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Information for speakers to understand the setup of the seminar series of the National 
Laboratories of Gran Sasso.

The seminar of the National Laboratories  of Gran Sasso (LNGS)  usually takes  place on Thursday at 14h30 in 

the Pontecorvo room. Each seminar lasts  approximately one hour including questions. The audience consists of 

researchers  of the LNGS, professors  of the University of L'Aquila, postdocs, Ph.D. students  and undergraduate stu-

dents.  Most of them are working on topics related to neutrino physics, dark matter, rare events, cosmic rays  and nu-

clear astrophysics. 

Accessibility of  the talks and background

Since we put together experimentalists  and theoreticians  from different fields  the audience is  rather  heterogene-

ous. For this  reason, we would like to ask you if you could please make sure that your talk is  understandable to an 

audience with mixed background. The title of your talk and abstract should be as clear as  possible; please avoid acro-

nyms  and technical jargon.   It would be nice if you could start by giving enough background material. This  should be 

slow and accessible to everyone. The aim should certainly be that the first part (e.g. 1/3 or 1/2 according to what you 

need) explains to a diverse audience the background in which your subject is  important. Do not overestimate the 

knowledge of the audience, and consider whether you should define some concepts, terminology or symbols  that ap-

pear in your presentation.

Thanks  to this  longer introduction, we will then be able to enjoy the second part of the seminar, dedicated to your 

recent work.

In presenting the results  of your work please make sure you put them into a broader context considering the scien-

tific focus of  LNGS. 

If technicalities  are an important part of your talk please explain the technical tools  and motivate them clearly. 

Avoid slides with just formulas or technical drawings that are difficult to grasp for non-experts.

Technical information

Please give us  a title for your talk and an abstract at least one week before your seminar takes  place.  At the end of 

your seminar please give us  a pdf copy of your seminar, which will appear on the web-page of the LNGS. You might 

also give us some links to related papers.   All the material should be sent to: 

Fausto Chiarizia fausto.chiarizia@lngs.infn.it 

For your presentation you may use your laptop, in case you need a computer let us know in advance.

Thanks for your efforts. We are aware that this takes a lot of  your time. We look forward to an interesting day.

The Organizing Committee
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• The aim should certainly be that the first part (e.g. 1/3 or 1/2) 
explains to a diverse audience the background in which your 
subject is important.

• Do not overestimate the knowledge of the audience.  
→ My apology if I underestimate your knowledge.

• If technicalities are an important part of your talk, please explain 
the technical tools and motivate them clearly.

• Avoid slides with just formulas or technical drawings. 
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Neutrino Oscillations

Status of Sterile Neutrino fits with Global Data

Alejandro Diaz
⇤

Department of Physics, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA

A number of short baseline neutrino oscillation experiments have observed an anomalous excess of
neutrinos in the low energy range. This may hint towards the existence of additional neutrino mass
splittings. If true, additional sterile (non-interacting) neutrino states above the current 3 neutrino
model would be required. On the other hand, many parameters of the allowed space are limited
by experiments that have seen no anomaly. We will introduce models which accommodate these
additional neutrinos, and then discuss our work towards fitting these models to the available global
high �m2 oscillation data. We will then present the latest results of these fits.

Talk presented at the APS Division of Particles and Fields Meeting (DPF 2017), July 31-August
4, 2017, Fermilab. C170731

I. INTRODUCTION

A. Oscillation Formalism

The current theory of neutrino oscillation proposes that the weak interaction eigenstates of neu-
trinos (⌫e, ⌫µ, ⌫⌧ ) are composed of a linear superposition of the mass eigenstates of the neutrinos,
labeled as ⌫1, ⌫2, ⌫3. The relationship between these two bases is given by the Pontecovo-Maki-
Nakagawa-Sakata (PMNS) Matrix:
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When a neutrino is produced by weak decay into one of its weak eigenstates and then travels
through space, the composition of the neutrino state in the weak basis will oscillate. A detector,
then, will have a non-zero probability of finding a neutrino of a di↵erent weak flavor than was
originally produced.
This idea can be best illustrated if we assume a 2 neutrino model. In this case, there are only

two weak and mass eigenstates for the neutrinos, and the mixing matrix is 2⇥2 parameterized by a
single parameter ✓:

✓
⌫e
⌫µ

◆
=

✓
Ue1 Ue2

Uµ1 Uµ2

◆✓
⌫1
⌫2

◆
=

✓
cos ✓ sin ✓
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◆✓
⌫1
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◆
.

If we assume that a ⌫µ was produced with energy E⌫ , its initial state can be rewritten in the mass
eigenstate basis as |⌫µi = �sin ✓ |⌫1i + cos ✓ |⌫2i. If we then let the state evolve with time as it
propagates through space a distance L, the probability of finding a ⌫µ will be

P (⌫µ ! ⌫µ) = 1� sin2(2✓)sin2

 
1.27

�m2[eV2]L[m]

E⌫ [MeV]

!
, (1)

where �m2 is the mass squared di↵erence of the two mass eigenstates, L is the distance that the
neutrino propagates, and E⌫ is the energy of the neutrino. When a detector is used to find the same
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FIG. 1: This plot shows the probability of finding either ⌫e or ⌫µ a distance L from where the ⌫µ was first created.

The parameters used were �m2
= 0.0002 eV

2, sin2(2✓) = 0.8, E⌫ = 1 GeV.

neutrino type as the one created, this is referred to as a disappearance experiment. Conversely, the
probability of finding a ⌫e, which was not present before, is

P (⌫µ ! ⌫e) = sin2(2✓)sin2

 
1.27

�m2[eV2]L[m]

E⌫ [MeV]

!
. (2)

When a detector looks for a neutrino of a di↵erent type than the one initially produced, this is
referred to as an appearance experiment. As expected, the sum of these two probabilities is one in a
two neutrino model. In Figure 1, we depict the changing probabilities of finding either ⌫e or ⌫µ for
some given parameters.
In practice, we try to place the detector where we expect the first maximum (minimum) to be for

an appearance (disappearance) experiment. This is where the clearest sign of oscillation will be.
For a 3 neutrino model, we have a similar, albeit more complicated, probability oscillation equation

P (⌫↵ ! ⌫�) = �↵� � 4
X
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⇤
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2.54

�m2[eV2]L[m]
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!
, (3)

where ↵ and � are the neutrino weak eigenstates, while i and j are the mass eigenstates.
The PMNS matrix can also be written as a 3-rotation

UPMNS =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3
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where, for example s12 ⌘ sin(✓12). We find 3 mixing parameters, ✓12, ✓13, and ✓23, and one CP
violating phase �. We can see how � results in CP violation if we go back to Eq. (3). If we wish
to consider the oscillation of antineutrinos instead of neutrinos, then we would take the complex
conjugates of the matrix elements, i.e. U ! U⇤. Since the real part of a complex number does
not change with complex conjugation, the term where the real part is taken in Eq. (3) does not
change. The term where we take the imaginary part, though, flips signs with complex conjugation.
Thus, if � 6= 0, 180, then the matrix elements will have a complex component, and the oscillations
between neutrino and antineutrinos will be di↵erent. This results in CP violation, since neutrinos
and antineutrinos should oscillate the same if CP were conserved.

Status of Sterile Neutrino fits with Global Data

Alejandro Diaz
⇤

Department of Physics, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA

A number of short baseline neutrino oscillation experiments have observed an anomalous excess of
neutrinos in the low energy range. This may hint towards the existence of additional neutrino mass
splittings. If true, additional sterile (non-interacting) neutrino states above the current 3 neutrino
model would be required. On the other hand, many parameters of the allowed space are limited
by experiments that have seen no anomaly. We will introduce models which accommodate these
additional neutrinos, and then discuss our work towards fitting these models to the available global
high �m2 oscillation data. We will then present the latest results of these fits.

