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dramatic progress in our ability to compensate for high-
momentum physics that is cut out !see, e.g., Bogner et al.
"2003#$, but reliably correcting for low energy excitations
such as core polarization is a longstanding problem. Par-
tial summation of diagrams, a tool of traditional
effective-interaction theory, is helpful but apparently not
foolproof.

In the long term these issues will be solved. As al-
ready mentioned, the coupled-cluster approximation, an
expansion with controlled behavior, is being applied in
nuclei as heavy as 40Ca. With enough work on three- and
higher-body forces, on center-of-mass motion, and on
higher-order clusters, we should be able to handle 76Ge.
The time it will take is certainly not short, but may be
less than the time it will take for experimentalists to see
neutrinoless double beta decay, even if neutrinos are in-
deed Majorana particles and the inverted hierarchy is
realized. And the pace of theoretical work will increase
dramatically if the decay is seen. Observations in more
than one isotope will only make things better. Our opin-
ion is that the uncertainty in the nuclear matrix elements
in no way reduces the attractiveness of double beta de-
cay experiments. Given enough motivation, theorists are
capable of more than current work seems to imply.

VI. EXPERIMENTAL ASPECTS

A. Background and experimental design

Double beta decay experiments are searching for a
rare peak "see Fig. 5# upon a continuum of background.
Observing this small peak and demonstrating that it is
truly !!"0"# is a challenging experimental design task.
The characteristics that make an ideal !!"0"# experi-
ment have been discussed "Elliott and Vogel, 2002; Zde-
senko 2002; Elliott, 2003#. Although no detector design
has been able to incorporate all desired characteristics,
each includes many of them. "Section VII.C describes
the various experiments.# Here we list the desirable fea-
tures:

• The detector mass should initially be large enough to
cover the degenerate mass region "100–200 kg of iso-

tope# and be scalable to reach the inverted-hierarchy
scale region "%1 ton of isotope#.

• The !!"0"# source must be extremely low in radio-
active contamination.

• The proposal must be based on a demonstrated tech-
nology for the detection of !!.

• A small detector volume minimizes internal back-
grounds, which scale with the detector volume. It
also minimizes external backgrounds by minimizing
the shield volume for a given stopping power. A
small volume is easiest with an apparatus whose
source is also the detector. Alternatively, a very large
source may have some advantage due to self-
shielding of a fiducial volume.

• Though expensive, the enrichment process usually
provides a good level of purification and also results
in a "usually# much smaller detector.

• Good energy resolution is required to prevent the
tail of the !!"2"# spectrum from extending into the
!!"0"# region of interest. It also increases the signal-
to-noise ratio, reducing the background in the region
of interest. Two-neutrino double beta decay as back-
ground was analyzed by Elliott and Vogel "2002#.

• Ease of operation is required because these experi-
ments usually operate in remote locations and for
extended periods.

• A large Q!! usually leads to a fast !!"0"# rate and
also places the region of interest above many poten-
tial backgrounds.

• A relatively slow !!"2"# rate also helps control this
background.

• Identifying the daughter in coincidence with the !!
decay energy eliminates most potential backgrounds
except !!"2"#.

• Event reconstruction, providing kinematic data such
as opening angles and individual electron energies,
can reduce background. These data might also help
distinguish light- and heavy-particle exchange if a
statistical sample of !!"0"# events is obtained.

• Good spatial resolution and timing information can
help reject background processes.

• The nuclear theory is better understood in some iso-
topes than others. The interpretation of limits or sig-
nals might be easier for some isotopes.

Historically, most !! experiments have faced U and
Th decay-chain isotopes as their limiting background
component. A continuum spectrum arising from
Compton-scattered # rays, ! rays "sometimes in coinci-
dence with internal conversion electrons#, and $ par-
ticles from the naturally occurring decay chains can
overwhelm any hoped for peak from the !!"0"# signal.
This continuum is always present because U and Th are
present as contaminants in all materials. The level of
contamination, however, varies from material to mate-

