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The 2015 Long Range 
Plan for Nuclear 
Science makes the 
ton-scale neutrinoless 
double-beta decay 
experiment the 
highest new priority.



What is Double-Beta Decay?



Two Neutrino Double Beta Decay: 
The Standard Model Process

Phys. Rev.  48, 512-516 (1935)

➢ Nucleus Z+2Nucleus Z ➢

e- νe e- νe

Nuclear Process

This process is completely allowed and the rate was first calculated by 
Maria Goeppert-Mayer in 1935.



Neutrinoless Double Beta Decay: 
The New Physics

The observation of this process would prove that the neutrino 
is a Majorana particle i.e. its own anti-particle.
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Light Majorana Neutrino Exchange 
(LMNE)
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This is nuclear 
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How do we measure this?



What is measured is a half-life...

Phase space factor 
This is a difficult calculation dependent on the decay 
mechanism. 
Notice higher endpoint means faster rate.

The half-life of the neutrinoless decay via 
LMNE:



Nuclear Matrix 
Element

What is measured is a half-life:

This is a very difficult calculation with large 
errors and substantial variation between 
isotopes...motivates searches with multiple 
isotopes.

The half-life of the neutrinoless decay via 
LMNE:



Effective Majorana Mass 
of the neutrino

What is measured is a half-life:

The half-life of the neutrinoless decay via 
LMNE:



Effective Majorana Mass:

Electron Neutrino Mass:

Two more phases!

This is what Joe 
Formaggio talked about!



Double Beta Decay Parameter Space: 
The Lobster Plots…



Double Beta Decay Visualizing the Equations:

As experiments become more sensitive they push down in 
this parameter space excluding larger masses.

excluded

more sensitive 
experiments 
needed



Double Beta Decay Visualizing the Equations:

Inverted

Inverted



Double Beta Decay Visualizing the Equations:

Normal



Double Beta Decay Visualizing the Equations:

The dark part of the width 
of these bands is real and if 
nature is cruel there could 
be some very nasty 
interference.



What Nuclei?



Double Beta Decay

Due to energy conservation some nuclei can’t decay to their daughter 
nucleus, but can skip to their granddaughter nucleus.

A, Z

A, Z+1

A, Z+2

Nuclear 
Energy 
Level



Double Beta Decay
More specifically, this happens only for even-even 
nuclei with spin and parity of the nucleus 0+ and we 
typically look for the decay to the ground state also 
0+ although the decay to a 2+ excited state is also 
possible.

A, Z

A, Z+1

A, Z+2

Nuclear  
Energy  
Level

0+

0+

2+



https://en.wikipedia.org/wiki/Semi-
empirical_mass_formula

Semi-Empirical Mass Formula

mass of a nucleus
more bound  
less mass 
more stable

Binding  
Energy

This is the pairing term

even-even nuclei 
are most bound!



Nuclear Data Sheets A = 76 
doi:10.1006/ndsh.1995.1005

even-even 
32 protons 
44 neutron odd-odd 

33 protons 
43 neutron

How does this play out?



Nuclear Data Sheets A = 124 
doi:10.1016/j.nds.2008.06.001

even-even 
54 protons 
70 neutron

And we can talk about Double-Positron Decay…

odd-odd 
53 protons 
71 neutron



https://www.dropbox.com/sh/vdr7xvndw6p1jpu/
AADt3PAe2mBbMN4ACFl4XvDda?dl=0

You don’t have to go through all the 
Isotopes, someone has done it…

Let’s take a second to look at the list.

http://tinyurl.com/jxx2nrc



Isotope Endpoint Abundance
48Ca 4.271 MeV 0.187%

150Nd 3.367 MeV 5.6%

96Zr 3.350 MeV 2.8%

100Mo 3.034 MeV 9.6%

82Se 2.995 MeV 9.2%

116Cd 2.802 MeV 7.5%

130Te 2.527 MeV 34.5%

136Xe 2.457 MeV 8.9%

76Ge 2.039 MeV 7.8%

The highest endpoints end up being the best for 
experimental and phase space reasons… 



What does the signal look like?



Two Neutrino Double Beta Decay

The sum of the electron energies gives a spectrum 
similar to the standard beta decay spectrum.

Rev.Mod.Phys., 481-516 (2008)

This has been observed and is the longest directly observed process!



Neutrinoless Double Beta Decay

The sum of the electron energies gives a spike at the endpoint of 
the “neutrino-full” double beta decay.

Rev.Mod.Phys., 481-516 (2008)



Neutrinoless Double Beta Decay

The sum of the electron energies gives a spike at the 
endpoint of the “neutrino-full” double beta decay.