Talk presented at the APS Division of Particles and Fields Meeting (DPF 2017), July 31-August
4, 2017, Fermilab. C170731

I. INTRODUCTION

A. Oscillation Formalism

The current theory of neutrino oscillation proposes that the weak interaction eigenstates of neu-
trinos (⌫e, ⌫µ, ⌫⌧ ) are composed of a linear superposition of the mass eigenstates of the neutrinos,
labeled as ⌫1, ⌫2, ⌫3. The relationship between these two bases is given by the Pontecovo-Maki-
Nakagawa-Sakata (PMNS) Matrix:

0

@
⌫e
⌫µ
⌫⌧

1

A =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A

0

@
⌫1
⌫2
⌫3

1

A .

When a neutrino is produced by weak decay into one of its weak eigenstates and then travels
through space, the composition of the neutrino state in the weak basis will oscillate. A detector,
then, will have a non-zero probability of finding a neutrino of a di↵erent weak flavor than was
originally produced.
This idea can be best illustrated if we assume a 2 neutrino model. In this case, there are only

two weak and mass eigenstates for the neutrinos, and the mixing matrix is 2⇥2 parameterized by a
single parameter ✓:

✓
⌫e
⌫µ

◆
=

✓
Ue1 Ue2

Uµ1 Uµ2

◆✓
⌫1
⌫2

◆
=

✓
cos ✓ sin ✓
�sin ✓ cos ✓

◆✓
⌫1
⌫2

◆
.

If we assume that a ⌫µ was produced with energy E⌫ , its initial state can be rewritten in the mass
eigenstate basis as |⌫µi = �sin ✓ |⌫1i + cos ✓ |⌫2i. If we then let the state evolve with time as it
propagates through space a distance L, the probability of finding a ⌫µ will be

P (⌫µ ! ⌫µ) = 1� sin2(2✓)sin2

 
1.27

�m2[eV2]L[m]

E⌫ [MeV]

!
, (1)

where �m2 is the mass squared di↵erence of the two mass eigenstates, L is the distance that the
neutrino propagates, and E⌫ is the energy of the neutrino. When a detector is used to find the same

⇤ diaza@mit.edu

ar
X

iv
:1

71
0.

04
36

0v
1 

 [h
ep

-e
x]

  1
2 

O
ct

 2
01

7

2

FIG. 1: This plot shows the probability of finding either ⌫e or ⌫µ a distance L from where the ⌫µ was first created.

The parameters used were �m2
= 0.0002 eV

2, sin2(2✓) = 0.8, E⌫ = 1 GeV.

neutrino type as the one created, this is referred to as a disappearance experiment. Conversely, the
probability of finding a ⌫e, which was not present before, is

P (⌫µ ! ⌫e) = sin2(2✓)sin2

 
1.27

�m2[eV2]L[m]

E⌫ [MeV]

!
. (2)

When a detector looks for a neutrino of a di↵erent type than the one initially produced, this is
referred to as an appearance experiment. As expected, the sum of these two probabilities is one in a
two neutrino model. In Figure 1, we depict the changing probabilities of finding either ⌫e or ⌫µ for
some given parameters.
In practice, we try to place the detector where we expect the first maximum (minimum) to be for

an appearance (disappearance) experiment. This is where the clearest sign of oscillation will be.
For a 3 neutrino model, we have a similar, albeit more complicated, probability oscillation equation

P (⌫↵ ! ⌫�) = �↵� � 4
X

j>i

Re(U⇤
↵iU�iU↵jU

⇤
�j) sin

2

 
1.27

�m2[eV2]L[m]

E⌫ [MeV]

!

+ 2
X

j>i

Im(U⇤
↵iU�iU↵jU

⇤
�j) sin

 
2.54

�m2[eV2]L[m]

E⌫ [MeV]

!
, (3)

where ↵ and � are the neutrino weak eigenstates, while i and j are the mass eigenstates.
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where, for example s12 ⌘ sin(✓12). We find 3 mixing parameters, ✓12, ✓13, and ✓23, and one CP
violating phase �. We can see how � results in CP violation if we go back to Eq. (3). If we wish
to consider the oscillation of antineutrinos instead of neutrinos, then we would take the complex
conjugates of the matrix elements, i.e. U ! U⇤. Since the real part of a complex number does
not change with complex conjugation, the term where the real part is taken in Eq. (3) does not
change. The term where we take the imaginary part, though, flips signs with complex conjugation.
Thus, if � 6= 0, 180, then the matrix elements will have a complex component, and the oscillations
between neutrino and antineutrinos will be di↵erent. This results in CP violation, since neutrinos
and antineutrinos should oscillate the same if CP were conserved.

Δm2=m22-m21

Appearance probability 
to be measured

Disappearance probability to be measured

Fixed

Spectrum to be measured

Neutrino oscillation parameters (physics)



Solar Neutrino Oscillations

Do you remember?
Four candidate solutions at 1990’s.

Let’s check with man made neutrinos.

Reactor νe @KamLAND

http://hitoshi.berkeley.edu/neutrino @2003

L ~ 180 km
E ~ several MeV

http://hitoshi.berkeley.edu/neutrino
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Fig. 1 Left panel Distribution of nuclear power stations in Japan and some in Korea. Right panel Expected neutrino event rate of KamLAND in
units of year−1·kton−1 from available power plants as a function of the distance from Kamioka

Fig. 2 A bird’s-eye view of the
KamLAND detector and
underground facility

Society for the Promotion of Science (JSPS). In 1999, 13
US institutes joined the KamLAND project. Since then, the
project was performed by the Japan–US collaboration with
additional collaborators from China and France afterwards.
KamLAND launched into taking data in January 22, 2002.

2 KamLAND detector

KamLAND is built in the Kamioka mine beneath the moun-
tains of the Japanese Alps, about 200 km west of Tokyo. The
underground laboratory is located 1,000 m below the sum-

mit of Mt. Ikenoyama. The detector sits at the site of the old
Kamiokande, the 3,000 m3 water Cerenkov detector which
played a leading role in the study of neutrinos produced via
cosmic rays and also helped to pioneer the subject of neutrino
astronomy. After dismantling the Kamiokande detector, the
rock cavity was enlarged to be 20 m in diameter and 20 m in
height. The KamLAND detector consists of a series of con-
centric spherical shells. Figure 3 shows a conceptual drawing
of the detector.

The neutrino detector/target is 1,000 tons of ultra-pure liq-
uid scintillator located at the center of the detector. The Kam-
LAND liquid scintillator (LS) is a chemical cocktail of 80 %

123

L ~ 180 km
E ~ several MeV
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KamLAND

1200 m3 LS in the KamLAND balloon  
suspended in 1800m3 Buffer oil

Water Cherenkov Outer Detector
225 20” PMTs

Calibration access

20
m

20m

2700 mwe
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34 CHAPTER 2. KAMLAND EXPERIMENT

2.2 Anti-Neutrino Detection

2.2.1 Delayed Coincidence Technique

Detection of ν̄e is performed via the inverse β-decay reaction in the scintillator,

ν̄e + p → e+ + n (Ethreshold = ∆mnp + me = 1.804MeV) (2.3)
n + p → d + γ(2.22457MeV). (2.4)

The energy threshold of this interaction is calculated with the mass difference of the neutron
and the proton (∆np=1.293MeV) and positron (electron) mass (me=0.511MeV).

(inverse    decay)βe+

np d γ (2.22MeV)

npνe
−

thermalize and capture

e−e+

νe
−

Eprompt

Th.E   = 1.8 MeV

τ ∼212.5+−8.1 secµ d

p pn

γ

γ

γ 2.22MeV

prompt event

delayed event

~ E  − 0.78MeVν

Figure 2.13: Electron anti-neutrino is detected as two correlated events. Positron
event(“prompt” event) which is produced via ν̄ep → e+n and a neutron capture
gamma(“delayed” event) whose energy is 2.22457MeV. The energy threshold of inverse β-
decay is Eν̄e=1.806MeV and the prompt energy is more than 1.022MeV. These two events are
correlated by vertex position and time difference.

