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Some slides are borrowed from fellow neutrino physics, and some are stolen from geologists



Neuttino uniqueness

Elementary Particles

Extremely low interaction cross section

Quarks

As a result neutrinos are carriers of

Forece Carriers

information from sources

Leptons

inaccessible by other means

1 11 III

Three Generations of Matter

Inverse beta decay

Ve+ p=n+e" o=9.3-(E/1MeV?)-10 *cm?

Electron Scattering

Ve+e =V +e ' o=40-(E/IMeV)-10*cm’
Coherent Scattering

T ' ' — 2 2 —44
Ve - A=V + A c=042-N“(E/1MeV)“-10""cm

2

Nuclear Interactions

ve+ N —=e*+ X o=34-(E/1IMeV)*-10*cm®



Neuttino as a probes .
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Geo Neutrinos
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Ant.z-ﬂeutrmos from the Eartb

238 — 206Pp + 8%He + 6e" + 6V, + 52 [MeV]
235 — 207Ph + 6*He + 4e + 4v,_ + 47 [MeV]
232Th — 208Pp + G4He + 4e- + 4v, + 43 [MeV]
40K — 40Ca + e + v+ 1.31 [MeV]  (89.3%)

40K + e — “OAr + v+ 1.505 [MeV] (10.7%)

U-Series
Th-Series

40K

3
Energy [MeV]

Spectrum [1/MeV/decay]

Isotope | Abundance, 1/z, Heat™
relative productlon TW
14.1

232Th

2381 0.25 4.5 7.7
2o 0.0018 0.7 0.33
4K 2.8 1.3 3.2

*Based on the Bulk silicate Earth model



Eart]z 5 ota] Surﬁz ce Heat Flow

Conductive heat flow
measured from bore-hole
temperature gradient and

conductivity

Surface heat flow
= ‘--- mW m? 4613 TW @)
L ey 4712 TW

75-85
85-95
95 -150

- 150 - 450

(1) Jaupart et al (2008) Treatise of Geophys.
(2) Davies and Davies (2010) Solid Earth



One Slide History of the Earth

Meteorite

Heterogeneous
mixtures of
components with
different
formation
temperatures and
conditions

Planet

mix of metal, silicate, volatiles




Plate Tectonics, Convection and

Cooling of the Mantle

ﬁhSthEﬂDSPth‘EL

Differentiation of initially
homogeneous Earth




BSE-Bulk Silicate Earth

~13 ng/g U in the Earth
Continental crust (=50%) Metallic Sphere (COI‘E)
1 Mantle (<50%) <<<lng/gU

Silicate sphere 20 ng/g U
*Javoy et al (2010) predicts 12 ng/g
*Turcotte & Schubert (2002) 31ng/g

Continental Crust
* Hanohano _ . 1300 ng/g U

Mantle ~12ng/g U

Chromatographic separation
Mantle melting & crust formation




One of the BSE models
Total Earth’s surface heat flow 46 * 3 (47 £ 2)

Mantle cooling

(18 TW)

Mantle R* °

- N

*R radiogenic heat o (0.4 TW) Tidal dissipation

after Jaupart et al 2008 Treatise of Geophysics Chemical differentiation



Heat Production in the Earth/Mantle

There is factor of ~3 differences in BSE models
Mantle BSE
19/ 31  Turcotte & Schubert (2002)

17 28  Anderson (2007)

Palme & O’Neill (2003)
11 20 Anegre et al (1995), McD & Sun (°95)

Continental crust {(=50%)
7 17 Lyubetskaya : | Mantie (<50%)
& Korenaga (2007)

3 12 Javoy et al. (2010)

f U content (ng/g)
TW in Mantle (Bulk Silicate Earth)

(minus crust contribution
and only Th & U flux)




Radiogenic Heat Production History

120

Absolute Radiogenic Power (TW)

100F Relative Contribution
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What Geo-neutrinos can tell us:

Measure total radiogenic heat production

Distinguish heat generation in mantle vs. crust

Crustal Thickness at 2Zx2 degrees km]
20

60 f
30

0
=30

—60

—80
=180 =170 —&0 a B0 170 180

Help evaluate different geo models

Provide input to better understand geological history
of the Earth



Geo-neutrino Flux

6 . . . Sediment
10°F Effect of neutrino oscillations  ¢yst

Mantle

Total

Based on the BSE model
geo-neutrino flux can be
predicted at every point on
the Earth surface

Differencial Flux [1Icrnzlsec f km]

