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Effects of Three Falvor
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 mixing for three neutrinos
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Current Best Fitted Values of Mixing 
Parameters from the Global Analysis
See e.g., Capozzi et al, arXiv:1312.2878 [hep-ph]

[ error ∼	
  3% ] 

[ +(-): normal (inverted) mass hierarchy, error ∼	
  3%]

[ error ∼	
  5% ] 

[ error ∼	
  8%, ∼	
  0.4 is favored] 

[ error ∼	
  7-10% ] 

𝞭CP ∈ [-𝞹, 𝞹]: unknown but 𝞭CP < 0 is favored
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Mixing in the Neutrino Sector

M.C.Gonzalez-Garcia et al, JHEP12(2012) 123

Very different from the CKM Matrix! 

11. CKM quark-mixing matrix 15

η̄ = 0.348 ± 0.014 [128]. The fit results for the magnitudes of all nine CKM elements are

VCKM =




0.97427± 0.00015 0.22534 ± 0.00065 0.00351+0.00015

−0.00014

0.22520± 0.00065 0.97344 ± 0.00016 0.0412+0.0011
−0.0005

0.00867+0.00029
−0.00031 0.0404+0.0011

−0.0005 0.999146+0.000021
−0.000046



 , (11.27)

and the Jarlskog invariant is J = (2.96+0.20
−0.16) × 10−5.

Figure 11.2 illustrates the constraints on the ρ̄, η̄ plane from various measurements
and the global fit result. The shaded 95% CL regions all overlap consistently around the
global fit region. This consistency gets noticeably worse if B → τ ν̄ is included in the fit.

11.5. Implications beyond the SM

The effects in B, K, and D decays and mixings due to high-scale physics (W , Z, t, h in
the SM, and new physics particles) can be parameterized by operators made of SM fields,
obeying the SU(3)×SU(2)×U(1) gauge symmetry. The beyond SM (BSM) contributions
to the coefficients of these operators are suppressed by powers of the scale of new physics.
At lowest order, there are of order a hundred flavor-changing operators of dimension-6,
and the observable effects of BSM interactions are encoded in their coefficients. In the
SM, these coefficients are determined by just the four CKM parameters, and the W ,
Z, and quark masses. For example, ∆md, Γ(B → ργ), and Γ(B → Xd&

+&−) are all
proportional to |VtdV

∗
tb|

2 in the SM, however, they may receive unrelated contributions
from new physics. The new physics contributions may or may not obey the SM relations.
(For example, the flavor sector of the MSSM contains 69 CP -conserving parameters and
41 CP -violating phases, i.e., 40 new ones [129]). Thus, similar to the measurements of
sin 2β in tree- and loop-dominated decay modes, overconstraining measurements of the
magnitudes and phases of flavor-changing neutral-current amplitudes give good sensitivity
to new physics.

To illustrate the level of suppression required for BSM contributions, consider a
class of models in which the unitarity of the CKM matrix is maintained, and the
dominant effect of new physics is to modify the neutral meson mixing amplitudes [130]
by (zij/Λ2)(qiγ

µPLqj)
2 (for recent reviews, see [131,132]). It is only known since the

measurements of γ and α that the SM gives the leading contribution to B0 –B0

mixing [6,133]. Nevertheless, new physics with a generic weak phase may still contribute
to neutral meson mixings at a significant fraction of the SM [134,127]. The existing
data imply that Λ/|zij |1/2 has to exceed about 104 TeV for K0 –K0 mixing, 103 TeV for
D0 –D0 mixing, 500TeV for B0 –B0 mixing, and 100TeV for B0

s –B0
s mixing [127,132].

(Some other operators are even better constrained [127].) The constraints are the
strongest in the kaon sector, because the CKM suppression is the most severe. Thus, if
there is new physics at the TeV scale, |zij | # 1 is required. Even if |zij | are suppressed
by a loop factor and |V ∗

tiVtj |2 (in the down quark sector), similar to the SM, one expects
percent-level effects, which may be observable in forthcoming flavor physics experiments.
To constrain such extensions of the SM, many measurements irrelevant for the SM-CKM

fit, such as the CP asymmetry in semileptonic B0
d,s decays, Ad,s

SL , are important [135]. A

June 18, 2012 16:19

Mixing in the Quark Sector

11. CKM quark-mixing matrix 1

11. THE CKM QUARK-MIXING MATRIX

Revised March 2012 by A. Ceccucci (CERN), Z. Ligeti (LBNL), and Y. Sakai (KEK).

11.1. Introduction

The masses and mixings of quarks have a common origin in the Standard Model (SM).
They arise from the Yukawa interactions with the Higgs condensate,

LY = −Y d
ij QI

Li φ dI
Rj − Y u

ij QI
Li ε φ∗uI

Rj + h.c., (11.1)

where Y u,d are 3× 3 complex matrices, φ is the Higgs field, i, j are generation labels, and
ε is the 2 × 2 antisymmetric tensor. QI

L are left-handed quark doublets, and dI
R and uI

R
are right-handed down- and up-type quark singlets, respectively, in the weak-eigenstate
basis. When φ acquires a vacuum expectation value, 〈φ〉 = (0, v/

√
2), Eq. (11.1) yields

mass terms for the quarks. The physical states are obtained by diagonalizing Y u,d

by four unitary matrices, V u,d
L,R, as Mf

diag = V f
L Y f V f†

R (v/
√

2), f = u, d. As a result,

the charged-current W± interactions couple to the physical uLj and dLk quarks with
couplings given by

−g√
2
(uL, cL, tL)γµ W+

µ VCKM




dL
sL
bL



 + h.c., VCKM ≡ V u
L V d

L
† =




Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb



.