The positron deposits its energy by ionization and then produces 2 γ-ray via pair annihi-
lation: e+ + e− → 2γ (2 ×0.511MeV). Therefore, the energy deposition Edeposition in the
scintillator is;

Edeposition = Eν̄e −(∆mnp + me) −Tn(θ) + 2me (2.5)
= Eν̄e −0.782MeV−Tn(θ), (2.6)

where Tn is the kinetic energy of recoil neutron and its related with the scattering angle of
positron θ (↔ recoil angle of neutron). The prompt event is this energy deposition of the
positron.
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off-axis calibration system

Available radioactive sources :
203Hg   (0.279 MeV)
137Cs   (0.661 MeV)
68Ge    (0.511 MeV × 2)
65Zn    (1.12   M3V)
60Co    (1.173 + 1.333 MeV)
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σEnergy = 6.6 % / √E 
σPosition = 15 cm / √E
238U: 3.5×10-18 g/g 232Th: 5.2×10-17 g/g
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dynamic processes such as mantle convection. Indeed,
precisely how the mantle convects is still not fully under-
stood, and controversy remains as to whether two-layer
convection or whole-volume convection provides a more

accurate description. In this work, we carry out a compari-
son of existing Earth models using the KamLAND geo !!e

data on the basis of simple but appropriate assumptions.
The crustal contribution to the flux at KamLAND can be

estimated from compositional data through rock sampling
[18]. Since current Earth models predict that the lithophiles
U and Th are absent in the core, for a first approximation of
the radiogenic heat, we attribute any excess above the
crustal contribution to U and Th uniformly distributed
throughout the mantle. Under these generic assumptions,
the measured KamLAND geo !!e flux translates to a total
radiogenic heat production of 11:2þ7:9

"5:1 TW from U and Th.
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FIG. 3 (color). Prompt energy spectrum of !!e candidate events
above the 0.9 MeV energy threshold (vertical dashed line) for
each data-taking period. The background, reactor and geo !!e

contributions are the best-fit values from a KamLAND-only
analysis. The prompt energy spectra of !!e candidate events in
the low-energy region are also shown in the inset panels with a
finer binning. The top panel shows the energy-dependent
selection-efficiency curves for each period.

TABLE III. Summary of the fit values for "m2
21, tan

2"12 and
sin2"13 from three-flavor neutrino oscillation analyses with
various combinations of experimental data.

Data combination "m2
21 tan2"12 sin2"13

KamLAND 7:54þ0:19
"0:18 0:481þ0:092

"0:080 0:010þ0:033
"0:034

KamLANDþ solar 7:53þ0:19
"0:18 0:437þ0:029

"0:026 0:023þ0:015
"0:015

KamLANDþ solarþ "13 7:53þ0:18
"0:18 0:436þ0:029

"0:025 0:023þ0:002
"0:002
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A number of short baseline neutrino oscillation experiments have observed an anomalous excess of
neutrinos in the low energy range. This may hint towards the existence of additional neutrino mass
splittings. If true, additional sterile (non-interacting) neutrino states above the current 3 neutrino
model would be required. On the other hand, many parameters of the allowed space are limited
by experiments that have seen no anomaly. We will introduce models which accommodate these
additional neutrinos, and then discuss our work towards fitting these models to the available global
high �m2 oscillation data. We will then present the latest results of these fits.

Talk presented at the APS Division of Particles and Fields Meeting (DPF 2017), July 31-August
4, 2017, Fermilab. C170731

I. INTRODUCTION

A. Oscillation Formalism

The current theory of neutrino oscillation proposes that the weak interaction eigenstates of neu-
trinos (⌫e, ⌫µ, ⌫⌧ ) are composed of a linear superposition of the mass eigenstates of the neutrinos,
labeled as ⌫1, ⌫2, ⌫3. The relationship between these two bases is given by the Pontecovo-Maki-
Nakagawa-Sakata (PMNS) Matrix:

0

@
⌫e
⌫µ
⌫⌧

1

A =

0

@
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

1

A

0

@
⌫1
⌫2
⌫3

1

A .

When a neutrino is produced by weak decay into one of its weak eigenstates and then travels
through space, the composition of the neutrino state in the weak basis will oscillate. A detector,
then, will have a non-zero probability of finding a neutrino of a di↵erent weak flavor than was
originally produced.
This idea can be best illustrated if we assume a 2 neutrino model. In this case, there are only

two weak and mass eigenstates for the neutrinos, and the mixing matrix is 2⇥2 parameterized by a
single parameter ✓:

✓
⌫e
⌫µ

◆
=

✓
Ue1 Ue2

Uµ1 Uµ2

◆✓
⌫1
⌫2

◆
=

✓
cos ✓ sin ✓
�sin ✓ cos ✓

◆✓
⌫1
⌫2

◆
.

If we assume that a ⌫µ was produced with energy E⌫ , its initial state can be rewritten in the mass
eigenstate basis as |⌫µi = �sin ✓ |⌫1i + cos ✓ |⌫2i. If we then let the state evolve with time as it
propagates through space a distance L, the probability of finding a ⌫µ will be

P (⌫µ ! ⌫µ) = 1� sin2(2✓)sin2

 
1.27

�m2[eV2]L[m]

E⌫ [MeV]

!
, (1)

where �m2 is the mass squared di↵erence of the two mass eigenstates, L is the distance that the
neutrino propagates, and E⌫ is the energy of the neutrino. When a detector is used to find the same
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νe→νe

Δm221 = (7.53±0.18) × 10-5 [eV2] +0.029
-0.025tan2θ12 = 0.437          × 10-5 sin2θ13 = 0.023±0.002

Precise measurement in 2013
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and the number of 210Po decays, respectively. The neutron energy
distribution is calculated using the measured neutron angular
distributions in the centre of mass frame25,26. Including the efficiency
for passing the ne candidate cuts, the number of (a,n) background
events is estimated to be 42 ^ 11.
There is a small contribution to the background from random

coincidences, nes from the b2 decay of long lived nuclear reactor
fission products, and radioactive isotopes produced by cosmic rays.
Using an out-of-time coincidence cut from 10ms to 20 s, the random
coincidence background is estimated to be 2.38 ^ 0.01 events. Using
the expected ne energy spectrum27 for long lived nuclear reactor
fission products, the corresponding background is estimated to be
1.9 ^ 0.2 events. Themost significant background due to radioactive
isotopes produced by cosmic rays is from the b2 decay
9Li! 2aþ nþ e2 þ ne, which has a neutron in the final state. On
the basis of events correlated with cosmic rays, the estimated number
of background events caused by radioactive 9Li is 0.30 ^ 0.05. Other
backgrounds considered and found to be negligible include spon-
taneous fission, neutron emitters and correlated decays in the
radioactive background decay chains, fast neutrons from cosmic
ray interactions, (g,n) reactions and solar ne induced break-up of
2H. The total background is estimated to be 127 ^ 13 events (1j
error).
The total number of observed ne candidates is 152, with their

energy distribution shown in Fig. 3. Including the geoneutrino
detection systematic errors, parts of which are correlated with
the background estimation errors, a ‘rate only’ analysis gives 25þ19

218
geoneutrino candidates from the 238U and 232Th decay chains.
Dividing by the detection efficiency, live-time, and number of
target protons, the total geoneutrino detected rate obtained is
5:1þ3:9