. 10
Distance [km]

Terrestrial Neutrino Unit (TINU)
N geo-neutrino interactions per Geo-neutrino Spectra
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Geo-neuttino and Nuclear Power
Plants

Reactor Neutrino Event Rate (1.8MeV < E < 3.3MeV)
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IBD is sensitive only to U
and Th anti-neutrinos

Anti-neutrino Detection via
Inverse Beta Decay

Prompt signal
T.,+1.022 MeV
from annihilation

= E, - 0.8MeV

e\Vertex correlation
e Time correlation
» Delayed signal 2.2 MeV

N " Delayed signal
R IHRRE P w22Mev)

U-Series
Th-Series

Spectrum [1/MeV/decay]

21
10 1 2 3 4
Energy [MeV]



Resolution:

Shield from cosmic
' ray background.
A — Muon flux is ~10-° that

..;_.I-_[l-';.-.
e :I
;wh !'"ﬁ'* poe at the ground level

s | ‘

External Layer is Water Shield
instrumented by 225 20" PMT

RIVEESS=N 1771325 + 20" -554

Buffer = 3 kt of mineral oil is a shielding
from external background

Target = 1 kt ultra pure liquid scintillator

Space ~12cm [ VE(MeV)

Energy ~6.4% [/ VE(MeV)

S5Ok =3 SXTONg/0

232Th : 5.2x1017g/g in LS



Anti-neuttino Detection

KamLAMD Ewent Display KamLAND Ewent Display
Run“SubrunsEvent : 207/0/5160074 RunSubrun/Event : 207/0-/6160075
UT: Tue Jan 1 07:40:01 2002 UT: Tue Jan 1 07:40:01 2002

TimeStamp : 1027875301650 TimeStamp § 1027875306078
TriggerType * Oxaldld ~ (Ox2 TriggerType § Oxb00 / Ox2

Time Difference 18.7 msec Time Difference 111 micro sec

HumHitNsumsHsum2-HumHitA ; 596-318-567-0 I : H MumHit/NsumNsum2- MHumHitA : 476-299-451/0
(colour is time) Tatal Choree 1 672 (@

Total Charge : 1.2e+03 {0}
Max Charge {(chi: 11 {403 Max Charge {chi: 7,58 (396}

.,"'.

J.Iﬁ.a.l.l e ' . L

584 594 604 6ld 624 634 6dd 654 Ged 674

. . -

594 604 Bld 624 634 644 654 wed E74 684

Prompt Signal At = 111 ps Delayed Signal
E = 3.20 MeV AR = 34 cm E = 2.22 MeV

~ 1 reactor’s anti-

n+p—d+(2.2 MeV) neutrino interaction
per day

v_e+p—>e*+n 3




Effects of Local Geology

Japan Arc Geochemistry
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Geoneutrinos
[
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KamIAND was designed to measure reactor
anti-neutrinos and they were the most
significant background for geo-neutrinos.




Event rate time variation: 0.9 MeV - 2.6 MeV

before-purification After correlation
0.6r 0.6r
(A) /Data [ Reactor + ~:) )
SE + Wil BG¥geo é 0.5 -
T o g
c 03 g 03
O [ 3 0
> wh ¢t
c)“ 02 al A 9 020
Qo f & Reactor + BG
S 0.1F Reactor + BG % 0.1F
= - Expected reactor | 1 1 © | | Rel,-act(')r+B|G+g|Jeo
0 02 03 04 05 06 07 08 09 01 02 03 04 05 06

Date Expected Rate (Events/Day)

We see constant excess above the estimated reactor neutrino
+ non-neutrino background at 0.9 <E < 2.6 MeV region



Events per 0.17 MaV

First KamLAND result tu
2005 (Nature) g 1=

e
NDIAN
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N Antineuitrino energy, £, (MeV) Total: 152 events

Background 127 +13
Excess - 25 events

BSE prediction — 18.7
events
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Antineutrinc energy, E, (MeV)



Efficiency (%)

Events /0.2 MeV

Latest result (2011, Geo Science)

4126 ton-yr data-set (2135 days)

100

o 8 88 &

Rate analysis
(0.9 <E <2.6 MeV)

841 candidates

- == Selection efficiency

- for Geo V,
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Fixing U/Th ratio