(11.2)

This Cabibbo-Kobayashi-Maskawa (CKM) matrix [1,2] is a 3 × 3 unitary matrix. It
can be parameterized by three mixing angles and the CP -violating KM phase [2]. Of
the many possible conventions, a standard choice has become [3]

VCKM =




c12c13 s12c13 s13e−iδ

−s12c23−c12s23s13eiδ c12c23−s12s23s13eiδ s23c13

s12s23−c12c23s13eiδ −c12s23−s12c23s13eiδ c23c13



 , (11.3)

where sij = sin θij , cij = cos θij , and δ is the phase responsible for all CP -violating
phenomena in flavor-changing processes in the SM. The angles θij can be chosen to lie in
the first quadrant, so sij , cij ≥ 0.

It is known experimentally that s13 ( s23 ( s12 ( 1, and it is convenient to exhibit
this hierarchy using the Wolfenstein parameterization. We define [4–6]

s12 = λ =
|Vus|√

|Vud|2 + |Vus|2
, s23 = Aλ2 = λ

∣∣∣∣
Vcb

Vus

∣∣∣∣ ,

s13e
iδ = V ∗

ub = Aλ3(ρ + iη) =
Aλ3(ρ̄ + iη̄)

√
1 − A2λ4

√
1 − λ2[1 − A2λ4(ρ̄ + iη̄)]

. (11.4)

These relations ensure that ρ̄+ iη̄ = −(VudV ∗
ub)/(VcdV

∗
cb) is phase-convention-independent,

and the CKM matrix written in terms of λ, A, ρ̄, and η̄ is unitary to all orders in λ.
The definitions of ρ̄, η̄ reproduce all approximate results in the literature. For example,
ρ̄ = ρ(1 − λ2/2 + . . .) and we can write VCKM to O(λ4) either in terms of ρ̄, η̄ or,
traditionally,

VCKM =




1 − λ2/2 λ Aλ3(ρ − iη)

−λ 1 − λ2/2 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1



 + O(λ4) . (11.5)

J. Beringer et al.(PDG), PR D86, 010001 (2012) (http://pdg.lbl.gov)
June 18, 2012 16:19



What we would like 
to know more? 



Open Questions
⦁ What is the absolute mass scale of neutrinos? 

⦁ Does CP violate in the lepton sector? Or what is the 

value of the CP phase, δCP ?

⦁ Neutrinos are Marjorana or Dirac particles? 

⦁ What is the mass ordering (hierarchy) of neutrinos?  
Is ν3 heaviest (normal hierarchy) or lightest (inverted 
hiearchy)?



Open Questions
⦁ Are there more than 3 neutrinos? Or steile neutrino 
exist?  

⦁ Do neutrinos have some new interactions or new
properties (apart from masses and mixing) beyond 
what is expected form the starnd model? 



3H → 3He + e- + νe

Direct Measurement of Neutrino Mass

2 x 10-13   

 mν = 1 eV

a)
b)

mν = 0 eV

requires precise measurement of the end
of the beta spectrum

what can be actually measured is the effective mass, 



Troitsk Troitsk MainzMainz

windowless gaseous T2 source                      quench condensed solid T2 source

Mainz & Troitsk Mainz & Troitsk havehave reachedreached theirtheir intrinsicintrinsic limitlimit of of sensitivitysensitivity

analysis 1994 to 1999, 2001                           analysis 1998/99, 2001/02

Status of Status of previousprevious tritium tritium experimentsexperiments

bothboth experimentsexperiments nownow usedused forfor systematicsystematic investigationsinvestigations



TLK

~ 75 m linear setup with 40 s.c. solenoids

KATRIN KATRIN experimentexperiment

Karlsruhe Tritium Neutrino 

Experiment

at Forschungszentrum Karlsruhe

unique facility for closed T2 cycle:

Tritium Laboratory Karlsruhe  

sensitivity: mν ∼〜～0.2 eV  @90% CL

Karlsruhe Tritium Neutrino Experiment



  

Post-Planck...

WMAP (9 years)

95% C.L. upper limits

ΛCDM+neutrino mass (7 parameters)

W9 + ACT 

Planck + WMAP Polarisation

Planck + WP + ACT ℓ > 1000 + SPT ℓ > 2000 

∑ mν<0.66 eV (95%C.L.)

Best CMB-only bound

Ade et al.[Planck] 2013

Planck + WP + (ACT ℓ > 1000 + SPT ℓ > 2000) 
+ baryon acoustic oscillations 

∑ mν<0.25 eV (95%C.L.)

Best minimal bound

W7+ matter power spectrum + HST H
0

Formally similar to the pre-Planck
best minimal bound, but arguably 
less prone to issues of nonlinearities.

Cosmological Bounds on Neutrino Masses

Y.  Wong @ NuFact2013, Beijing, August, 2013

Cosmology is sensitive to sum of the neutrino masses



  

The cosmic neutrino background: energy density...

The present-day neutrino energy density depends on whether the neutrinos are 
relativistic or nonrelativistic.

● Relativistic (m << T): 

ρν=
7

8
π 2

15
T ν

4=
7

8 ( 4

11 )
4 /3

ργ
3ρν
ργ

∼0.68

Photon energy density

● Nonrelativistic (m >> T  ~ 10-4 eV): 

ρν=mνnν

Neutrino dark matter! 

Ων ,0h
2=

mν

94 eV
>0.1 %h2

ΛCDM (since Planck)

From neutrino oscillations m
ν
 > 0.05 eV

Y. Y. Y. Wong @ NuFact2013, Beijing, August, 2013

Cosmology may determine better neutrino masses 



  

Galaxy 
redshift 
surveys

Lyman-α

Ωνh
2=∑ mν

94eV

fν = Neutrino 

fraction

P (k )=〈∣δ(k )∣
2
〉

Cluster
abundance

Δ P
P

∝8 f ν≡8
Ων

Ωm

Large-scale matter distribution...

