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Outline

 Introduction

- brief overview of 0nbb-decay

- experimental status and challenges

 Techniques for the future 0nbb-decay experiment

- separation of Cherenkov and scintillation light

- directional liquid scintillator detector

- separation of bb-decay signal from backgrounds

 Large-Area Picosecond Photo-Detectors (LAPPDTM)

 Summary
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Take Away Message

8B solar neutrino interactions in large liquid scintillator 

detectors is a significant background to 0nbb-decay. 

Traditionally this background is viewed as completely 

irreducible. 

In fact, there are enough handles to suppress 8B events 

as well as other backgrounds by advancing detector 

development and instrumentation

This opens a possibility to build a very large liquid 

scintillator detector to probe very small effective 

neutrino Majorana mass
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The Standard Model

CERN
LHC
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We don't know 95% of the story

We have to develop new instrumentation to 

find out what are those 95%

Also we are not done with the ordinary matter yet!
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Dirac/Majorana nature of the neutrino

Is the neutrino its own antiparticle?

It is possible because the neutrino has no electric charge

No other fermion can be its own antiparticle

It is not only possible, but may be necessary

- origin of matter-antimatter asymmetry in the universe

- why the neutrino mass is so tiny?

Neutrino Any other 
fermion

Search for neutrino-less double beta decay (0nbb-decay) is the most feasible way

to answer this question
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Double Beta Decay

Total energy of two electrons
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”b-Strahlen”
(A,Z) → (A,Z+1) + e- + n

e

4 particle interaction theory predicted

the electron energy spectrum remarkably well
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x
e-

e-

Double-Beta Disintegration
Maria Goeppert-Mayer

(A,Z) → (A,Z+2) + 2e- + 2n
e
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Eugene Wigner's Role
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Ettore Majorana

Noticed that symmetry of Dirac's theory allows to avoid 

solutions with negative energies (antiparticles) for neutral

spin ½ particles 

Fermi's theory of beta decay is unchanged if n = n
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Giulio Racah

Proposed a “chain” reaction

(A,Z) → (A,Z+1) + e- +n

n + (A',Z') → (A',Z'+1) + e-

to distinguish between Dirac and Majorana neutrinos
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Wendell Furry

Pessimistic conclusion about experimental prospects 

to observe Racah's “chain” reaction:

- cross section is ~ 10-40 – 10-50

- no intense source for neutrinos (no reactors yet)
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Wendell Furry

Proposed (A,Z) → (A,Z+2) + 2e- via virtual neutrino exchange

Quite optimistic experimentally: 

0nbb-decay is a factor of 106 more favorable than 2nbb-

decay due to the phase factor advantage 

V-A structure of week interactions is not known yet)
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Progress on Experimental Side
1950 - Experimental limits on 0nbb exceeded predictions 

(a hint that neutrino is a Dirac particle???)

1955 – R. Davis sets strong limits on n + 37Cl → 37Ar + e-

(interpreted as a proof that neutrino is a Dirac particle)

1957 – V-A nature of weak interactions → dramatic decrease in 

probability of 0nbb-decay rate, also R.Davis' experiment doesn't solve

Dirac/Majorana questions for neutrinos

From reactor: n → p + e- +nR

At the target: nL + n → p + e- is allowed  

nR + n → p + e- is forbidden by V-A couplings

helicity flip is required → 0nbb can't happen even for Majorana 

neutrino if it has no mass

The fact that 0nbb-decay requires massive neutrino and lepton 

number violation discouraged experimental searches
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Current Status
Oscillation experiments established that neutrino is massive

and increased interest to 0nbb-decay searches

KamLAND

SNO+

EXO

CUORE

MAJORANA

GERDA

Super-
NEMO

Today’s experiments sensitivity  T1/2 ~ 1025 yrs

Down-select for the next generation U.S.-led ton-scale

experiment is expected within next few years

In 2015 NSAC report 0nbb-decay was ranked as high priority for US nuclear physics
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Limits by

EXO (~200kg 136Xe)

KamLAND-Zen (~300 kg 136Xe)

GERDA (~20 kg 76Ge)

Projections by

CUORE (~200kg 130Te)

SNO+ (0.8 ton 130Te)

SNO+ (8 ton  130Te)

S.M. Bilenky and C. Giunty Mod. Phys. Lett. A27, 1230015 (2012)