23:6 £ 10231 ne per target proton per year.
We also perform an un-binned maximum likelihood analysis of

the ne energy spectrum between 1.7 and 3.4MeV, using the known
shape of the signal and background spectra. As the neutrino oscil-
lation parameters do not significantly affect the expected shape of the
geoneutrino signal, the un-oscillated shape is assumed. However, the

oscillation parameters are included in the reactor background shape.
Figure 4a shows the confidence intervals for the number of observed
238U and 232Th geoneutrinos. Based on a study of chondritic
meteorites28, the Th/U mass ratio in the Earth is believed to be
between 3.7 and 4.1, and is known better than either absolute
concentration. Assuming a Th/U mass ratio of 3.9, we estimate the
90% confidence interval for the total number of 238U and 232Th
geoneutrino candidates to be 4.5 to 54.2, as shown in Fig. 4b. The
central value of 28.0 is consistent with the ‘rate only’ analysis. At this
point, the value of the fit parameters are Dm2

12 ¼ 7:8£ 1025 eV2;
sin22v12 ¼ 0:82, pa ¼ 1:0, and qa ¼ 1:0, where these last two param-
eters are defined in the Methods section. The 99% confidence upper
limit obtained on the total detected 238U and 232Th geoneutrino rate
is 1.45 £ 10230 ne per target proton per year, corresponding to a flux
at KamLAND of 1.62 £ 107 cm22 s21. On the basis of our reference
model, this corresponds to an upper limit on the radiogenic power
from 238U and 232Th decay of 60 TW.
As a cross-check, an independent analysis29 has been performed

using a partial data set, including detection efficiency, of 2.6 £ 1031

target proton years. In this analysis, the 13C(a,n)16O background was

Figure 3 | ne energy spectra in KamLAND. Main panel, experimental points
together with the total expectation (thin dotted black line). Also shown are
the total expected spectrum excluding the geoneutrino signal (thick solid
black line), the expected signals from 238U (dot-dashed red line) and 232Th
(dotted green line) geoneutrinos, and the backgrounds due to reactor ne
(dashed light blue line), 13C(a,n)16O reactions (dotted brown line), and
random coincidences (dashed purple line). Inset, expected spectra extended
to higher energy. The geoneutrino spectra are calculated from our reference
model, which assumes 16TW radiogenic power from 238U and 232Th. The
error bars represent ^ 1 standard deviation intervals.

Figure 4 | Confidence intervals for the number of geoneutrinos
detected. Panel a shows the 68.3% confidence level (CL; red), 95.4% CL
(green) and 99.7% CL (blue) contours for detected 238U and 232Th
geoneutrinos. The small shaded area represents the prediction from the
geophysical model. The vertical dashed line represents the value of
(NU 2 NTh)/(NU þ NTh) assuming the mass ratio, Th/U ¼ 3.9, derived
from chondritic meteorites, and accounting for the 238U and 232Th decay
rates and the ne detection efficiencies in KamLAND. The dot represents our
best fit point, favouring 3 238U geoneutrinos and 18 232Th geoneutrinos.
Panel b shows Dx 2 as a function of the total number of 238U and 232Th
geoneutrino candidates, fixing the normalized difference to the chondritic
meteorites constraint. The grey band gives the value ofNU þ NTh predicted
by the geophysical model.
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and the number of 210Po decays, respectively. The neutron energy
distribution is calculated using the measured neutron angular
distributions in the centre of mass frame25,26. Including the efficiency
for passing the ne candidate cuts, the number of (a,n) background
events is estimated to be 42 ^ 11.
There is a small contribution to the background from random

coincidences, nes from the b2 decay of long lived nuclear reactor
fission products, and radioactive isotopes produced by cosmic rays.
Using an out-of-time coincidence cut from 10ms to 20 s, the random
coincidence background is estimated to be 2.38 ^ 0.01 events. Using
the expected ne energy spectrum27 for long lived nuclear reactor
fission products, the corresponding background is estimated to be
1.9 ^ 0.2 events. Themost significant background due to radioactive
isotopes produced by cosmic rays is from the b2 decay
9Li! 2aþ nþ e2 þ ne, which has a neutron in the final state. On
the basis of events correlated with cosmic rays, the estimated number
of background events caused by radioactive 9Li is 0.30 ^ 0.05. Other
backgrounds considered and found to be negligible include spon-
taneous fission, neutron emitters and correlated decays in the
radioactive background decay chains, fast neutrons from cosmic
ray interactions, (g,n) reactions and solar ne induced break-up of
2H. The total background is estimated to be 127 ^ 13 events (1j
error).
The total number of observed ne candidates is 152, with their

energy distribution shown in Fig. 3. Including the geoneutrino
detection systematic errors, parts of which are correlated with
the background estimation errors, a ‘rate only’ analysis gives 25þ19

218
geoneutrino candidates from the 238U and 232Th decay chains.
Dividing by the detection efficiency, live-time, and number of
target protons, the total geoneutrino detected rate obtained is
5:1þ3:9

23:6 £ 10231 ne per target proton per year.
We also perform an un-binned maximum likelihood analysis of

the ne energy spectrum between 1.7 and 3.4MeV, using the known
shape of the signal and background spectra. As the neutrino oscil-
lation parameters do not significantly affect the expected shape of the
geoneutrino signal, the un-oscillated shape is assumed. However, the

oscillation parameters are included in the reactor background shape.
Figure 4a shows the confidence intervals for the number of observed
238U and 232Th geoneutrinos. Based on a study of chondritic
meteorites28, the Th/U mass ratio in the Earth is believed to be
between 3.7 and 4.1, and is known better than either absolute
concentration. Assuming a Th/U mass ratio of 3.9, we estimate the
90% confidence interval for the total number of 238U and 232Th
geoneutrino candidates to be 4.5 to 54.2, as shown in Fig. 4b. The
central value of 28.0 is consistent with the ‘rate only’ analysis. At this
point, the value of the fit parameters are Dm2

12 ¼ 7:8£ 1025 eV2;
sin22v12 ¼ 0:82, pa ¼ 1:0, and qa ¼ 1:0, where these last two param-
eters are defined in the Methods section. The 99% confidence upper
limit obtained on the total detected 238U and 232Th geoneutrino rate
is 1.45 £ 10230 ne per target proton per year, corresponding to a flux
at KamLAND of 1.62 £ 107 cm22 s21. On the basis of our reference
model, this corresponds to an upper limit on the radiogenic power
from 238U and 232Th decay of 60 TW.
As a cross-check, an independent analysis29 has been performed

using a partial data set, including detection efficiency, of 2.6 £ 1031

target proton years. In this analysis, the 13C(a,n)16O background was

Figure 3 | ne energy spectra in KamLAND. Main panel, experimental points
together with the total expectation (thin dotted black line). Also shown are
the total expected spectrum excluding the geoneutrino signal (thick solid
black line), the expected signals from 238U (dot-dashed red line) and 232Th
(dotted green line) geoneutrinos, and the backgrounds due to reactor ne
(dashed light blue line), 13C(a,n)16O reactions (dotted brown line), and
random coincidences (dashed purple line). Inset, expected spectra extended
to higher energy. The geoneutrino spectra are calculated from our reference
model, which assumes 16TW radiogenic power from 238U and 232Th. The
error bars represent ^ 1 standard deviation intervals.