Replace some 
CDM with neutrinos

Y. Y. Y. Wong @ NuFact2013, Beijing, August, 2013

neutrinos tend to supress the smaller scale structures



  

Fixed total matter density
Free H

0
 (sound horizon adjusted)

∑ mν=1×1.2 eV

∑ mν=3×0.4 eV

∑ mν=0 eV

Uplifting in the 
acoustic oscillation 
phase

Early ISW Effect 
(after photon 
decoupling)

CMB anisotropies...

WMAP ACT, SPT

Planck

Y. Y. Y. Wong @ NuFact2013, Beijing, August, 2013



  

c = CMB (Planck); g = Euclid galaxy clustering 
s = Euclid cosmic shear;  x = Euclid shear-galaxy cross

A 7-parameter forecast:

Expected sensitivity...

Σm
ν
 potentially detectable at 5σ+ 

with Planck+Euclid (assuming 
nonlinearities to be completely 
under control) 

Hamann, Hannestad & Y3W 2012

Most optimistic

Y. Y. Y. Wong @ NuFact2013, Beijing, August, 2013

  

ESA Euclid mission selected for implementation...

Launch planned for 2019.

● 6-year lifetime

● 15000 deg2 (>1/3 of the sky)

● Galaxies and clusters out to z~2

– Photo-z for 1 billion galaxies

– Spectro-z for 50 million galaxies

● Optimised for weak gravitational 
lensing (cosmic shear)

ESA Euclid Misson

Cosmology may determine better neutrino masses 



Massive Neutrinos: Dirac or Majorana ?

If neutrinos have masses, they can be either 
Dirac or Majorana Fermions

 Dirac Fermion: particles and anti-particles 
are different,  like electron

 Majorana Fermion:  particles and anti-particles are 
identical (such particles can not have electric charge)



  Majorana Fermion
particle = anti-particle

LM = − 1 Mχ χ = − 1 M(ψL ψL + h.c.)

c:  charge conjugation

χc= χ
  ψc  ≡ Cγ0ψ*

  χ  ≡ ψL + ψL  c  or ω ≡ ψR + ψR  c

c

2 2
 → + 2 CP violating phases

Majorana CP phases can not be measured 
by neutrino oscillation



 Dirac vs Majorana Mass term

Dirac: LD = − mνRνL− mνLνR

Majorana:  LM = 1 MνLνL
c

→ conserve lepton number 

→ violate lepton number
2

only LD →  Dirac particle

 LM or LM + LD → Majorana particle
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If neutrinos are Majorana particles,
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Majorana CP phases
 can not be measured by oscillation 



− Lmass = mνLνR +
1

2
Mνc

RνR + h.c.

=
1

2

[
νc
L νR

] [
0 m
m M

] [
νL
νc
R

]
+ h.c.

1

 Seesaw Mechanism 
Yanagida Gell-Mann Ramond

Slansky

Eigenvalues of the mass matrix

mν ≈ m  ,  mheavy ≈ M  M
  (m « M)

Minkowski

2



νL νR

Order of m ~ masses of charged leptons

φ  Higgs

m ~ f 〈φ〉
 f:  Yukawa coupling

〈φ〉 : vacuum expectation value of  Higgs ~ 250 GeV



νL νR

 Seesaw Mechanism
φ

M

φ

νLνR

mν ≈ m

× 

m « M 
νheavy

νL

M
M ~ GUT scale

2



Bariogenesis via Leptogensis
Yanagida and Fukugita, PLB174(1986)45

CP Violation in the lepton sector may explain asymetry 
between matter and anti-matter in the universe

Sakharov’s conditions for generating 
asymmetric universe starting from ΔB = 0 

⦁ Baryon number non-conservation

⦁ C and CP violation

⦁ Deviation from thermal equilibrium

Leptogensis can satisfy all of them



How to test Majorana 
nature of neutrinos? 



neutinoless double beta decay

violates lepton number by 2 units
decay rate ∝ effective neutrino mass

: Majorana CP phases



What is actually measured is the decay 
rate or life time of the 0νββ decay

half life time

phase spcae factor
Nuclear Matrix Element (NME)

effective mass

Problem: NME has a large uncertainty, 
typically factor of ~2 or more



Current bound on the effective Majorana mass 

Exo-200 detector

Exo-200:
KamLAND:

Inner Balloon
(3.08 m diameter)

Photomultiplier Tube

Outer Balloon
(13 m diameter)

Buffer Oil

Chimney

Corrugated Tube

Suspending Film Strap

Film Pipe

Xe-LS 13 ton
(300 kg    Xe)

Outer LS
1 kton

136

ThO W Calibration Point2

KamLAND-Zen detector

Combined:



Table 6: List of sensitivity parameters for some of the most advanced ��(0⌫) projects. B
iso

is the background per tonne of
isotope mass in units of counts/(keV·tonne·yr). The column labeled “Perf.” reports the performance index (Eq. (11)) in units
of 10�3 counts/(n

��

·yr). The column labeled “Sc.” reports the scale of the experiment (Eq. (11)) in units of n
��

(number of
e↵ective moles of isotope ⇥ yr). The status of the experiment, R (running), C (construction), D (development) is shown in the
column labelled “Status”. Sensitivities (in unit 1025 yr) are evaluated according to Eqs. (9) and (10) as appropriate, assuming
5 years running time. |hm

⌫

i| values (meV) are calculated using NME and phase space factors from [41] and [35] respectively.
Asterisks label ZB conditions. in the case of GERDA II we report two di↵erent sensitivities according to the thwo hypotheses
discussed in Sec. 10

Isotope B
iso

FWHM (keV) Perf. Sc. Status F 0⌫
68%C.L.