FIG. 5. The distribution of the sum of electron energies for
!!"2"# "dotted curve# and !!"0"# "solid curve#. The curves
were drawn assuming that %0" is 1% of %2" and for a 1−&
energy resolution of 2%.
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1st	  result	  :	  Phys.	  Rev.	  C	  85,	  045504	  (2012) Backgrounds	  in	  0νββ	  region:	  
(1)	  Unexpected	  peak	  around	  2.6MeV
	  	  	  	  	  	  →	  All	  nuclei	  are	  checked.	  
	  	  	  	  	  	  	  	  	  	  	  4	  possible	  isotopes	  (lifeDme	  longer	  than	  30	  days)

	  	  	  	  	  	  110mAg	  (250d),	  208Bi	  (3.7×105y),	  60Co	  (5.27y),	  88Y	  (107d)
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  detected	  in	  Fukushima	  fallout

(2)	  214Bi	  from	  inner	  balloon
(3)	  SpallaDon	  product	  10C
(4)	  136Xe	  2νββ	  decay
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R<2.0m
(around	  inner	  balloon)

&
muon	  veto

3756	  events

R<1.0m	  (volume	  cut)

413	  events

delayed	  coincidence	  cut
(214Bi-‐Po,	  212Bi-‐Po,	  anD-‐ν)

10	  events

6	  events
spallaDon	  cut

Number	  of	  event	  
in	  ROI

(2.3<E<2.7MeV)
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Result	  of	  2νββ	  decay
Phase	  2,	  Internal	  (R	  <	  1.0	  m)

T1/2(2ν)	  =	  2.32	  ±	  0.05(stat)	  ±	  0.08(syst)	  ×1021	  yr

preliminary

preliminary

110mAg+88Y	  +	  208Bi+60Co

Film	  background	  

Consistent	  with	  previous	  KamLAND-‐Zen	  results	  and	  EXO-‐200	  results

232Th	  series

Spallaaon	  products

40K

210Bi
85Kr

238U	  series

2νββ
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External	  (1.0	  <	  R	  <	  2.0	  m)

Energy	  spectra	  of	  0νββ	  decay
Mula-‐volume	  selecaon	  for	  analysis	  opamizaaon

110mAg+88Y
+208Bi+60Co

2νββ
Film	  BG(214Bi)

SpallaDon
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Target	  volume	  for	  spectral	  fit	  :	  R	  <	  2.0	  m	  

R	  <	  2.0	  m
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Internal	  (R	  <	  1.0	  m)

Data	  (2.3<E<2.7	  MeV)	  &	  214Bi	  sim.

lower	  /	  upper	  hemisphere

balloon	  film

R	  20bin	  (same	  volume	  in	  each	  radius	  bin)
×	  Theta	  2bin	  (-‐1<cosθ<0,	  0<cosθ<1)

-‐	  DistribuDon	  of	  214Bi	  background	  from	  IB	  film	  is	  asymmetry.	  
	  	  Larger	  background	  at	  the	  bopom.

ROI
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T1/2	  >	  1.3×1025	  yr	  (90%	  C.L.)
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Result	  of	  0νββ	  decay

preliminary

2.3	  <	  E	  <	  2.8	  MeV	  (R	  <	  1.0	  m)

0nu	  limit	  of	  Phase	  2
<	  17.0	  events/day/kton-‐LS	  (90%C.L.)

0νββ(90%C.L.)

total(90%C.L.)

preliminary

Upper	  Limits	  from	  Toy	  MC

DistribuDon	  of	  0νββ	  limits	  
from	  Toy	  MC

this	  work	  :	  
<	  17	  events/day/kton-‐LS	  

(52%	  of	  the	  Dme)

(no	  0νββ	  signal,	  best-‐fit	  BG	  rate)

preliminary

MC	  :	  <	  16	  events/day/kton-‐LS	  
(50%	  of	  the	  Dme)
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T1/2	  >	  1.9×1025	  yr	  
(90%	  C.L.)

Phase	  1	  :	  
110mAg

0νββ(90%C.L.)
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QRPA	  NME	  model	  
J.	  Phys.	  G	  39	  124006	  (2012)

〈mββ〉<	  0.14-‐0.28	  eV

T1/2	  >	  2.6×1025	  yr	  (90%	  C.L.)

preliminary

Combined result

Phase	  1	  	  :	  T1/2	  >	  1.9×1025	  yr	  
Phase	  2	  	  :	  T1/2	  >	  1.3×1025	  yr	  

KamLAND-‐Zen
136Xe	  Half-‐life	  limit	  (90%	  C.L.)