Experimental Sensitivity

Assuming that light neutrino 

exchange is the dominant 

0nbb-decay mechanism

T1/2
-1 = G0n x |M0n|2 x m

bb
2
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Limits by

EXO (~200kg 136Xe)

KamLAND-Zen (~300 kg 136Xe)

GERDA (~20 kg 76Ge)

Projections by

CUORE (~200kg 130Te)

SNO+ (0.8 ton 130Te)

SNO+ (8 ton  130Te)

S.M. Bilenky and C. Giunty Mod. Phys. Lett. A27, 1230015 (2012)

Experimental Sensitivity

None of currently running or planned experiments 

is sensitive to m
bb

~10-3 eV

Assuming that light neutrino 

exchange is the dominant 

0nbb-decay mechanism

T1/2
-1 = G0n x |M0n|2 x m

bb
2



19

How to Find 0nbb-decay?

1) Choose isotope

where 0nbb-decay is allowed

2) Wait for emission of 

two electrons with the

right total energy 

Isotopes

Q-value
(Total energy 

of 2 electrons),
MeV

Natural 
abundance,

%
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Challenge 1: Decay Probability

Life-time for 0nbb-decay is more than ~ 1026 years

This is much longer than the age of the universe

Solution: look at many atoms at the same time

- Avogadro number is large NA = 6x1023

- one ton of material can have >1027 atoms

- even with one ton we are talking about ~10 events per year
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Challenge 2: Background from 2nbb

Solution: good energy resolution 

2nbb

0nbb
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Challenge 3: Other Backgrounds

Solution: identify event topology

1) Natural radioactivity (thorium and uranium series)

- there are 3g U-238 and 9g of Th-232 per ton of rock

- these decays are a factor of ~1016 more likely than 0nbb-decay

2) Activated sources

- 10C events in liquid scintillator activated by cosmic muons

- unexpected contamination (e.g., KamLAND-Zen)

- very specific to every experiment

- depends on shielding/depth, prior history of the materials

3) 8B solar neutrinos

- this becomes significant for large detectors

All of these are topologically different 

from 0nbb-decay events
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Ideal Experiment 

1) Large mass  (more nuclei at the same time)

2) Good energy resolution (discriminate from 2nbb-decay)

3) Good event selection (reduce other backgrounds)

T1/2 ~ 
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How to Build a 0nbb-decay Experiment?
#1: Learn what other people have done already

KamLAND experiment:

- liquid scintillator 

(“easy” to build big)

- scintillation light is used

for energy measurement

 Produced by a charged particle 

in a scintillation media

 “Slow”

 Isotropic

Scintillation light

e-
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#2: Bring new ideas

Simulation of 116Cd 0nbb event

R=6.5m

Spectrum calculated in
PRC 85, 034316 (2012)

Kinetic energy of one electron Cherenkov threshold for n=1.47

 Produced by a charged 

particle in a media whenever 

particle's speed exceeds the speed 

of light in that media

 Prompt

 Directional (e.g. ~42o for cosmic 

muons in water)

Cherenkov light

Simulation of 116Cd 0nbb event

e-

How to Build a 0nbb-decay Experiment?



26

Can We Detect Cherenkov Light?

 Longer wavelengths travel faster

 Cherenkov light arrives earlier

Scintillation light is more intense

Cherenkov is usually lost in liquid 

scintillator detectors e-



27

Directionality of Early Photons

C.Aberle, A.Elagin, H.Frisch, 

M.Wetstein, L.Winslow

2014 JINST 9 P06012
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Directionality and Vertex Reconstruction

5 MeV

2.1 MeV

1.4 MeV

Directionality Vertex
Simulation:
- single electrons along X-axis

at the center of 6.5m sphere 
- KamLAND scintillator

Reconstruction:
WCSim adapted for low energy

C.Aberle, A.Elagin, H.Frisch, 

M.Wetstein, L.Winslow

2014 JINST 9 P06012

Directionality “survives” some 
detector effects

Vertex resolution is promising

Directionality is already a handle on 8B events
Solar neutrinos come from the sun and outgoing electrons “remember” that 
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The largest background is coming from 8B solar neutrinos 

It has only 1 electron, while nbb-decay has 2 electrons

Is it possible to separate two-track and one-track events

using Cherenkov light in a liquid scintillator detector?