(5 yr) |hm
⌫

i|
CUORE0[121] 130Te 213 5.6 0.2 66 R 1.5 224
CUORE[119, 155, 156] 130Te 29 5 27 1390 C 21 60
GERDA I[141] 76Ge 21 4.8 9.2 119 R 9.4 165
GERDA II[136, 157, 158] 76Ge 20/1.1 3.2 5.7/0.3 328 C 22/60* 107/65*
LUCIFER[133] 82Se 1 20 4 125 D 17 74
MJD[142, 143, 144, 159] 76Ge 0.9 4 0.4 238 C 4.4* 77*
SNO+[151] 130Te 0.9 240 27 1253 D 2 62
EXO[99] 136Xe 1.9 96 30 482 R 1.2 97
SND[110, 111, 112] 82Se 0.6 120 18 23 D 3.3 166
SuperNEMO[110, 111, 112] 82Se 0.6 130 20 366 D 13 85
KamLAND-Zen[147, 148] 136Xe 7.4 243 243 1320 R 6.9 127
NEXT[109, 160] 136Xe 0.8 13 5.4 165 D 1.6 82

60

Expected Sensitivities of some of 
the advanced 0νββ decay experiments

Cremonesi and Pavan, arXiv: 1310.4692 [physics.ins-det]

in meV
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sin2θ21= 0.302

|Δm2
31|= 2.47X10-3 eV2

sin2θ31= 2.27X10-2

summary of the current bounds on mass 
related observables

prepared by A.Quiroga
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How to Determine Mass Hierarchy 
and KM type CP phase? 



The most promishing way
is provided by long-baseline 

oscillation experiments

possible alternatives, e.g., PINGU?

How to Determine Mass Hierarchy 
and KM type CP phase? 



MSW (Matter) effect is sensitive to 
the mass hierarchy  

normal hierarchy

inverted hierarchy

for νe

matter potential  ∝	 effective νe  (νe ) mass

for νe

ν1 (∼νe) is lighter

ν1 (∼νe)is heavier



P(νe → νe) = 1 − sin22θ sin2(Δm2 L)

Distancia
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P(νe ν
µ
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P(νe → νµ) = sin22θ sin2(Δm2 L)

 Losc=   Δ m2

4πE
oscillation length

 ≈ 2.5  E    1 eV2

 MeV  Δ m2 m

Losc

4E

4EP(νe → νe) =1- sin22θ sin2(Δm2 L)

By choosing E and L, one can probe very small 
or the desired value of Δ m2
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CP Violation in

Neutrino Oscillation



Electroweak Interaction Violates P 

s
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e−
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e−e−e−

C. S. Wu

60Co → 60Ni + e−+νe   

C.N.Yang

T.D.Lee

1957

mirror



Electroweak Interaction violates C!

s

p
νL νL

not observed!  

C
s



Electroweak Interactions violate CP!

Kshort

π+

π−
CP=+1

CP=−1

CP=+1

Klong

π0

CP=−1

π0

π0

τ=9×10−11s

τ=5×10−8

~1/500

1964
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Transformation of C,P e CP
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iµ ie iµ
CP

ie iµ ieCP
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CPT
T

How can we study CP violation?



ΔPµe ≡ P(νµ→ νe )−P(νµ→ νe ) (in vacuum)

 = −16 J sinΔ12 sinΔ31 sinΔ23

 J ≡ s12c12 s23c23s13c13 sin δ: Jarskog factor

Δij ≡ 
4E 

Δm2
ij

Δm2  ≡ m2− m2    
ijL i j

2

(= ΔPτµ=ΔPeτ )

ΔP can be non-zero if and only if ,
(1) δ ≠ 0, π
(2) all the mixing angles  ≠ 0 
(3) all the masses should be different 



 P(νe→ νμ ) ≈ |√ Patme-i(Δ32−δ) −√Psol |2
 = Patm +2 √Patm√Psol cos(Δ32−δ) + Psol

√Patm ≡ sinθ23 sin2θ13  Δ31
 sin(Δ31−aL) 

 Δ31−aL 

√Psol ≡ cosθ23 sin2θ12  Δ21
 sin(aL) 

aL
Δij≡ Δmij

2L/4E a ≡ GFNe/√2

Oscillation Probabilities (Approx.) 

Cervera et al, hep-ph/0002108

main osc. term
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T2K is better in restricting CP phase
NOvA is better in determining mass hierarchy



Sensitivities of T2K and NOvA (combined with reactor 
experiments) are not good enough to determine the 
mass hierarchy and CP phase with large significance

We need some new longbase line experiments ! 

In US: LBNE (discussed yesterday)

There are some proposals, for exemple, 

In Japan: Hyper-Kamiokande

In Europe: LAGUNA-LBNO



DOE Briefing - 14 Feb 2012 8

Sample with bullet points

• First Bullet
• Second Bullet
• More
• Yet more
• Still more

• Less important
• Trivial

New Neutrino Beam at Fermilab…

And all the Conventional Facilities required to 
support the beam and detectors 

Long Baseline Neutrino Experiment
LBNE

Directed towards a distant detector 

Precision Near Detector 
on the Fermilab site 

35 kton Liquid Argon TPC Far Detector 4850 ft.

DOE Briefing – 14 Feb 2012

LBNE-doc-5484

Conceptual design for all aspects of LBNE exists and has 
been costed to be ~1.5B

1300 km

M. Diwan, ISOUP, Asilomar, CA, May 25, 2013



Far Detector Design at depth:
LAr TPC Detector at 4850 ft

• Two detectors in a 
common cavern at 4850 
ft. depth
•Active volume of each 
detector: 
22.4 x 14 x 45.6 m3

• 34 kt fiducial mass
• TPC design:
o3.7 m drift length
o5 mm wire spacing 
othree stereo views
o2X108 anode chambers
o2 X 275k channels
o S/N ~ 10 

19

Beam

Beam

ICARUS#based#
TPC#design
Innova)ons:##
industrial#cryostat,
cold#electronics#

Challenges#for#scale#up#are#under#control#:##Purity,#installa)on,#safety

M. Diwan, ISOUP, Asilomar, CA, May 25, 2013
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Figure 6–8: The expected spectrum of ‹e or ‹e oscillation events in a 34-kton LArTPC for 5 years
of neutrino (left) and antineutrino (right) running with a 700 kW beam, assuming sin2(2◊

13

) =
0.1 for normal hierarchy (top) and inverted hierarchy (bottom). Backgrounds are displayed as
stacked histograms.