Figure 4 | Confidence intervals for the number of geoneutrinos
detected. Panel a shows the 68.3% confidence level (CL; red), 95.4% CL
(green) and 99.7% CL (blue) contours for detected 238U and 232Th
geoneutrinos. The small shaded area represents the prediction from the
geophysical model. The vertical dashed line represents the value of
(NU 2 NTh)/(NU þ NTh) assuming the mass ratio, Th/U ¼ 3.9, derived
from chondritic meteorites, and accounting for the 238U and 232Th decay
rates and the ne detection efficiencies in KamLAND. The dot represents our
best fit point, favouring 3 238U geoneutrinos and 18 232Th geoneutrinos.
Panel b shows Dx 2 as a function of the total number of 238U and 232Th
geoneutrino candidates, fixing the normalized difference to the chondritic
meteorites constraint. The grey band gives the value ofNU þ NTh predicted
by the geophysical model.
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and the number of 210Po decays, respectively. The neutron energy
distribution is calculated using the measured neutron angular
distributions in the centre of mass frame25,26. Including the efficiency
for passing the ne candidate cuts, the number of (a,n) background
events is estimated to be 42 ^ 11.
There is a small contribution to the background from random

coincidences, nes from the b2 decay of long lived nuclear reactor
fission products, and radioactive isotopes produced by cosmic rays.
Using an out-of-time coincidence cut from 10ms to 20 s, the random
coincidence background is estimated to be 2.38 ^ 0.01 events. Using
the expected ne energy spectrum27 for long lived nuclear reactor
fission products, the corresponding background is estimated to be
1.9 ^ 0.2 events. Themost significant background due to radioactive
isotopes produced by cosmic rays is from the b2 decay
9Li! 2aþ nþ e2 þ ne, which has a neutron in the final state. On
the basis of events correlated with cosmic rays, the estimated number
of background events caused by radioactive 9Li is 0.30 ^ 0.05. Other
backgrounds considered and found to be negligible include spon-
taneous fission, neutron emitters and correlated decays in the
radioactive background decay chains, fast neutrons from cosmic
ray interactions, (g,n) reactions and solar ne induced break-up of
2H. The total background is estimated to be 127 ^ 13 events (1j
error).
The total number of observed ne candidates is 152, with their

energy distribution shown in Fig. 3. Including the geoneutrino
detection systematic errors, parts of which are correlated with
the background estimation errors, a ‘rate only’ analysis gives 25þ19

218
geoneutrino candidates from the 238U and 232Th decay chains.
Dividing by the detection efficiency, live-time, and number of
target protons, the total geoneutrino detected rate obtained is
5:1þ3:9

23:6 £ 10231 ne per target proton per year.
We also perform an un-binned maximum likelihood analysis of

the ne energy spectrum between 1.7 and 3.4MeV, using the known
shape of the signal and background spectra. As the neutrino oscil-
lation parameters do not significantly affect the expected shape of the
geoneutrino signal, the un-oscillated shape is assumed. However, the

oscillation parameters are included in the reactor background shape.
Figure 4a shows the confidence intervals for the number of observed
238U and 232Th geoneutrinos. Based on a study of chondritic
meteorites28, the Th/U mass ratio in the Earth is believed to be
between 3.7 and 4.1, and is known better than either absolute
concentration. Assuming a Th/U mass ratio of 3.9, we estimate the
90% confidence interval for the total number of 238U and 232Th
geoneutrino candidates to be 4.5 to 54.2, as shown in Fig. 4b. The
central value of 28.0 is consistent with the ‘rate only’ analysis. At this
point, the value of the fit parameters are Dm2

12 ¼ 7:8£ 1025 eV2;
sin22v12 ¼ 0:82, pa ¼ 1:0, and qa ¼ 1:0, where these last two param-
eters are defined in the Methods section. The 99% confidence upper
limit obtained on the total detected 238U and 232Th geoneutrino rate
is 1.45 £ 10230 ne per target proton per year, corresponding to a flux
at KamLAND of 1.62 £ 107 cm22 s21. On the basis of our reference
model, this corresponds to an upper limit on the radiogenic power
from 238U and 232Th decay of 60 TW.
As a cross-check, an independent analysis29 has been performed

using a partial data set, including detection efficiency, of 2.6 £ 1031

target proton years. In this analysis, the 13C(a,n)16O background was

Figure 3 | ne energy spectra in KamLAND. Main panel, experimental points
together with the total expectation (thin dotted black line). Also shown are
the total expected spectrum excluding the geoneutrino signal (thick solid
black line), the expected signals from 238U (dot-dashed red line) and 232Th
(dotted green line) geoneutrinos, and the backgrounds due to reactor ne
(dashed light blue line), 13C(a,n)16O reactions (dotted brown line), and
random coincidences (dashed purple line). Inset, expected spectra extended
to higher energy. The geoneutrino spectra are calculated from our reference
model, which assumes 16TW radiogenic power from 238U and 232Th. The
error bars represent ^ 1 standard deviation intervals.

Figure 4 | Confidence intervals for the number of geoneutrinos
detected. Panel a shows the 68.3% confidence level (CL; red), 95.4% CL
(green) and 99.7% CL (blue) contours for detected 238U and 232Th
geoneutrinos. The small shaded area represents the prediction from the
geophysical model. The vertical dashed line represents the value of
(NU 2 NTh)/(NU þ NTh) assuming the mass ratio, Th/U ¼ 3.9, derived
from chondritic meteorites, and accounting for the 238U and 232Th decay
rates and the ne detection efficiencies in KamLAND. The dot represents our
best fit point, favouring 3 238U geoneutrinos and 18 232Th geoneutrinos.
Panel b shows Dx 2 as a function of the total number of 238U and 232Th
geoneutrino candidates, fixing the normalized difference to the chondritic
meteorites constraint. The grey band gives the value ofNU þ NTh predicted
by the geophysical model.
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Now we know neutrinos have mass
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• We do not know their absolute mass scale. 
• We do not know mass hierarchy.

• Anti-neutrinos = Neutrinos?  can happen to neutrinos because 
they are electrically neutral.

7

Δm2solar

Δm2atm

νe

νμ

ντ

m1

m2

m3

7
m3

m1
m2 Δm2solar

Δm2atm

Matter dominant universe

Neutrino mass hierarchy
0νββ

Leptogenesis

Majorana Neutrinos: ν = νL,νR 
ν

ν



Double beta decay

n

p

n p

e-

e-

W-

W-

ν
ν

2νββ 136Xe
136Cs

136Ba

×
Qββ=2.46 MeV

19

QββE(e-) + E(e-)



Double beta decay

n

p

n p

e-

e-

W-

W-

ν
ν

2νββ 136Xe
136Cs

136Ba

×
Qββ=2.46 MeV

19

QββE(e-) + E(e-)

Neutrino-less double beta decay

majorana 𝝂 ⊗ massive 𝝂

νR(ν)

(ν)νL

n

p

n p

e-

e-

W-

W-

0νββ



20

T0ν
1/2 G0ν mββM0ν 2 2

=
-1

Isotope dependent

Neutrino majorana mass
(Isotope independent)

mββ = m iUei
2Σ

i=1

3

Phase space factor 
(calculable)

Matrix element 
(calculable, but hard)

T    0ν
1/2 ∝ × 1026  [years]

ity by a factor of about 100, the goal of the next genera-
tion of experiments, will require hundreds of kg of par-
ent isotope and a significant decrease in background
beyond the present state of the art !roughly 0.1
count/ "keV kg yr#$.

It is straightforward to derive an approximate analyti-
cal expression for the half-life to which an experiment
with a given level of background is sensitive "Avignone
et al., 2005#:

T1/2
0! "n"# =

4.16 # 1026 yr
n"

%$a
W
&' Mt

b%"E#
. "5#

Here n" is the number of standard deviations corre-
sponding to a given confidence level "CL#—a CL of
99.73% corresponds to n"=3—the quantity $ is the
event-detection and identification efficiency, a is the iso-
topic abundance, W is the molecular weight of the
source material, and M is the total mass of the source.
The instrumental spectral width %"E#, defining the signal
region, is related to the energy resolution at the energy
of the expected &&"0!# peak, and bis the specific back-
ground rate in counts/"keV kg yr#, where the mass is that
of the source, as opposed to the isotope. Equation "5# is
valid only if the background level is large enough so that
the uncertainty is proportional to 'b%"E#. For a 200-kg
76Ge experiment with a background rate of
0.01 count/ "keV kg yr# and an energy resolution of
3.5 keV, running for 5 yr, the values for these param-
eters are Mt=103 kg yr, $=0.95, a=0.86, W=76, and
%"E#=3.5 keV. This results in a 4" half-life sensitivity of
T1/2

0! "4" , 76Ge#=1.9# 1026 yr. The background rate
quoted above is conservative for a Ge experiment, only
a factor of 6 below that of the Heidelberg-Moscow and
IGEX experiments. A background rate of 0.001
count/ "keV kg yr# would allow a 4" discovery with
T1/2

0! =6# 1026 yr. But an experiment with even mod-
estly lower efficiency or poorer resolution must attain
much lower background rates to have comparable
sensitivity.