Background Budget at SNO+

Figures are borrowed from SNO+ presentations
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Event Topology and Spherical Harmonics

Power spectrum (rotation invariant)L2 norm

Two electrons at 90o Single electronTwo electrons at 180o

5 MeV
Cherenkov light only
100 events overlayed
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Two electrons at 180O

Two electrons at 90O  

Single electron

S
0

S
1

S
2

These S
L

are calculated for a combined hit 
distribution of 100 events

Typical event by event spread

Two electrons 90o Single electronTwo electrons 180o

Event Topology and Spherical Harmonics
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Early Light Spherical Harmonics
2x1.26 MeV electrons at 90o Single 2.53 MeV electron

Power spectrum components SL calculated for Cherenkov light only, 100% QE

2x1.26 MeV electrons at 180o

Cherenkov PEs Scintillation PEs
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Early Light Spherical Harmonics
Single 2.53 MeV electron

S0 vs S1

Projection to improve separation

using 1D-variable S01

2x1.26 MeV electrons at 90o2x1.26 MeV electrons at 180o
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Cherenkov light only

100% QE

All early light

100% QE

All early light

default QE (13-23%)

Early Light Spherical Harmonics

Only 3 distinct topologies are compared here
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0nbb-decay vs 8B
two-track vs single-track topology

Proper 0nbb-decays kinematics is now fully simulated

All early light, default QE (13 – 23%)

Power spectrum component S0 Power spectrum component S1
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130Te 0nbb-decay vs 8B

Simulation details
 Events are at the center of 6.5m spherical detector

 Ideal vertex reconstruction is assumed

 Scintillation spectrum and QE is taken from KamLAND simulation

 TTS=100 ps, 100% area coverage

 Early photons (both Cherenkov and scintillation) within 33.5 ns time window 

two-track vs single-track topology



What about a more realistic detector model ?
Events are now uniformly distributed within R<3m, 3cm vertex resolution is assumed

What’s needed for better separation? 

A multidisciplinary R&D. (Would Argonne be interested?)

tr = 1 ns tr = 3 ns tr = 5 ns

Note: traditionally 8B is viewed as completely irreducible background

Scintillation rise time can be varied: M.Li et al measure tr = 7.7 ns, see ArXiv:1511.09339

 Narrow scintillation spectrum (e.g., Q-dots)

 Slow scintillator rise time

 Improved QE in the red Cherenkov spectrum 

(currently QEche ~13% vs QEsci ~23%)

 Large area coverage

 Fast time resolution

 Good vertex resolution (depends on all of the above)
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0nbb-decay vs 10C
two-track vs a “complicated” topology

10C decay chain:

• 10C final state consist of a positron and gamma
(e+ also gives 2x0.511MeV gammas after loosing 
energy to scintillation)

• Positron has lower kinetic energy than 0nbb electrons
• Positron scintillates over shorter distance from primary vertex
• Gammas can travel far from the primary vertex

10C vs 0nbb-decay: photons arrival time profile

Diagram by Jon Ouellet

10C background can be large at a shallow detector depth

TTS=100 ps
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0nbb-decay vs 10C
Photons count in early light sample

Time profile for events uniformly
distributed within the fiducial volume, R<3m

Vertex resolution of 3cm is assumed

Spherical harmonics help here too

Disclaimer: there are other handles on 10C that are already in use (e.g., muon tag, 
secondary vertices). Actual improvement in separation power may vary.

TTS=100 ps



NuDot - Directional Liquid Scintillator

140  2” fast PMTs for timing

72  10” regular PMTs mounted on
Winston Cones for energy resolution

Under construction at MIT, led by L. Winslow

2.2 m

We hope to upgrade some or all 

of the 10” modules with LAPPDTM

R&D Towards Large Scale Detector for 0nbb-decay

NuDot test setup for demonstration of 

Cherenkov/scintillation light separation
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Taken from a presentation
by Gabriel Orebi Gann

THEIA
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Planned Demonstrations
Table by Gabriel Orebi Gann

Eric Oberla

PhD thesis

DONE!

NuDot 

Do we have fast photo-detectors?