[LABEL: “fig:lar-event-spectrum”]

In Figure 6–12, the result from fits of the expected spectrum of ‹µ/‹̄µ CC in the LBNE LAr-1

FD is shown for di�erent values of �m2

32

and sin2 2◊
23

for neutrinos and antineutrinos. A2

‹µ/‹̄µ CC reconstruction e�ciency of 85% and a NC contamination rate of 0.5% is assumed3

for these measurements. The variation on the precision of the parameters for di�erent values4

of the NC contamination is shown in Figure 6–13. The LAr-FD can achieve <1% precision5

on these parameters.6

6.2.3 Observation of ‹· Appearance7

The LBNE baseline at 1,300 km will be longer than any long-baseline experiment currently8

in operation. As a result, ‹µ oscillations occur at higher energy and in particular the energy9

LBNE Conceptual Design Report

1074

477

279

440

LBNE!34!kTon!performance!

The!mass!ordering!will!be!the!first!item!to!resolve.!

diff!due!to!mass!ordering

M. Diwan, ISOUP, Asilomar, CA, May 25, 2013



5/14/13 26

LBNE10(Would(be(a(Major(Advance

Bands:)1σ)variaKons)of)θ13,)θ23,)Δm31
2))(Fogli)et)al.)arXiv:1205.5254v3))

*Improved#over#CDR#2012#120#GeV#MI#proton#beam#

Assumes#known#(Normal)#Mass#Hierarchy

NOνA 700 kW x (3 yr ν  + 3 yr ν )

T2K 750 kW x 5 yr ν  

LBNE10 (80 GeV*) 700 kW x (5 yr ν  + 5 yr ν )

Expected Sensitivities for LBNE with 10 kt detector

L = 1300 km 

L = 295 km 
L = 810 km 



5

EXECUTIVE SUMMARY

FIG. 1. Schematic view of the Hyper-Kamiokande detector.

Hyper-Kamiokande Project

L = 295 km (JPARC - Kamioka)
V = 1 Mton (Vfid=0.54Mt)

Abe et al., arXiv: 1109.3262 [hep-ex]
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FIG. 20. Top: Reconstructed neutrino energy distribution for several values of �. sin2 2✓13 = 0.1 and normal

hierarchy is assumed. Bottom: Di↵erence of the reconstructed neutrino energy distribution from the case

with � = 0. The error bars represent the statistical uncertainties of each bin for 1.5 (3.5) years of running

in neutrino (anti-neutrino) mode.

3. Sensitivity to the CP asymmetry in the neutrino oscillation

A �2 analysis based on the reconstructed neutrino energy distribution has been performed to

study the sensitivity of the ‘J-PARC to Hyper-K’ experiment to the CP asymmetry in the neutrino

oscillation.

Analysis method A binned �2 is constructed from the Erec

⌫ distribution, with 50 MeV bin

width for the energy range of 0–2 GeV. As the systematic uncertainty, uncertainties in the normal-

izations of signal, background originating from ⌫µ and ⌫µ, those from ⌫e and ⌫e, and the relative

normalization between neutrino and anti-neutrino are taken into account. The �2 is defined as

�2 =
X

⌫,⌫
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i
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2
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e
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e

2

+
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2

�⌫/⌫2
,

where the index i runs over bins of reconstructed neutrino energy, and + and � are applied for

neutrino and anti-neutrino mode, respectively.

Abe et al., arXiv: 1109.3262 [hep-ex]

Expected number of events at HK
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FIG. 21. Allowed regions for the parameter sets of sin2 2✓13 = (0.01, 0.03, 0.05, 0.07, 0.10) and � =

(� 1
2⇡, 0,

1
2⇡,⇡) overlaid together. Blue, green, and red lines represent 1, 2, 3 � allowed regions, respec-

tively. Stars indicate the true parameters. It is assumed that the mass hierarchy is known to be the normal

hierarchy.

neutrino events available. Similarly, ring counting and particle identification uncertainties are lim-

ited by statistics of the ⌫e-enriched atmospheric neutrino sample. Another source of uncertainty

is the limited knowledge of the neutrino interaction cross section. With more than an order of

magnitude larger statistics available with Hyper-K, the beam neutrino events as well as the atmo-

spheric neutrino events can be used to study systematics. Together with improved understanding

of the neutrino interaction, uncertainties associated with the far detector will be reduced.

Based on the experience from T2K analysis and prospects for future improvements described

above, �X is set to 5% for all four systematic parameters.

For each set of (✓test
13

, �test, sign(�m2

32

)test), the �2 is minimized by changing the systematic

parameters, fX . The �2 is then compared to the value at the true oscillation parameters, and the

di↵erence ��2 ⌘ (�2(test) � �2(true)) is used to evaluate the significance of the measurement.

When allowed regions are drawn on a (sin2 2✓
13

)-� plane, the 68.3% (1�), 95.5%(2�), and 99.7%

(3�) CL allowed regions are defined as the regions of parameters where ��2 < 2.30, 6.18, and

11.83, respectively. For measurements where a single parameter is concerned, e.g. the uncertainty

of �, mass hierarchy determination, and exclusion of sin � = 0, ��2 values corresponding to a single

parameter are used [5].