KamLAND-‐Zen	  Combined
preliminary

Limit	  of	  effecDve	  mass

Limits	  on	  136Xe	  half-‐life	  and	  effecave	  neutrino	  mass	  are	  improved.

Phase	  1
Phase	  2
Combined
EXO-‐200	  (2014)



Year
0 1 2 3 4

 S
en

si
tiv

ity
 a

t 9
0%

 C
.L

. (
yr

)
1/

2i0 T

2510

2610

2710

Next	  Pha
se

Phase	  2
	  

KK	  claim

Inverted	  hierarchy

assuming	  bes
t-‐fit	  BG

May,	  2014

〈mββ〉	  =	  50	  meV

assuming	  600k
g	  Xe,	  

no	  1
10mAg,	  pure

	  balloon

Future	  prospect

Phase	  2	  

-‐	  Start	  in	  2016.
-‐	  New	  inner	  balloon	  with	  
	  	  about	  600	  kg	  Xe.
-‐	  Cover	  degenerated	  
	  	  	  hierarchy.

1,000	  kg	  Xe

-‐	  383	  kg	  Xe
-‐	  Data	  taking	  will
	  	  finish	  at	  the	  end
	  	  of	  this	  year.

-‐	  High	  energy	  
	  	  	  resoluDon
-‐	  Various	  R&D
	  	  	  is	  going	  on.

Future	  sensiDvity
Combined	  result
Phase	  2
Phase	  1

KamLAND2-‐Zen

Next	  Phase

Target⟨mββ⟩~20meV

pla
n

funded

ru
nn
ing



Proceedings	  of	  Neutrino2014	  found	  at	  arXiv:1409.0077

Lower	  limit	  of	  half-‐life
	  	  Phase	  1	  :	  T1/2	  >	  1.9×1025	  yr	  
	  	  Phase	  2	  :	  T1/2	  >	  1.3×1025	  yr

EffecDve	  neutrino	  mass	  〈mββ〉<	  0.14-‐0.28	  eV	  (QRPA)

Summary
KamLAND-‐Zen	  searches	  for	  zero	  neutrino	  double	  beta	  decay	  with	  136Xe.

	  	  	  Data	  taking	  started	  on	  Sep.	  2011.
KamLAND-‐Zen	  phase	  2	  started	  on	  Dec.	  2013	  with	  purified	  liquid	  scinDllator	  
and	  Xe.	  
ReducDon	  factor	  of	  110mAg	  is	  more	  than	  10.

New	  preliminary	  results	  for	  136Xe	  0νββ	  at	  90%	  C.L.

Phase	  2	  will	  finish	  at	  the	  end	  of	  2015	  and	  next	  phase	  (600kg	  Xe)	  will	  
	  	  	  start	  in	  2016.

Target	  of	  KamLAND2-‐Zen	  is	  inverted	  neutrino	  mass	  hierarchy.	  
	  	  	  It	  requires	  several	  detector	  improvements.	  R&D	  is	  going	  on.

	  	  Combine	  1+2	  :	  T1/2	  >	  2.6×1025	  yr

http://arxiv.org/abs/1409.0077
http://arxiv.org/abs/1409.0077


Backup
About	  unexpected	  peak	  around	  2.6	  MeV
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 Energy spectrum of 4 nuclei and 136Xe 0νββ

※linear scale

15

Energy spectra of 4 nuclei and 136Xe 0νββ

Considering	  energy	  resoluDon	  of	  
KamLAND-‐Zen
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Unexpected background for 136Xe 2νββ
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2νββ window
(1.2<E<2.0MeV)
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134Cs
2νββ

Why Fukushima?
- Cs doesn’t exist in nature.
- Ratio of 134Cs/137Cs data (~0.8)& 
soil sample almost consistent.
Possibility Spallation of 136Xe?
- Amount of 137Cs can’t explain.
Why on IB?
- IB made in Sendai (Cs detected in 
soil sample by Ge detector).
- Fit well with data.
- Cs don’t dissolve to LS.