These numbers characterize the level future experi-
ments will have to reach to make a significant contribu-
tion to the field. Later we discuss a number of proposed
experiments and attempt to estimate their sensitivity.

C. The claimed observation

In 2001, a subset of the Heidelberg-Moscow Collabo-
ration "Klapdor-Kleingrothaus et al., 2001a, 2001b, 2003;
Kleingrothaus and Krivosheina, 2006# claimed to ob-
serve evidence for a &&"0!# peak in the spectrum of
their 76Ge experiment at 2039 keV. This claim and later
papers by the same group elicited a number of critical
replies, for example, Harney "2001#; Aalseth et al.
"2002b#; Feruglio et al. "2002#; Zdesenko et al. "2002#.
But whether or not the result is valid, the experiment
was the most sensitive to date. The parameter values
were Mt=71.7 kg yr, b=0.11 count/ "keV kg yr#, $=0.95,
a=0.86, W=76, and %"E#=3.27 keV. The number of

counts under the peak at 2039 keV was 28.75±6.86
"Klapdor-Kleingrothaus et al., 2004a#. Substitution into
Eq. "5# yields T1/2

0! "4" , 76Ge#=1.6# 1025 yr, a lifetime
comparable to the claimed most probable value, 2.23
# 1025 yr. At least nominally, the experiment had a 4"
discovery potential, and cannot be dismissed out of
hand. Since this analysis does not account for statistical
fluctuations, background structure, or systematic uncer-
tainties, the actual confidence level could be significantly
different. But the only certain way to confirm or refute
the claim is with additional experimentation, preferably
in 76Ge.

To this end, the GERDA experiment is under
construction in the LNGS "Abt et al., 2004# and the
MAJORANA project "Gaitskell et al., 2003# is being devel-
oped in the U.S. The CUORICINO experiment in the
LNGS "Arnaboldi et al., 2005# uses 130Te, and is the
most sensitive experiment currently operating, with a
lower bound of T1/2

0! "130Te#' 3# 1024 yr. This limit is at
or near the sensitivity needed to test the 2001 claim, but
uncertainty in the calculated value of the nuclear matrix
element M0! "or, equivalently, FN# will preclude a defini-
tive statement.

Foiled by the nuclear matrix elements, one can see
even in this brief overview how nice it would be to have
accurate matrix elements. We address the issue of how
well they can be calculated later.

II. MAJORANA NEUTRINOS

As we see, &&"0!# cannot occur unless neutrinos are
Majorana particles, i.e., their own antiparticles. We
therefore briefly review the nature of neutral fermions.
Much of what we say here is covered in a similar fashion
but much greater depth in Bilenky and Petcov "1987#.

We can project an arbitrary four-spinor ( onto states
of definite chirality, which are singlets under one of the
two SU"2# algebras that make up the Lorentz algebra
SO"3,1#. We define the left- and right-handed projec-
tions as ( L,R= !"1) *5# /2$( . Because of the minus sign
in the Minkowski metric and the resulting need to work
with (̄ (( † *0 rather than ( † alone, a Lorentz scalar
cannot be constructed by contracting two left-handed
spinors in the usual way. Instead one must contract a
left-handed spinor with a right-handed one. The "scalar#
term in the Lagranginan obtained in this way is called
the Dirac mass term:

LD = − mD(̄ ( = − mD"( L( R + ( R( L# . "6#

The terms above contract ( L
* with ( R "and vice versa#,

with *0 flipping the chirality so that the contraction can
be made.

If charge conservation is not required, one can form a
scalar by combining ( with itself rather than with ( *.
Such a term cannot exist in the Lagrangian for electrons
or quarks because it destroys or creates two particles of
the same charge "or destroys a particle while creating an
antiparticle of opposite charge#, but nothing forbids it in

484 Avignone, Elliott, and Engel: Double beta decay, Majorana neutrinos, and …
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KamLAND-Zen400
20

m

20m

136Xe loaded LS in mini-balloon
~3 % of 136Xe in LS by weight 
90 % enriched,  
~400 kg of Xe dissolved in ~17 m3 LS

2700 m.w.e.
Φ~40cm opening access
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Do you believe ?

3.1 m

Φ 40 cm opening
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mini-Balloon factory
Fabrication at Sendai in Spring 2011
Installation into KamLAND in Summer 2011

Making gores. 
Ultrasonic cleaning 
with pure water.

Installation into KamLAND  
August 2011

Packed and N2 purged. 
Ready for shipping to 
Kamioka.

25 μm Nylon6  
transparency 99.4% @400nm
Xe barrier < 220 g/year

Class 1 clean room

U: 2×10-12 g/g
Th: 3×10-12 g/g

Class 10-100 clean room
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mini-Balloon factory
Fabrication at Sendai in Spring 2011
Installation into KamLAND in Summer 2011

Making gores. 
Ultrasonic cleaning 
with pure water.

Installation into KamLAND  
August 2011

Packed and N2 purged. 
Ready for shipping to 
Kamioka.

25 μm Nylon6  
transparency 99.4% @400nm
Xe barrier < 220 g/year

Class 1 clean room

U: 2×10-12 g/g
Th: 3×10-12 g/g

Class 10-100 clean room

Welded each other →
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Xe compressor

Xe re-collection

LS storage

Xe-LS facility

Gas storageGas control

Xe dissolving

LS distillation

Xe distillation (XMASS prototype)
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impurities in the Xe-LS; those from muon-induced spalla-
tion products; and those external to the Xe-LS, mainly
from the IB material. The U and Th contaminations in
the Xe-LS can be investigated by the delayed coincidence
detection of 214Bi-214Po and 212Bi-212Po. Assuming secular
equilibrium, the 238U and 232Th concentrations are esti-
mated to be ð1:3 " 0:2Þ $ 10% 16 g=g and ð1:8 " 0:1Þ $
10% 15 g=g, respectively. The 238U level reported in
Ref. [2] was overestimated due to slight contamination of
222Rnin early data, which can be removed. To allow for the
possibility of decay chain nonequilibrium, however, the
Bi-Po measurements are used to constrain only the rates for
the 222Rn-210Pb subchain of the 238U series and the
228Th-208Pbsubchain of the 232Thseries, while other back-
ground rates in both series as well as a contribution from
85Kr are left unconstrained.

Spallation neutrons are captured mainly on protons
(2.225 MeV) and 12C (4.946 MeV) in organic scintillator
components, and only rarely on 136Xe (4.026 MeV) and
134Xe (6.364 MeV), with fractions of the total captures,
9:5 $ 10% 4 and 9:4 $ 10% 5, respectively, for the latter
two. The neutron capture product 137Xe (!% , " ¼
5:5 min, Q ¼ 4:17 MeV) is a potential background,
but its expected rate is negligible in the current 0#!!
search. For carbon spallation products, we expect event
rates of 1:11 " 0:28 ðton' day Þ% 1 and ð2:11 " 0:44Þ $
10% 2 ðton' day Þ% 1 from 11C (!þ , " ¼ 29:4 min, Q ¼
1:98 MeV) and 10C (!þ , " ¼ 27:8 s, Q ¼ 3:65 MeV),
respectively. There are no past experimental data for
muon spallation of Xe, but background from short-lived
products of Xe with lifetimes of less than 100 s is con-
strained from the study of muon time-correlated events [2].