Sensitivity if the mass hierarchy is known Let us first consider the case where the mass

hierarchy is known by other measurements. If the mass hierarchy is known to be the normal

Expected allowed regions for HK

Abe et al., arXiv: 1109.3262 [hep-ex]



Alguns projetos 
interessantes

Teresa Montaruli, 8 Dec 2006
Amundsen-Scott South Pole Station

South Pole
Dome

Summer camp

AMANDA

road to work

1500 m

2000 m

[not to scale]

IceCube

ANTARTICA

The SiteICL

Drilling Tower

Skiway

http://icecube.wisc.edu

IceCube



IceTop 

InIce 

Air shower detector

threshold ~ 300 TeV

80 Strings 

60 Optical Modules/string

17 m between Modules

125 m between Strings

2004-2005 : 1 String

2005-2006: 8 Strings

AMANDA

19 Strings

677 Modules

first data 2005
upgoing muon 18. July 
2005

total of 40 Strings

2006-2007:

13 Strings

2007-2008:

18

The IceCube Observatory

Volumen do detetor ~ 1 km3  !!



Detailed studies of the performance of PINGU and the significance with which it would determine the NMH are
ongoing. These studies address detector energy and angular resolution, background rejection, systematic uncertain-
ties, and the impact of degeneracies with physics parameters other than the NMH. At present, three independent
estimates of the PINGU sensitivity to the NMH have been developed using di↵erent statistical techniques and
assumptions regarding detector performance and including di↵erent combinations of physics degeneracies and de-
tector systematics. Each study was designed to evaluate the impact of a particular factor or group of factors
which may impact PINGU’s sensitivity, as discussed below. While we continue to work to include the full details
in a single complete study, these targeted investigations give us confidence that there are no fundamental prob-
lems that could prevent a measurement of the NMH with PINGU within a few years. Since this work is still in
progress, we present a range of estimated sensitivity (see figure), presenting both the di↵erent geometries under
study as well as a range of predicted performance of background rejection and flavor identification algorithms.
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Estimated significance for determining the neutrino mass hierarchy with
PINGU. The top of the range is based on a 40 string detector with a high
assumed signal e�ciency in the final analysis; the bottom uses a 20 string
detector and assumed a lower signal e�ciency.

From the preliminary studies we an-
ticipate the sensitivity will be sta-
tistically limited for the first few
years, and the projected time de-
pendence is based on this assump-
tion. All estimates are based on a
full three-flavor treatment of neu-
trino oscillations including matter
e↵ects, and although to date we
have not fully examined the influ-
ence of non-zero �

CP

or uncertain-
ties in the true values of ✓

12

and
�m2

12

, their impact is not expected
to be large [4]. We have found
that the ability to measure neutrino
oscillations across a wide range of
energies and baselines allows us to
constrain our systematic uncertain-
ties and resolve degeneracies be-
tween physics parameters quite ac-
curately from the data itself. The
matter e↵ects we would exploit to
measure the NMH produce distinc-
tive signatures in the energy-angle
space, and systematic uncertainties
related to the detector do not repro-
duce these complicated patterns. We note that an additional study using a simplified detector model was conducted
to assess the relative importance of physics degeneracies, reaching conclusions similar to [4, 5], and suggesting that
a sensitivity of 5� could be reached before systematic e↵ects limit further increases in sensitivity.

Event quality and selection are key elements in these studies. The simulations of the angular and energy resolution
of the three detector geometries have been conducted using established, computationally fast, DeepCore algorithms
optimized for the PINGU geometry. These algorithms yield a median neutrino energy resolution of about (0.7 GeV +
0.2⇥E⌫), and a median neutrino angular resolution improving from 15� to 8� as E⌫ increases from 5 to 20 GeV. More
computationally intensive algorithms yield better resolutions at higher e�ciency, but we use the fast algorithms in
the studies presented here of PINGU’s NMH sensitivity, partly to be conservative and partly to reduce turnaround
time while studying the systematic uncertainties. We assume that we will be able to reduce the atmospheric muon
background rate to a low level without substantial loss of signal e�ciency based on our experience with DeepCore [2,
6] and on the knowledge that PINGU will benefit from the enhanced active vetoing provided by the outermost
DeepCore strings. Studies of atmospheric muon rejection are underway to confirm this assumption. After reducing
the atmospheric muon background, we expect that neutrino events other than ⌫µ CC will dominate as the remaining
background. The three estimates discussed below use di↵erent methods to estimate the e↵ect of this background.

The first analysis models a 40 string detector, and makes aggressive assumptions regarding signal e�ciency. Our

4

PINGU (Precision IceCube Next Generation Upgrade) 
has some potential to determine the mass hierarchy

M. G. Artsen et al. arXiv: 1306.5846 [astro-ph.IM]



Is the Standard Three 
Neutrino Paradigm correct?  



Sterile Neutrino Exist ? 
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Figure 2. Allowed regions at 95% CL (2 dof) for 3+1 oscillations. We show SBL reactor data
(blue shaded), Gallium radioactive source data (orange shaded), ⌫e disappearance constraints
from ⌫e–12C scattering data from LSND and KARMEN (dark red dotted), long-baseline reac-
tor data from CHOOZ, Palo Verde, DoubleChooz, Daya Bay and RENO (blue short-dashed) and
solar+KamLAND data (black long-dashed). The red shaded region is the combined region from all
these ⌫e and ⌫̄e disappearance data sets.