214Bi 208Tl

134Cs distribute on the IB.  Origin → Fallout of Fukushima reactor accident
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data136Xe 0nu
~3% difference

Unexpected background for 136Xe 0νββ

No background hypothesis 
excluded more than 5 sigmas.

 What is this background?
Long-lived radioactive impurities ?
Cosmogenic spallation nuclei ?

Fit the peak with 0nu spectrum
※closeup picture (fitting range is 0.5-4.8 MeV)

Features of peak
•Rate is stable.
•Uniformly distributed in Xe-LS.
•No signal in KamLAND-LS
•Beta or gamma :
  difficult to distinguish

Search all nuclei and decay path in the ENSDF 
database of nuclei
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0ν(electron) & 
2.6MeV gamma

214Bi

- ex-situ measurement didn’t 
determine BG.
Amount of BG is too small to 
measure.

Total



 We search all of isotopes, all of decays in ENSDF
ENSDF search

 4 nuclei remains.

Spectra%for%the%remaining%candidates�

• Follow every ENSDF cascade info and check 
lifetime, Q-value and so on.

• Make energy spectrum of β-(+γ), β+ (+γ) and 
EC(+γ) decays expected in KamLAND (considered 
alpha quenching, energy resolution, the time 
structure of the chain and pile-up in DAQ etc.)

• Check its peak and shape (it is in 2.4-2.8 MeV?).

• Check long lived parent (> 30days) for each 
candidates.  

 example of spectrum

• Study on time-correlation 
event with muon w/ <100 sec 
lifetime is estimated to be 
<6.7×10-3 /ton･day (90% CL). 

• Nuclei w/ 100sec~30days 
are rejected from the study 
of energy spectrum w/ close 
A,Z nuclei.            
→ negligible

• Procedure

decay τ Q-value[MeV]
110mAg β- ＋ γ 360 days 3.01

88Y EC + γ 154 days 3.62
208Bi EC + γ 5.31×105 yr 2.88
60Co β-＋γ 7.61 yr 2.82

→ small※ 110mAg is one of reactor fallout, too.



Cosmogenic spallation at aboveground?
Possibility of cosmogenic spallation in Xe?
- Xe enriched in Russia and sent to mine by airplane (high cosmic ray flux).

quantitative background estimation is difficult
due to transportation loss in the gas system.

136Xe Radioactivities
after X + Y dayssurface

X = 100 days
mine
Y = 0, 100, 300, 600days

136Xe + p(1 GeV)
cross section

energy 
spectrum

β+EC:118mSb
13.3mb, T1/2=5.0h

β-:134I
21.9mb, 

T1/2=52.5m

β-:135Xe
54.7mb, T1/2=9.14h

100 days on surface, 300 days in the mine

110mAg

88Y

100 days on surface, 0 days in the mine

→ 110mAg and 88Y  remain.

P.Napolitiani et. al. 
Phys. Rev. C 76, 064609 (2007)
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About	  KamLAND



Charge Time

Evis = 2.73 MeV
(x,y,z)=(20.4,-167,-24.3) cm

Event display

KamLAND (Kamioka Liquid scintillator Anti-Neutrino Detector)

• 1,000 ton of ultra pure liquid scintillator
238U    (3.4 ± 0.4) × 10-18 [g/g] 
232Th  (5.7 ± 0.8) × 10-17 [g/g]
40K     2.7 × 10-16 [g/g] 

No directional information

Energy resolution σ=~6.4%/√E(MeV)
Vertex resolution σ=~12cm/√E(MeV)

pure
water

20m
20m

Detected scintillation light by PMTs

KamLAND-LS
 1,000 ton 

in balloon(R=6.5m)

Buffer oil

17 inch PMT × 1325
+ 20 inch PMT × 554

20 inch PMT
×225
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Mt. Ikenoyama

2,700 m.w.e.
μ rate ~ 0.34Hz

� + e� � � + e�
�̄e + p� e+ + n
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Visible energy [MeV]

neutrino electron elastic scattering
inverse beta decay

Neutrino 
Astrophysics

Neutrino 
Geophysics Neutrino Physics Neutrino Astrophysics

Cosmology

7Be solar neutrino Geo-neutrino Reactor neutrino supernova relic neutrino,
GRB neutrino etc.First detection! Precise measurement
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