn - radon S - seconds

Po - polonium
Bi - bismuth

3

Pb-206

Stable g

(1

Pb - lead

28 — “°Ph 4+ 8 *‘He + 6~ + - 51.7 [MeV]



The Thorium-232 Decay Chain

Atomic Number
82 83 84 83 14 ) 03 8Y Q0

| Ra-228| (L |Th-232
Only main decays are shown 575a € 10

) : ¥ 1.4x10 a
Gamma emitters are not indicated

[3 7 Ac-228
6.15 h

g

Pb-212| ¥, i 0. |Th-228
106 h 4—— | 191a

TI-208 (r
3.05 M ref——

Element Names Half-life units

Th - thorium a - years

B Pb-208 ). Ra - radium d - days
Stable AcC - actinium h - hours

Rn - radon m - minutes

Po - polonium S - seconds

Bi - bismuth

Pb - lead

Tl - thallium

232Th — 206Pb 4 6 “He + 4~ - 42.7 [MeV]




Energy Spectra for U-,Th-Series

Taken from Enomoto’s Thesis
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Expected Flux

‘/CLX CX

@X(E,Ey):/ 5PD€HV€, ,/,‘R—_)‘
1% 47T|R—

Fl2 Txmx

I\ :238 U,232 Th

detector position o = (Rr cos ¢sinf, Ry sin ¢ sin 6, Ry cos6)

1

(P(D, — D)) =1 — 5 sin® 2015 ~ 0.6

survival probability

Q)
>
|

= mass abundance Cx = Isotopic concentration
lifetime Mx = mass of X

3
||



Bulk Silicate Earth (BSE) Model

BSE is a geochemical paradigm

the chemical compositon of the
Earth is estimated from that of
Cl chondritic meteorites




Mass Abundances of U

(Mantovani et al. 2004) mc(U) ~ 0.4 x10' kg
Crust:

Oceanic

Oceanic crust

crust

OC ~ 7 km

Kilometers

Moho
Mantle

P .} | a(U) = 0.1 ppm

' sttt Continental
It '"'h e - oute
M o 2 : crust

2 ‘ Vertical scale is 10x
Mesosphere & : . \ the horizontal scale

~
CC ~ 30 km
Continental
crust thickness
greatly exaggerated U C
a(U) = 2.5 ppm
femperature 8 y - M C
and pressure '-' 's"‘_—‘ﬁ(-ﬁ;ﬂ“‘:’ff‘ hot but stron ger
increase 7 due to high pressure a(U) T | 6 p p m
§! |

with depth
Asthenosphere

hot, weak, plastic L(

g Lithosphere:

. s a(U) = 0.63 ppm
0.47 % Earth’s mass in the crust




Local Geo-Neutrino Flux Depends on the Crust Thickness

Earth Crust Thickness Map
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Earth Crust Thickness Map Around Andes Lab.
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Mass Abundances of U

(Mantovani et al. 2004) mm(U) ~ 0.4 x10" kg
Mantle:

Oceanic
Oceanic crust

2O / .. | UM

I - - ~33-670 km

s 2N a(U) = 6.5 ppb
) o LM (BSE)

/ greatly exaggerated ~670-2900 km

Asthenosphere Mantle

Lithosphere
\\

femperature 48
and pressure ‘ Mesosphere: hol but stronger
increase 74 ) due to high pressure
with depth A C o re.
3 [ Asthenosphere o
s hot, weak, plastic

- ~ m
™~ Lithosphere: 3470 k

Coo0l, ngid, brittle

68 % Earth’s mass in the mantle a(U) =0




PREM

Preliminary Reference Earth Model

Radial Density Distribution

- i dengjty PI”O](I/e OfOUI' p/dﬂet

[-D spherically symmetric model
(Dziewonski and Anderson, |98 1)

1000 2000 3000 4000 5000
Radius [Km]







KamLAND

[Nature 436,499 (2005)] Enomoto,Venice 2009

Heat Produdtion
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TEUTIY (it e <'"<—KamLAND 99% Limit

Bulk Earth Model . Fully Radiogenic number of geoneutrino
Constraint Up-a‘p')gr.,u mit events:

28 +15.6

KamLAND 68.3%: C.1. —14.6

KamLAND 1-oc Range
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KamLAND

—*— Data - BG - best-fit osc1.
| M Reference Geo V, [8]

L

[PRL 100, 221803 (2008)]
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« Error is reduced from 56% to 36% Enomoto, Venice 2009
« Consistent with BSE model predictions
« 99%C.L. upper limit is approaching to the total terrestrial heat

Kami.AND 68.3% C...