�m2

41

�m2

51

✓
14

✓
15

�2

min

(GOF) ��2

3+1

(CL) ��2

no-osc

(CL)

SBLR 0.46 0.87 0.12 0.13 53.0/(76-4) (95%) 5.3 (93%) 14.3 (99.3%)
SBLR+gal 0.46 0.87 0.12 0.14 60.2/(80-4) (90%) 3.8 (85%) 17.8 (99.9%)

Table 5. Best fit point of SBL reactor data and SBL reactor + Gallium data in a 3+2 oscillation
scheme. We give the mass-squared di↵erences in eV2 and the mixing angles in radians. The relation
to the mixing matrix elements is |Ue4| = cos ✓

15

sin ✓
14

and |Ue5| = sin ✓
15

. The ��2 relative to
3+1 oscillations is evaluated for 2 dof, corresponding to the two additional parameters, while for
the ��2 relative to no-oscillations we use 4 dof.

on 4 parameters in this case, �m2

41

, �m2

51

, and the two mixing angles ✓
14

and ✓
15

(or,

equivalently, the moduli of the two matrix elements U
e4

and U
e5

). We report the best

fit points from SBL reactor data and from SBL reactor data combined with the Gallium

source data in table 5. For these two cases we find an improvement of 5.3 and 3.8 units in

�2, respectively, when going from the 3+1 scenario to the 3+2 case. Considering that the

3+2 model has two additional parameters compared to 3+1, we conclude that there is no

improvement of the fit beyond the one expected by increasing the number of parameters,

and that SBL
(–)

⌫
e

data sets show no significant preference for 3+2 over 3+1. This is also

visible from the fact that the confidence level at which the no oscillation hypothesis is

excluded does not increase for 3+2 compared to 3+1, see the last columns of tables 4

and 5. There the ��2 is translated into a confidence level by taking into account the

number of parameters relevant in each model, i.e., 2 for 3+1 and 4 for 3+2.

– 12 –

Kopp et al, JHEP05 (2013)050

Explanation by 3+1 model 



  Place the ν-emitter inside or 
close to existing detectors 

 Very short Baseline (few m) 

 Low Background  

i) ν-source at center 

     

ii) ν-source Outside LS 

 Specific oscillation pattern  
analytically computable 

Oscillometry inside a ν-detector 
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Can LSND/MiniBooNe Sterile Neutrino 
Signal be excluded by IceCube? 

11
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FIG. 1: The dependence of the ν̄µ− survival probability on the neutrino energy for different values

of Uτ4. We take ∆m2
41 = 1 eV2 and sin2 2θ24 = 0.04. Top panel is for cos θz = −0.8 and bottom

panel is for cos θz = −1 .

neutrinos is in the resonance. Notice that the line describing probability in the presence

of sterile neutrino for U2
τ4 = 0 touches the 3ν probability (the latter is the upper bound

for the probability with sterile neutrino). With the increase of U2
τ4 the sterile neutrino

effect decreases in the resonance dip. It increases in the tail above Eν ∼ 0.4 TeV (this can

be seen from the analytical formulas obtained in Sec. II B), and it decreases again below

Eν ∼ 0.4 TeV – in the region were standard oscillations become important. Also, with the

increase of U2
τ4 the oscillatory curve shifts slightly to higher energies.

For cos θz = −1 (core crossing trajectory, bottom panel) the parametric enhancement of

Esmaili and Smirnov, arXiv:1307.6824 [hep-ph]12
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FIG. 2: The same as in Fig. 1 for the νµ− survival probability.

oscillations takes place. The parametric dip at 2.6 TeV is larger than the resonance dip.

The dependence of probability on U2
τ4 is similar to that for the mantle crossing trajectories.

In Fig. 2 we show the νµ−survival probabilities (non-resonance channel). In this channel

oscillations are matter suppressed. Again below 0.4 TeV the oscillation effect is driven by

∆m2
31. Mixing with sterile neutrinos enhances this effect, especially for large U2

τ4. With

increase of U2
τ4 the probability decreases for all energies, so that the weakest νs effect is for

U2
τ4 = 0.

Summarizing, the effect of sterile neutrino increases with the increase of U2
τ4 at all energies

apart from the region of resonance and parametric dips in the antineutrino channel, and as

(see also Nunokawa, Peres, Zuaknovich Funchal, PLB562 (2003)279)
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right) uncorrelated systematic errors. The numbers at the curves indicate the number of energy

bins used in the analysis. The black dashed curves restrict the allowed region from combined

analysis of the MiniBooNE, LSND, Reactor and Gallium data [5]. The brown dashed curve shows

the upper limit on sin2 2θ24 from the combined νµ disappearance data of MiniBooNE, CDHS and

MINOS. The green dashed curve shows the allowed region from MiniBooNE and LSND data for

the best-fit value |Ue4|2 = 0.023 [5].

Can LSND/MiniBooNe Sterile Neutrino 
Signal be excluded by IceCube? 

Esmaili and Smirnov, arXiv:1307.6824 [hep-ph]



Agua Negra Deep Experiment Site
ANDES

-First Underground Laboratory in 
the Southern Hemisphere- 



Deep Underground Laboratories

+ China, Korea, India
I None in the southern hemisphere

I Plan to build the first deep underground
laboratory in the southern hemisphere

X. Bertou, 3rd ANDES workshop, Valparaiso, Chile,  January 11, 2012

in the World

ANDES Lab



Corredor Bioceânico
Oceâno Pacífico Oceâno Atlântico

Bi-Oceanic Corridor
Pacific Ocean Atlantic Ocean

Agua Negra Tunnels

Chile

Argentina

Brazil

Urguay



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



•  PreTfeasibility(study(done(in(2005,(feasibility(in(2008.(

•  2009,(October:(presidents(of(ArgenKna(and(Chile(signed(a((

BiTNaKonal(IntegraKon(Treaty,(including(San(JuanTCoquimbo.(

•  2010,(August:(MERCOCUR(MeeKng(in(San(Juan:(“strong(support(for(Agua(

Negra(Tunnel”,(with(President(of(Brazil(pushing(for(tunnel(tender.((

•  2011,(December:(ArgenKna(Congress(voted(a(800(MU$D(guarantee(fund(

for(the(Agua(Negra(tunnel.(

•  2012,(March:(presidents(of(ArgenKna(and(Chile(signed(internaKonal(

agreement(asking(for(the(tender(of(the(tunnel.(

•  2013,(June:(Call(for(tender.(

•  2014(–(2021:(ConstrucKon(

(

Tunnel(proposal(updates(

10(

C. Dib @ Taup2013, Asilomar, California, September 8-13, 2013



•  20(support(leoers(from(InternaKonal(community(
((((((underground(lab(directors,(intl.(exp(spokespersons,(
(((((((natl.(physics(associaKons(and(academies,…)(