Rev.Mod.Phys., 481-516 (2008)

This is
 exaggerated for demonstra

tion 

purposes.  
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Neutrinoless Double Beta Decay
Light Majorana Neutrino Exchange

This is all true for the most 
straight forward mechanism:



Single and 
double Majoron 
emission models.

Right handed 
currents.

Light Majorana 
neutrino 
exchange.

Other Mechanisms

The nuclear physics changes based on the mechanism!



Let’s take a look at the nuclear physics.



From Jenni Kotila.



From Jenni Kotila.



From Jenni Kotila.



From Jenni Kotila.



From Jenni Kotila.



From Jenni Kotila.



From Jenni Kotila.

QRPA

ISM - S
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From Jenni Kotila.



From Jenni Kotila.

IBM-2



From Jenni Kotila.



From Jenni Kotila.



From Jenni Kotila.



From Jenni Kotila.



From Jenni Kotila.



From Jenni Kotila.



From Jenni Kotila.



From Jenni Kotila.



This may seem a bit depressing…



and there is this….



From Jenni Kotila.



but remember what we are actually 
looking for….
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This part is not the critical 
part!



Some predictions and other processes 
and mechanisms.



From Jenni Kotila.

Already 

beyond 

1eV



From Jenni Kotila.



From Jenni Kotila.



From Jenni Kotila.



From Jenni Kotila.



From Jenni Kotila.



What are experiments aiming for?



The goal is the inverted hierarchy:



But this is still a good goal…



Comparing Experiments’ Sensitivity:



How many sigma you would 
like to be able to measure.



Detector Efficiency



Isotopic abundance

Molecular Weight



Exposure time

Background rate



Total Mass



Energy resolution
(Most important for separating 
neutrinoless from two neutrino 
double beta decay).



Rough Time Scales 

14C - 104 years

40K - 109 years

232Th - 1010 years

The Universe - 1010 years

Two Neutrino Double Beta - 1020 years

Neutrinoless Double Beta >1026 years

Proton Decay >1030 years



Isotope Endpoint Abundance
48Ca 4.271 MeV 0.187%

150Nd 3.367 MeV 5.6%

96Zr 3.350 MeV 2.8%

100Mo 3.034 MeV 9.6%

82Se 2.995 MeV 9.2%

116Cd 2.802 MeV 7.5%

130Te 2.527 MeV 34.5%

136Xe 2.457 MeV 8.9%

76Ge 2.039 MeV 7.8%

Let’s make a detector!





PHYSICAL REVIEW D 87, 071301(R) (2013)



PHYSICAL REVIEW D 87, 071301(R) (2013)



PHYSICAL REVIEW D 87, 071301(R) (2013)



PHYSICAL REVIEW D 87, 071301(R) (2013)



PHYSICAL REVIEW D 87, 071301(R) (2013)



PHYSICAL REVIEW D 87, 071301(R) (2013)



PHYSICAL REVIEW D 87, 071301(R) (2013)







A lot of detector ideas:



A lot of detector ideas:
SNO+ 

Under constru
ction

SuperNEMO 
Under construction

KamLAND-Zen 

Data Taking

EXO

Data Taking

CANDLES

Complete

EXO

CUORE
Under construction

GERDAData Taking

Majorana

Under constru
ction

NEXTUnder construction



source = detector

X



Good 
at Size

Bad Energy  
Resolution

Good 
Energy  
Resolution

More Difficult 
to make big.



My attempt at a better diagram:



What has been happening lately…



The last few years 
have focused on 
experiments sensitive 
to addressing this 
claim.



While trying to figure 
out what is needed for 
a definitive search over 
the parameter space 
corresponding to the 
inverted hierarchy.



 94

9m

6.5m

1.5m
enrXe loaded LS 
in a mini-balloon

Zero Neutrino 
double beta decay search

320kg 90% enriched 136Xe installed for 
phase-1 

and 380kg for phase-2

Advantages of using 
KamLAND: 
● Running detector  
　　→ relatively low cost and quick start 
● Big and clean (1200m3, U: 3.5x10-18 g/g, Th: 5.2x10-17) 

　　→ negligible external gamma 
　　(Xe and mini-balloon need to be 
clean) 
 ● Xe-LS can be purified and mini-
balloon replaced relatively cheaply. 
　　→ highly scalable (up to several tons of Xe) 
 ● All energy from β, γ contained 
　　→ BG identification relatively easy 
 ● Anti-neutrino observation continues 
　　→ geo-neutrino w/o Japanese 
reactors

KamLAND-Zen
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Visible Energy (MeV)
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Data
Total
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ββνXe 0136

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

110mAg
214Bi
10C

2ν2β

LS

balloon

LS

LS

An Unexpected BG was found!