Earth Model Prediction
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Borexino

Phys. Lett. B687, 299 (2010)

Source Geo-v, Rate
levents /(100 ton-yr)]
Borexino 319",

BSE [16] 25703

BSE [31] 2.54+0.2
BSE (5] 3.6
Max. Radiogenic Earth 3.9
Min. Radiogenic Earth 1.6




KamLAND & Borexino

complementarity
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G.L. Fogli et al.
I h / l l Phys.Rev.D82:093006,2010







Good location due to higher Geo-neutrino flux

Geoneutrino Event Rate (Crust+Mantle)
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Another Advantage: Very Few Reactors Nearby

World Reactor Locations

100 150 200 250 300
Longitude [deg]

Reactor Neutrino Event Rate (1.8MeV < E < 3.3MeV)

Latitude [deg]

200 230 300
Longitude [deg]

Enomoto, Neutrino Sciences 2007

distance to nearest
reactor ~ 600 km

Nreac < | event
for | kt-yr-GWu at

Andes Laboratory

seeh/suojoid-, 0L /s1UeA



High S/N (Geo-V/Reactor) Ratio

S/N Ratio: (Crust + Mantle) / Reactor

Latitude [deq]
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Enomoto, Neutrino Sciences 2007




Location Dependence of Geo-Neutrino Flux as a function of
distance from the sources (only from Crust origin) |

Relative Geo-Neutrino Flux (Only From Crust) w/o Oscillation
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Half of Geo-Neutrinos come from distance within ~ 300 km

Diego de

.«Im:a"rb {8 4 y
» £ 5 3San Miguel
Chile N 7 deTucuman
: i .f":?-‘:
Copiap6 , 1 By S g °
‘ ' #¥ Termas de
Rio Hondo

o]
Santiago
del Estero

San Femando
delValle de
Cata marca

/:'

Lo serna 3 Andes Lab

"'
nf na‘

B = Cordoba
Iapel¥> o
O or
O ..DS ‘.‘ilb%ﬁ o .

= B

Ua Ligha s Villa Marla
p Og -ad o

LU

o g

: ' M
! Y, 14 Rio Cuarto
Valparalso © o 8 3 O@ I
Qu ')uéo . dmpa 2 San r\ df’l" (l I I ()

Q Santlago
San Antonio © 2 O‘ sy -
?ﬁ& flo -si-j 1)_5' Villa
*e ) " ad

Mercedes
‘o Rancam:a SN

v t\ - ," - .

San ; San Kafael

Santa Cruz 0+ Fernando '
- 4

o " '4:‘-:«‘ '
Constitucion.’ . Curicé =5 o Argentina _ S
©2011 Googlg - Huf~ — %.©2011 DMapas/El Mercurio, Google, Inav/Geosistemas SRL, I\7I’5,Eﬂ;“ k -




Location Dependence of Geo-Neutrino Flux as a function of
distance from the sources (only from Crust origin) I

Relative Geo-Neutrino Flux (Only From Crust) w/o Oscillation
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Detector Assumption for Andes Lab.

As a reference detector let us consider
BOREXINO-like detector

External water tank —, Stainless Steel Sphere
Nylon Outer Vessel

Ropes Nylon Inner Vessel
Fiducial volume

Internal

Steel plates
for extra
shielding

Active Target: 278 Tons of Liquid Scintillator
in Nylon Vessel of 4.25 m radius

number of free protons = .7 x 103!



Expected number of events:

Location comparison assuming the same
detector size, exposure and efficiency

For 1.7 x 103! free protons, | year, 80% eficiency
® Kamioka : Ny + N = 7.5
® Gran Sasso: Ny + Nt = 8.4
® SNO :N, + Nin, = 9.8
® Pyhasalmi : Ny + N = 10.2
® Hawaii : Ny + Ny = 5.2
® Andes :Ny + Nwn = 9.8

based on H. Nunokawa, W).C.Teves and RZF, JHEP | |, 020 (2003)




Future Dream: Directional Sensitivity?

Neutron Emission Angle vs Kinetic Energy
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but currently, seems
very difficult due to

thermalization of neutron
gamma diffusions

: L very poor resolution of
vertex reconstruction

}] . .
Neutron Kinetic Energ

MC simulation by CHOOZ collab. (Apollonio et al, PRD61,012001, 1999)



Nadir Angle dependence of Geo-Neutrino Flux
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Some Estimations by KamLAND Collab.

LS Directionality and Geoneutrinos

If we achieve fluctuation .-
« 20 mm vertex displacement : ‘
« 10 mm vertex fluctuation

 Perfect resolution ({~10mm)

[ : | displacement
" Upper Continental Crust displacement: 20 mm

- Lower Continental Crust fluciugiion: 10 s
- resolution: 0 mm

- Upper Mantle
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Enomoto, Neutrino Telescope 2009



Summary

The Andes Laboratory is in a Good Location
to study Geo-Neutrinos due to

® |arger Geo-Neutrino Flux (than Kamioka, Gran Sasso)

® Very Few Reactors Nearby
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