U/Th mass ratio fixed to 3.9

200
[ 20
- 683%C.L. i :
[ 95.4% C.L. : ho
B et O € W/O- 7
150_ 99.7% C.L. 15 nbutrinb osg,
___best-fit (U, Th) (65, 33) - | \
= & - :
100~
Z UL Swo-\ i Y/ 30
s\ A 2
: 7 lo
' I 1 S-S
200 O 0 100 150 200 250
Ny +Np,
Earth model préediction
Nature 436, 28 (2005) EPSL 258, 147 (2007) U
PRL 100, 221803 (2008) Ngeo = 106255 events

Nature geoscience 4, 647 (2011)
Fgeo = 4.3775 % 106 /cm?/sec

This is a conformation that radiogenic is responsible to
up to ~50% of the total heat emitted by the Earth



Borexino

Located in the e

middle of a
continental crust

S . J LNGS

< Hokirg Snnge
~ Sminiuis Beul Wainr Tach _ Sizel Shinks g Pldne
ama &m e #ma 10cm and dm s dms dom

537.2 days of live time
(2007-2009)

L] Borexino data

best-fit

reactore V, Exposure 252.6 t.y
m contribution from geo-V,

Events/240p.e./252.6ton-year

B ocxoreune N of events — 15
| T Background — 5.2
e
: T
0007000 456050002560 3000 * 3500 Excess - 9.8

Light yield of prompt positron event [p.e.]

0, =438p.e(2y)+O(E- —1.8MeV) ~500 p.e./MeV BSE prediction- 5.2



KamI. AND and Borexino

Constrainting U & Th in the Earth

L [ Modelin
fully radiogenie B orexino ostimalos
(2010)
%0 = KamLAND KamLAND
TW 4L ¢ (2005) | (2011) \
(Thand U) } igeophysicm 415 U
20 - @ geochemical 4 1.0 17
i | cosmochemical | dos (10'7kg)
0
time, improving statistics ——>»
MODELS

Cosmochemical: uses meteorites — Javoy et al (2010) EPSL

Geochemical: uses terrestrial rocks — McD & Sun, Palme & O’Neil, Allegre et al
Geophysical: parameterized convection — Schubert et al; Davies; Korenaga, Jaupart et
al
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1000 tonnes D,0

12 m diameter Acrylic Vessel

18 m diameter support structure; 9500 PMTs
(~60% photocathode coverage)

1700 tonnes inner shielding H,O
5300 tonnes outer shielding H,O

Urylon liner radon seal

depth: 2092 m (~6010 m.w.e.) ~70 muons/day
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SNO 2 SNO+

Replace water with liquid scintillator. Detector will use the same

anti-neutrino detection technique as KamILAND and Borexino
Physics program:
*Search for neutrino less double Expected spectrum of

beta decay antineutrino events in SNO+
*Solar neutrinos

*Geo anti-neutrinos
eReactor anti-neutrinos
*Supernova neutrinos

Geo-vin SNO+

(=]
o

U & Th Chain

Present Status

*Acrylic Vessel Hold Down Net installed
*New SNO+ Electronics and DAQ being 20
tested (e.g. air fill runs) 10
*Water fill and detector commissioning O \\ 55 Depwm" Insnergémw}“
starting mid-2012

*Scintillator purification and process systems . -
installed: end of 2012 Effect of anti-neutrino

*Scintillator fill in early 2013 and data taking oscillations for reactors 240

eaddition of Nd to the scintillator soon and 330 km away!
thereafter

Events / 107 proton-year / MeV
[=1]
(=]

Nuclear Reactor Background




Sendai’s 2011 earthquake and
following tsunami crippled
Fukushima nuclear plant.

During next few days cores 1,2,3
experienced melt down

This very unfortunate accident
create extremely negative public
attitude toward nuclear power
industry in Japan.

A June 2011 poll of 1,980
respondents found that 74%
answered '"'yes' to whether Japan

should gradually decommission all
54 reactors and become nuclear free. =



Post “Fukushima” Nuclear Enetgy in Japan

On February of 2011 about 70% on nuclear energy capacity were in operation

Every 13 month every nuclear unit should be stopped for regular maintenance

Nuclear power plants,

During the last year none of the units Tomari 783 km_
get permission to resume operation after 5 %

planned shutdown. o

At the end of January 2012 only 3 . d

) ; : \ Kashiwazaki

units were in operation at: Shimane, 159 km .