KamLAND-Zen started in 2011:
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 =  2.222χAg, 110m

 =  8.062χBi,    208

 = 10.162χY,       88

Phys.Rev.Lett, 110, 062502 
(2013)
so far the world best 

limit 
T1/2 >1.9×1025 yrs (KL-

Zen) 
> 3.4×1025 yrs hm��i < 120 ⇠ 250meV

KK-claim refuted at 
97.5% CL
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DS-3：15.5 days
degassed data

110mAg BG 
2ν2βreduced

BG identified as 
110mAg Xe on-off measurement 

demonstrated

~320kg 90% 
enriched 

136Xe installed 
initially

Published result w/ high silver rate (phase-1):
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purification !!
fine binning of 
volumetriple fold 
coincidencefuture 
upgrades

What can be done?

2ν2β
Three-fold coincidence for 
10C rejection (64% 
Efficiency):

①

②

③

μ
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n
n12

⌧ = 208µs

⌧ = 27.8 s

dead time 
free 

electronics 
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new	LS

replace	with	
new	purified	
LS

two	=mes	of	dis=lla=on	
confirm	whole	110mAg	drained
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MC3000

ガスクリーン V
超高純度ガス用インラインフィルター
コンパクトで大流量（1200 NL/min）対応

PFSH065a

（注）ガスクリーンはポール社の登録商標です。（商標登録第2720960号）

特長
●低い圧力損失
●コンパクトな設計構造
●非常に小さい内容積
●Ｏ-リングのないシール構造
●出荷前のプレコンディショニング（VCRタイプ）

利点
●大流量処理が可能
●最小限の設置スペース
●優れたガス置換特性
●幅広い流体適合性、高温での使用が可能
●速やかなドライダウン、ガス純度の維持

■材質
構成部品 材　　質

フィルターメディア
メディアサポート
コア、エンドキャップ
フィルターハウジング

PTFE
フッ素樹脂
PFA
316Ｌステンレススチール（VAR）

■仕様
定格ろ過精度（nm）＊1

最高使用圧力（140℃）
耐差圧（20℃）
耐逆差圧（20℃）

ヘリウムリーク率 （atm・cc/sec）＊3

最高使用温度
内面仕上げ
初期清浄度（プレコンディショニングオプション対応仕様）

3 nm ＊2

1 MPaＧ＊3

0.7 MPa
0.3 MPa
＜1ｘ10－9 （出荷前試験）
＜1ｘ10－11（設計値）
１40℃
≦0.18μm/7μin Ra
≦10 ppb （H20、THC、O2）

＊1 NaClエアロゾル試験による定格付け
＊2 CNCカウンター（TSI Model 3025）で計測した場合の検出限界値
＊3 本製品の設計圧力および製品上の表示は　750 PSIG 、5.26 MPaGであり、全品耐圧試験後 出荷しています。ただし、日本国内で使用する場合本製品は高圧ガス取締法

適合品ではありませんので、ガス用途に使用される場合、最高使用圧力は 1 MPaGとなります。高圧ガス取締法適合品に関しては、当社各営業所までお問い合わせくだ
さい。

“ガスクリーンＶ”は、半導体プロセス用高純度ガス用の最新
インラインフィルターです。フィルターメディアとサポート
材はすべてフッ素樹脂製で、ハウジング材質には高品位のス
テンレスを使用しています。
O-リングを使用していないシール構造は、ポール独自の特許
技術です。
最小限の設置面積で装着可能です。コンパクトなデザインで
大流量を処理できますので、ドライプロセスの大幅なコスト
ダウンを実現します。
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cold	oil	
trap

charcoal	
filter

sintered	
metal	filter

ge2er	
N2

3nm	par6cle	
filter	(PTFE)

dis6lla6on	
XMASS	proto.

par6cle	
filter

ge2er	
Xenon

new	136Xe

new	Xe-LS

new	purified	
LS

replace	with	
new	purified	Xe-
LS

~380kg	Xe	installed	
aim:	1/100	reduc=on

purified	136Xe

Purifica=on	
Campaign
June	2012～
November	2013

Xe-LS	+	110mAg

now

LS	+	110mAg

vacuum	extrac=on	
of	136Xe

add	purified	
PC	for	density	
adjustment

confirm	110mAg	
remains	in	LS
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Full phase-2 data-set 
•After Purification 
•December 2013 - October 2015 
•Livetime 534.5 days, exposure 504 kg-yr 
•For Reference: T1/2(110mAg) = 250 days.