•  Regional(interest:(26(leoers(from(laKn(american(groups.(

•  Official(support(from(MinCyT((ArgenKna)(and((
EBITAN((EnKdad(Binacional(Túnel(Agua(Negra).(

•  3(workshops(for(the(Lab(design((ArgenKna,(Brazil,(Chile).(

•  In(process:((Lab.(engineering(study,(to(be(included(in(the(tunnel(design.(
•  4th(Workshop(early(2014((Mexico).(

Current(status(

26(

C. Dib @ Taup2013, Asilomar, California, September 8-13, 2013



20(

Large%pit%
30(m(diam(
42(m(deep(
(
Access:(
at(30(m(high(
and((
at(booom(

Service%hall%
40(m(long(
16(m(wide(
15(m(high(
Oval(secKon(

Main%hall%
50(m(long(
21(m(wide(
23(m(high(
Oval(secKon(

Gates(

Ultra%low%
radiaPon%pit%
9(m(diam(
15(m(deep(
(
Access:(
At(10(m(high(
and(booom(

3%secondary%%
caverns%
10(x(10(x(10(m(

C. Dib @ Taup2013, Asilomar, California, September 8-13, 2013

Current Design of Laboratory 



ANDES(iniKal(ScienKfic(Programme(
•  Neutrino(physics:(

( (T(host(double(beta(decay(experiments(
( (T(large(neutrino(detector((similar(to(KamLAND(/(Borexino)(
( ( ( (T(focused(on(low(energies((solar(/(SN(/(geoneutrinos)(

•  Dark(Maoer(
( (T(modulaKon(measurements(
( (T(new(technologies(

•  Geophysics(
( (T(link(ChileTArgenKna(seismograph(networks(

•  Biology(
•  Low(radiaKon(measurements(
•  Nuclear(Astrophysics((low(energy(beams)(

17(
C. Dib @ Taup2013, Asilomar, California, September 8-13, 2013



Thank you!

http://andeslab.org/
30 m

30 m

18 m

18 m

KamLAND

SNO+

~1kt de cintilador

12 m ~0.8 kt de 
cintilador

12 m

construction of the 
detector like KamLAND/

SNO+ of ~3-5 kt

~20 m

M.Chen

K. Inoue

ANDES Neutrino Detector (suggestion)



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



238U � 206Pb + 8 4He + 6 e� + 6 �̄e + 51.7 [MeV]



232Th � 206Pb + 6 4He + 4 e� + 4 �̄e + 42.7 [MeV]



2.1. GEO-NEUTRINOS AND RADIOGENIC HEAT GENERATION 5
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Figure 2.1: Spectra of the U-Series, Th-Series and 40K 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 40K
electron capture is not shown in this figure.

Table 2.1: Radiogenic Heat Generation per Decay

238U Series 232Th Series 40K
�� (89.28%) EC (10.72%)

Q [MeV/decay] 51.7 42.7 1.311 1.505
Q� [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�Q� = Q�
� Emax

0

E�
dN

dE�
dE� (2.10)

where N(E�) is the neutrino spectrum given by (2.5). By summing all decays in the
U-series, Th-series and 40K, radiogenic heat generation is calculated as summarized in
Table 2.1.

With atomic weights, natural abundances and halflives, neutrino luminosity L�̄e 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

�̄e + p� n + e+ Ethreshold = 1.8 MeV

Ethreshold = 1.8 MeV



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 � 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% e⇥ciency at
di�erent locations.

Assuming a 3 kt liquid scintillator detector (2.2� 1032 protons), one year of operation (3� 107 s) and 80% detector
e⇥ciency 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 E� > 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 di�erent 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
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Machado et al, PRD86, 125001 (2012) [arXiv:1207.5454[hep-ph]]
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Fourth International Workshop 
for the Design of the ANDES 

Underground Laboratory!
Universidad Nacional Autónoma de 

México, México, D.F. 
30 January - 1 February 2014

The construction of the Agua Negra tunnel under the Andes 
Mountains between Argentina and Chile gives the scientific 
community a unique opportunity to build ANDES (Agua Negra Deep 
Experiment Site): an Underground Laboratory inside the tunnel at its 
deepest point.  
 
This site will be 1750 m deep under the Earth surface, and will be 
the first of its kind in the Southern Hemisphere. The planning of 
ANDES is expected to be finished by end of 2014, before the 
excavation of the tunnel begins. The completion of the Agua Negra 
tunnel and the underground lab ANDES is expected to be in 2021.  
 
2013 has been an important year for the Agua Negra tunnel as the 
international tender process has been started and is close to 
completion. After an international call for construction companies in 
June, a pre-selection process ended in October with 21 companies 
still competing to build the tunnel.  
 
The Fourth International Workshop for the Design of the ANDES 
Underground Laboratory follows the workshops held in April 2011 
(Argentina), June 2011 (Brazil) and January 2012 (Chile) and is a call 
to the Particle and Astroparticle Physics community, in particular the 
community in Latin America, to participate in the future planning 
and use of this international facility.


Registration is open at http://andeslab.org/workshop/

See http://andeslab.org/workshop/

http://andeslab.org/workshop/
http://andeslab.org/workshop/


Conclusions
Neutrino physics entered into a new 
phase since all the mixing angles and 
mass squared differences (apart 
from sign) are determined

But there are still several important 
open questions to be answered, and 
hopefully, more new interesting 
results (or surprise) will come!



Thank you very much 
for your attention!