By looking at events near the IB radius, we found that
the IB, which was fabricated 100 km from the Fukushima-I
reactor, was contaminated by fallout from the Fukushima
nuclear accident in March 2011 [2]. The dominant activ-
ities from this fallout are 134Cs (! þ $’s) and 137Cs
(0.662 MeV $), but they do not generate background in
the energy region 2:2<E< 3:0 MeV relevant to the 136Xe
0#!! decay search (i.e., the 0#!! window). In this
region, the dominant IB contaminant is 214Bi (! þ $’s)
from the U decay chain. The Cs and U are not distributed
uniformly on the IB film. Rather, their activity appears to
increase proportionally with the area of the film welding
lines. This indicates that the dominant IB backgrounds may
have been introduced during the welding process from dust
containing both natural U and Fukushima fallout contam-
inants. The activity of the 214Bi on the IB drives the
spherical fiducial radius in the analysis.

In the combined DS-1 and DS-2 data set, a peak can also
be observed in the IB backgrounds located in the 0#!!
window on top of the 214Bi contribution, similar in energy
to the peak found within the fiducial volume. To explore
this activity we performed two-dimensional fits in R and
energy, assuming that the only contributions on the IB are

from 214Bi and 110m Ag. Floating the rates from background
sources uniformly distributed in the Xe-LS, the fit results
for the 214Bi and 110m Ag event rates on the IB are
19:0 " 1:8 day % 1 and 3:3 " 0:4 day % 1, respectively, for
DS-1, and 15:2 " 2:3 day % 1 and 2:2 " 0:4 day % 1 for
DS-2. The 214Bi rates are consistent between DS-1 and
DS-2 given the different fiducial volume selection, while
the 110m Ag rates are consistent with the decay time of
this isotope. The rejection efficiencies of the FV cut
R< 1:35 m against 214Bi and 110m Ag on the IB are
(96:8 " 0:3) and (93:8 " 0:7)%, respectively, where the
uncertainties include the uncertainty in the IB position.
The energy spectra of selected candidate events for DS-1

and DS-2 are shown in Fig. 1. The !! decay rates are
estimated from a likelihood fit to the binned energy spec-
trum between 0.5 and 4.8 MeV for each data set. The
background rates described above are floated but con-
strained by their estimated values, as are the detector
energy response model parameters. As discussed in
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FIG. 1 (color). (a) Energy spectrum of selected candidate
events together with the best-fit backgrounds and 2#!! decays,
and the 90% C.L. upper limit for 0#!! decays, for the combined
data from DS-1 and DS-2; the fit range is 0:5<E< 4:8 MeV.
(b) Closeup of (a) for 2:2<E< 3:0 MeV after subtracting
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week ending
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KamLAND-Zen400 (phase 1)

T0ν1/2>1.9 ×1025 years  
 (90% C.L.)

T0ν1/2>3.4 ×1025 years  
 (90% C.L.) 

+  EXO-200 (*)

〈mββ 〉< (120-250) meV 
 (90% C.L.) 

(*) PRL 109, 032505 (2012) 
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Strategy for 111mAg removal

Xe-LS + 110mAg LS + 110mAg

It was confirmed
110mAg remains in LS. 
@2012 Summer

new LS

replaced with new 
purified LS

new Xe-LS

Xe purification

Filling completed @2011
Filtration @2012 Feb. × 0.1 Ag

LS purification

Xe dissolvingXe extraction
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KamLAND-Zen400 (phase 2)

• LS purification

• Better understanding and rejection of BG

• Fit Volume binning (non-uniform BG distribution)

• Calibration in the mini-Balloon
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KamLAND-Zen400 (phase 2)

Q=3.65 MeV😰

Triple coincidence
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KamLAND-Zen400 (phase 2)

Q=3.65 MeV
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Triple coincidence
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KamLAND-Zen400 (phase 2)

Q=3.65 MeV

New FEE

😰

Triple coincidence
• Muon
• Thermal neutron
• 10C

~65% rejection eff.
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KamLAND-Zen400 (phase 2)
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KamLAND-Zen400 (phase 2)

Phase 2:
T0ν1/2>9.2 ×1025 years  

 (90% C.L.) 
T0ν1/2>1.07 ×1026 years  

 (90% C.L.) ⊗  Phase 1

33

Visible Energy (MeV)
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410 Data
Total
Total

 U.L.)ββν(0
ββνXe 2136

ββνXe 0136

(90% C.L. U.L.)

Ag110m

Bi210Th+232U+238

K40Kr+85Po+210+
IB/External
Spallation

(a) Period-2

R<1m

Period2 only

Visible Energy (MeV)

Background Estimates

Period-1 Period-2
(270.7 days) (263.8 days)

Observed events 22 11

Background Estimated Best-fit Estimated Best-fit
136Xe 2νββ - 5.48 - 5.29

Residual radioactivity in Xe-LS
214Bi (238U series) 0.23 ± 0.04 0.25 0.028 ± 0.005 0.03
208Tl (232Th series) - 0.001 - 0.001

110mAg - 8.5 - 0.0
External (Radioactivity in IB)

214Bi (238U series) - 2.56 - 2.45
208Tl (232Th series) - 0.02 - 0.03

110mAg - 0.003 - 0.002
Spallation products

10C 2.7 ± 0.7 3.3 2.6 ± 0.7 2.8
6He 0.07 ± 0.18 0.08 0.07 ± 0.18 0.08
12B 0.15 ± 0.04 0.16 0.14 ± 0.04 0.15

137Xe 0.5 ± 0.2 0.5 0.5 ± 0.2 0.4

2.3 < E < 2.7 MeV, R < 1m

110mAg

214Bi

2ν2β 

10C

New Balloon

Better σE

Improved neutron 
detection

Next phases:

17
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KamLAND-Zen400

KamLAND-Zen400
〈mββ 〉< (61-165) meV 

 (90% C.L.) 

KamLAND-Zen400
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KamLAND-Zen400

KamLAND-Zen400
〈mββ 〉< (61-165) meV 

 (90% C.L.) 

KamLAND-Zen400

40 meV
800 kg 136Xe

• Upgrade the mini-Balloon
• OD refurbishment

KamLAND-Zen800



Film(washing�mini-Balloon upgrade

BEFORE

Balloon film washing procedure was human control. 

Long exposure in the air can collect dusts by electro statics.

35



2nd balloon film washing by many shifters
6/8 ~ 6/9mini-Balloon upgrade

New Procedure 

Balloon film washing machine is implemented. 

Less exposure reduces dusts attaching to the surface.
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Sep.1The picture of Sep.1 shows;
  The welding lines of the mini-balloon slightly sank. 
  Radius of the balloon became smaller and looks less smooth circle curve.
We see that the mini-balloon has shrunk, 
       not simply sinking down of the whole body. 6-2

Aug.19

6-1

mini-Balloon upgrade in 2016

Example of camera images 

😰

37

Sept. 1 Aug. 19

• mini-Balloon installation with Xe-less LS filling in 2016 summer.
• Leak detected. 

- Camera image analysis
- Load cell analysis
- Balloon shape reconstruction with 210Po events
- mixture of mini-Balloon LS and KamLAND-balloon LS

• mini-Balloon removal in 2016 December. 

238U 232Th
10-12 g/g

Zen400 46±4 336±2
New 5.3±0.8 31±7

No 110Ag, 137Cs, 134Cs😀



mini-Balloon upgrade in 2016

New Balloon Installation

Sept 1, 2016 Oct 11, 2016

New Balloon installed in Aug, filled with UNLOADED liquid scintillator (no Xe)

Leak detected: 
- Camera image
- Load cell
- Balloon shape reconstruction with 210Po events
- Samples: Traces of outside LS inside balloon LS 

Balloon removed in Nov 2016

0.5cm

~2cm

~1cm
~1cm

2-3mm
New balloon is being prepared, installation Fall 2017

21

Which part of welding is strong.