- : 3 Shika S

Kashiwazaki, Tomari N J b

Wakasa ;&

146~19%km
Feb 20%" Shimane — off "
March 26t Kashiwazaki — off

- ool ?{amaoka
Wy & “@80km 200k 7

Starting from the beginning of this Rl
. i
May there will be no nuclear power gﬁ“‘x

plant in Japan in operation ./ Shimane 401 km




Latitude [deg]

Latitude [deg]

Changes in Reactor Anti-neutrino

Flux

Reactor Neutrino Event Rate (1.8MeV < E < 3.3MeV)
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“emel  Worldwide Efforts  "™%*"

Borexino,
Italy 0.3 kt

SNO+, Canada 1 kt

KAMIOKA 5.2 (now) 34.5 KamILLAND 20.7 Running
FREJUS 133 43.1
SUDBURY 44.3 50.8 SNO+ ~40 About to start
GRAN SASSO 23.1 40.7 Borexino 4.2 Running
PYHASAILMI 18.1 51.5 LENA 1500 Proposal
BAKSAN 9.33 50.8
DUSEL 8.4 52.6
HAWAII 1.1 12.5 Hanohano 75 Proposal

* Florentini at all, Phys Rep. 2007



Geo Reactor ?

main stream of geology.

Challenges for detection

*Similar spectra as for man made reactots
*Background from nuclear power plants
*No directionality in v, + p — n + e" reaction

M.Herndon and D.Hollenbach

Based on the fluctuations of energy production by nuclear
power plants and background subtraction upper limits are:

P < 3TW (Borexino), P < 5.2 TW (KamLAND)

geo-reacto geo-reacto

If nuclear power plants in Japan will stay off for entire 2012, expected
sensitivity for Geo-reactor at one sigma for KamLAND is ~2 TW



Anti-neutrino Directionality

60

L :
Delayed \ -

Prompt e

n capture :_
AG 40/~

\ 301

V ————— / : 20}
e/., i Neutrino direction -

For neutron Capture on a Neutron Kinetic Energy (keV)

hydrogen neutron information Lithium loaded scintillator
about neutron position is lost is much better
n+p >d+y(22MeV) n+°Li 2 a +°He

Need R&D and/or new ideas



Perspectives for Potassium

10'F E., for IBD

U-Series
Th-Series
40K

10°E

~J

- L L L | L L L L L L L | L L L L

2 |
10 1 Z 3 4
Energy [MeV]

time

V +(AZ) = (A Z-1)+¢"

Spectrum [1/MeV/decay]

0.00014 1.04 1233y 18.6
14N 99.6 1.18 14C 5730y 156
3§ 0.75 1.27 33p 25.34 d 248
»Cl 75.8 1.19 SEN Stable
%3Cu 69.2 1.09 03N 100y 67

106Cd 1.25 1.22 1067 24min 2965



Normalized abundances®

10

—

=
—

0.01

Why Potassium is Interesting

-
e

L ZrHf, Th,REE, Ti

:Lﬂhophﬂe

1800 1400

1000

Elements

(elements not in the core)

*C1 chondrite and Mg normalized

K

E Refractory ‘Th & Ul

" ~Sc, AlLU, Ta,Nb a gy

800 600 K

Volatility trend
at 1 AU from Sun

320  3.10

3.00

Za900. +2.80 2.70

50% Condensation Log T (K) at 10~ MPa

from McDonough & Sun, Chem. Geol., 120, 223-253, 1995



Conclusion

We are entering a new era of Neutrino Geo Physics:
- First detected signals are encouraging
- We already made impact on some geological models
- New facilities and more information is coming
- Big challenges are:

develop directionality and achieve sensitivity
to potassium (any ambitious students?)



Backups



Local Known Uranium Deposits
Name Ore Uranium | Distance Rate at
Grade Mass [km] KamLAND
[U,05 %] | [ton U,04] [kttyt]
Okushiri 0.063 34 662 6.0-10-%0
Oguni 0.030 88 276 8.9-10°
Ogawa 0.017 8.1 325 5.9.10-%0
Noto 0.034 - 81
Tounou 0.057 4727 117 2.6-10°
Murou 0.077 2 242 2.6-10-10
Okutango 0.043 62 209 1.1-108
Tougou 0.043 925 329 3.7-108
NingyouTouge 0.052 1945 332 1.4-10”7
MiyoshiMine 0.02 - 383
Mitoya 0.039 24 423 1.0-10°
Miyoshi 0.017 79.3 447 3.0-10°
Hagi 0.039 46 587 1.0-10°
Tpyota 0.059 275 626 5.4.10°
Tarumizu 0.047 110 832 1.2-10°
Total 0.054 7925 2.8-100 w

Latitude [deg]
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