110mAg still 
exists?We might have 
scrubbed and 
dropped “dust” 
during extraction 
of the LS supply 

tube.
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Energy and radial distributions are well-reproduced by known 
BGs.
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2.3 < E < 2.7 MeV

Analysis: 
40 equal-volume bins
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2.3 < E < 2.7 MeV, R < 1 m

period-1 period-2270.7 days 263.8 days

22 events 11 events

A hypothesis: 
“Dust” sank !? 

However, 
only ~2σ 

discrepancy 
from the 

simple decay

Analysis: 
2 Time Periods
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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 - 8.0 - 0.002
External (Radioactivity in IB)

214Bi (238U series) - 2.55 - 2.45
208Tl (232Th series) - 0.02 - 0.03

110mAg - 0.002 - 0.001
Spallation products

10C 2.7± 0.7 3.2 2.6± 0.7 2.7
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 0.9± 0.5 1.1 0.9± 0.5 0.8

Event summary    2.3 < E < 2.7 MeV,  R < 1 m
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Phase 2 - Results on 0ν2β
period-1 period-2

livetim
e

270.7 
days

263.8 
days

136Xe 0ν2β 
decay rate

< 5.6 /kton/
day

< 3.2 /kton/
day

combined < 2.4 /kton/day 
(90%C.L.)

> 9.6×1025 yr (90%C.L.)
136Xe 0ν2β 
half-life

sensitivity > 4.9×1025 yr (11% 
probability)
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Phase-1 & 2 combined limit

!!!

hm��i < (60� 161)meV

T 0⌫
1/2 > 1.1⇥ 1026 yr
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Big leap toward IH !!!
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Summary
・New results from Phase-2 (534.5 days, 380 
kg) 

• 110mAg has been successfully reduced. 
• improved analysis. 

・Phase-1 & 2 combined result for 0ν2β of 
136Xe T 0⌫

1/2 > 1.1⇥ 1026 yr

hm��i < (60� 161)meV

・KamLAND-Zen 800 planned to start in this fall 
• 750 kg of enriched xenon will be installed. 
• Target sensitivity is below 50 meV. 

・R&D for KamLAND2-Zen is going well. 
• Target sensitivity is below 20 meV.



Good 
at Size

Bad Energy  
Resolution

Good 
Energy  
Resolution

More Difficult 
to make big.

Bolometers Scintillator



Copper frame: !
10 mK heat sink!

PTFE holders: "
weak thermal coupling!

TeO2 crystal: "
energy absorber!

Radia%on:))
energy!deposit!

NTD Ge thermistor: "
resistive thermometer!

Si joule heater: "
reference pulses!

How Bolometers work:
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At T=10 mK, energy deposited 
inside a TeO2 crystal by radiation 

produces a measurable rise in its 

temperature!

Amplitude of temperature pulse is 
proportional to deposited energy!

5 cm 

The Signal:



CUORE: 
Cryogenic Underground Observatory for Rare Events

•19 Towers, 988 TeO2 
crystals operated as 
bolometers. 

•We are the “Coldest cubic 
meter in the universe”. 

•First data mid-2016, one of 
the most sensitive 
experiments for the next 5 
years.



CUORE: 
Cryogenic Underground Observatory for Rare Events

•First results from CUORE-0 (one CUORE-style tower 
operated in old cryostat). 

•Shows CUORE will reach cleanliness goals. 

•Long analysis paper just accepted at PRC.

Phys.Rev.Lett. 115 (2015) 10, 102502
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claim Ge 90% exclusion76 
(GERDA+HDM+IGEX) Xe 90% exclusion136 

(EXO-200/
KamLAND-Zen)

Te 90% exclusion130 
CUORE0+Cuoricino

CUORE 90% C.L. sensitivity

IH

NH

�mββ� < 270 – 650 meV 
 1) IBM-2 (PRC 91, 034304 (2015)) 
 2) QRPA (PRC 87, 045501 (2013)) 
 3) pnQRPA (PRC 024613 (2015) 
 4) ISM (NPA 818, 139 (2009)) 
 5) EDF (PRL 105, 252503 (2010)) 

CUORE-0 
Preliminary 

 1) IBM-2 (PRC 91, 034304 (2015)) 
 2) QRPA (PRC 87, 045501 (2013)) 
 3) pnQRPA (PRC 024613 (2015) 
 4) Shell Model (PRC 91, 024309 (2015)) 
 5) ISM (NPA 818, 139 (2009)) 
 6) EDF (PRL 105, 252503 (2010)) 

�mββ� < 270 – 760 meV 

Including additional Shell-
Model NME!

The Global Picture:



Bonus: A Signal?

Heidelberg-Moscow Experiment using 76Ge......

From: Nuclear Physics B 726 (2005) 294–316

Final Analysis of the data using more 
advanced techniques makes the 
measurement almost background free.