Which part of welding  is weak.

We learned …

38



19
We finished mini-balloon welding at Sep. 13, 2017

mini-Balloon upgrade in 2017

39



19
We finished mini-balloon welding at Sep. 13, 2017

Improved welding technique

Improved cutting technique to avoid shape distortion

Finish manufacturing and cleaning sub-components

Leak check, Leak repair

Folding and  packing

Delivery to KamLAND site

New LS purification (half done)

Installing the miniBalloon filled with Xe-less LS

Replacing the Xe-less LS with Xe-loaded LS

39

Current status of KamLAND-Zen800



Beyond KamLAND-Zen800

KamLAND2 ← Better energy resolution 
• Winston cone :  light collection × 1.8

• High Q.E. (~30%) and large photo cathode (20”) PMT:  light collection × 1.8

• More transparent LS (LAB):  light collection × 1.4

→ σ =  2 % @E=2.6MeV (c.f. 4 % at KamLAND)

KamLAND2-Zen
• Scintillation film for the mini-Balloon (214Bi-210Po)

• Imaging (β/γ discrimination)

→ 20 meV (cover Inverted hierarchy)

PrototypePrototype

KamLAND2-Zen to cover the IH mass region 
We need to detect more light to 
improve energy resolution → reduce 
the 2νββ tail background.
Sensitivity target: mββ ~ 20meV

Gain in number of detected photons 
(after upgrade to KamLAND2)

Lab scintillator: 1.4 times 
High QE PMTs: 1.9 times
Light collecting cones: 1.8 times

Enriched xenon mass > 1000kg
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Future plan

41

Reactor neutrino oscillation anomaly

arXive:1204.5379v1

Distance to Reactor [m]
1 10 100 1000

sin2(2θ13)=0.15

+ sin2(2θnew)=0.12 
+ Δm2new >2 eV2



IsoDAR@KamLAND

42

5Many Experimental Hints for Sterile Neutrinos 

Data	sets	indicate	a	high	Dm2

Can	be	fit	by	introducing	a	new	n,
…but	it	must	be	non-interacting	(sterile)!

These	signals	are	at	the	2-4s level	Þ Need	new	“definitive”	experiments
Establishing the existence of sterile neutrinos would be a major 

result for particle physics

• MiniBooNE/LSND
ne /`ne appearance 
signals

• Reactor Anomaly:
`ne disappearance signals?

• Also, radioactive source anomaly 
(SAGE/GALLEX)

`nµ®`ne

a new definitive experiment to search νs 

with more than 5 σ level (high statistics)

Δm2atm~ 10 -3 eV2

Δm2solar~ 10 -4 eV2
sin2(2θnew)
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Figure 58. Allowed regions in the sin2(2✓new) � �m2
new plane obtained from the fit of the reactor neutrino

data, without any energy spectra information, to the 3+1 neutrino hypothesis, with sin2(2✓13) = 0. The
best-fit point is indicated by a star.

oscillation formula

Pee = 1 � sin2(2✓new) sin2
 
�m2

newL
4E⌫̄e

!
(110)

is adopted, where active neutrino oscillation e↵ects are neglected at these short baselines. In such
a framework the mixing angle is related to the U matrix element by the relation:

sin2(2✓new) = 4|Ue4|
2
⇣
1 � |Ue4|

2
⌘
. (111)

One can us now fit the sterile neutrino hypothesis to the data (baselines below 100 m) by minimiz-
ing the least-squares function ✓

Pee �
�!
R
◆T

W�1
✓
Pee �

�!
R
◆
, (112)

assuming sin2(2✓13) = 0. Figure 58 provides the results of the fit in the sin2(2✓new) � �m2
new

plane, including only the reactor experiment rate information. The fit to the data indicates that
|�m2

new,R| > 0.2 eV2 (99%) and sin2(2✓new,R) ⇠ 0.14. The best fit point is at |�m2
new,R| = 0.5 eV2 and

sin2(2✓new,R) ⇠ 0.14. The no-oscillation analysis is excluded at 99.8%, corresponding roughly to
3�.

Reactor Rate+Shape Analysis

The ILL experiment may have seen a hint of oscillation in their measured positron energy spec-
trum [448, 481], but Bugey-3’s results do not point to any significant spectral distortion more than

115

arXive:1204.5379v1

Δm2sterile ~ 1 eV2
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IsoDAR@KamLAND
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Cyclotron Be target
7Li sleeve

10 mA/60 MeV 
proton beam

7Li (nγ) 8Li→ν 

KamLAND

Ion source 

RF

High statistics Neutrino Source

1 kton Liquid scintillator 
Reactor neutrino oscillation 
Geo-neutrinos 
ν-less double beta decay 
ΔE ~ 7 %/√E(MeV) 
Δvertex ~ 13 cm/√E(MeV)

Neutrino Oscillation 
(νe disappearance)

Well kn
own ν

 Energ
y

T1/2=840 msec

IsoDAR@KamLAND



Future plan
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12

IsoDAR `ne Disappearance Oscillation Sensitivity (3+1)

Þ Global	fit	region	can	be	ruled	out	at	>	5s in	4	months	of	running!



Comparison to other projects (an example)

19

SOX* IsoDAR
Source 144Ce 8Li

Strength 100 kCi 50 kCi

“Half-life” 285 days Infinite

Peak energy of events 3.4 MeV 8.5 MeV

Detector Borexino KamLAND

Detection IBD IBD

Type Liquid scint Liquid scint

Fiducial volume 100 tons 900 tons

Length to ! Source 8.5 ± 4 m 16 ± 6.5 m

Total IBD events ~104 ~8 x 105

Osc Fit Method Rate plus Shape Shape only

*	M.	Wurm,	https://www.mpi-hd.mpg.de/WIN2015/talks/neutrino3_wurm.pdf		

Comparison of IsoDAR to “Radioactive Source” Experiments
(`ne Disappearance Sterile Searches )

In both cases, one brings the source to the detector

144Ce/144Pr
http://nuclphys.sinp.msu.ru/conf/epp10/Machulin.pdf

SOX

S. Schönert   | TUM | Sterile neutrinos   !

!  νe detection: νe + p " e+ + n   

!  10-42 cm2" 5 PBq (only) needed 

! (e+,n) coincidence " mitigate backgrounds 

  

 

 

 

!  144Ce-144Pr 

! abundant fission product (5%) 

! 144Ce: long-lived & low-Qβ   
time to produce, transport, use 

! 144Pr: short-lived & high-Qβ    
νe above IBD threshold 

144Ce-144Pr Antineutrino Generator !
�#

�#

�#

(ITEP N°90 1994, PRL 107 201801, 2011) 

144Ce 144Pr

γ
😞

IsoDAR@KamLAND
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New area to be excavated

requesting NSF for US$ 50M 

20 m

KamLAND

IsoDAR@KamLAND
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cyclotron

shielding

RF

3.5 MW 
power station

target

requesting NSF for US$ 50M 

20 m

KamLAND

IsoDAR@KamLAND



End of the talk

 Physics programs

• Neutrino oscillation of anti-neutrinos from nuclear reactors

• Geo-neutrino measurement

• 136Xe 0νββ

• KamLAND-Zen400 (completed)

• T(136Xe 0νββ)1/2 > 1.07×1026 years @90 % C.L.

• mββ < (61-165) meV @90 % C.L. 

• KamLAND-Zen800 (coming soon)

• The first 800 balloon failed but the second one has 
been constructed with a lot of improvements.

Future Plans

• IsoDAR@KamLAND
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