(large coverage, good timing, cheap)

16-17



OTPC installed at MCenter, FNAL

Eric Oberla

Single event

0 ns

20 ns
-570 mm -160 mm

Example event

arXiv:1510.00947

OTPC Demonstration
180-channel PSEC4 system

Typical event
(thru-going μ)



PMT by Hamamatsu
Large area, but slow…

photo credit: http://kamland.stanford.edu

photo credit: E.Oberla PhD thesis 

MCP-PMT by Photonis:
Fast, but small…

Photo-Detector Options

5 cm

17-20”



LAPPD sealed at UChicago

UChicago Dual Vacuum 
Chamber

Large-Area Picosecond Photo-Detectors

Multidisciplinary collaboration between 
national labs, industry, and universities

Argonne is now routinely making fully functional 6x6cm MCP-Photodetectors
Incom Inc. have just recently had several successes with integration and sealing

within their Phase-II SBIR for LAPPDTM pilot production
Our goal is tech-transfer to Incom so that LAPPDs 

become available in large quantities

20x20 cm



LAPPD Prototype Testing Results
Single PE resolution

RSI 84, 061301 (2013)
NIMA 732, (2013) 392
NIMA 780, (2015) 107
NIMA 795, (2015) 1

Demonstrated characteristics:
single PE timing ~50ps
multi PE timing ~35 ps

differential timing ~5 ps
position resolution < 1 mm

gain >107



Dirac/Majorana nature of the neutrino is a fundamental question

Search for 0nbb-decay is the most feasible approach to answer this question

Very large detector mass (kilo-ton) is required to probe small m
bb

8B solar neutrinos become dominant background - traditionally viewed as 

irreducible

Directionality and event topology provide handles on 8B and other backgrounds

Several demonstrations of the directional liquid scintillator (or WbLS) detector 

are being developed (e.g., E. Oberla's OTPC and  NuDot)

Broad research program could lead to the answer

to 80+ years old question about neutrino

Summary
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Back Up
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Large-Area Picosecond Photo-Detectors
(LAPPD)

Photo-Multiplier Tube (PMT) is a classical example of a photo-detector

- use photo-electric effect to convert a photon to an electron

- use secondary electron emission (SEE) to amplify the signal

Uncertainty on the electron path causes uncertainty on the signal timing

The shorter the electron path the better the time resolution



50

 Borofloat glass

 Silk-screened anode  

 Flat panel

 No pins, single HV cable

 Modular design

LAPPD Glass Package (20x20 cm2)
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Large Area Readout Electronics

Delay-line anode: 

- 1.6 GHz bandwidth

- number of channels 

scales linearly with area

PSEC-4 ASIC chip: 

- 6-channel, 1.5 GHz, 10-15 GS/s 

30-Channel ACDC Card 
(5 PSEC-4) Central Card 

(4-ACDC;120ch)
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~1kV

Micro-Capillary Arrays by Incom Inc.

 Material: borofloat glass
 Area: 8x8”
 Thickness: 1.2mm
 Pore size: 20 mm
 Open area: 60-80%

Micro-channel Plates

SEE and resistive layers by 

Atomic Layer Deposition (ALD)

- J. Elam and A. Mane at Argonne

- Arradiance Inc.
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O.H.W. Siegmund, N. Richner, G. Gunjala, J.B. McPhate, A.S. Tremsin, H.J. Frisch, J. Elam, A. Mane, R. Wagner, C.A. 
Craven, M.J. Minot, “Performance Characteristics of Atomic Layer Functionalized Microchannel Plates” Proc. SPIE 
8859-34, in press (2013). 

Gain is uniform within ~15% 
across full 20 x 20 cm2 area

Gain map image for a pair of 20 µm 
pore, 60:1 L/D, ALD borosilicate 

MCPs, 950 V per MCP, 184 nm UV

Noise <0.1 counts cm-2 s-1

Gain Uniformity
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UChicago Effort
„In-Situ“ LAPPD assembly at UChicago

The goal is to avoid vacuum transfer process and
do PMT-style photo-cathode activation through a glass tube

after the detector is sealed.

Step 1: deposit Sb on the top window
(air stable, very thin oxide layer forms on 
the surface)

Step 2: complete hermetic packaging via
indium seal using metallization along the 
perimeter of the glass-body detector

Step 3: bake at high temperature (350C)

Step 4: activate Sb layer by bringing Cs/K
vapors through a small glass tube attached
to the detector body 

Step 5: flame seal the glass tube

 Light-weight processing chamber 

 Potentially high production yield 

(using multiple chambers)

 High risk high reward path
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Developed two recipes to make solder seal between flat glass surfaces

I) InBi alloy seal in the inert atmosphere
- low temperature seal, done in the N2 filled glove box

II) Pure indium seal in vacuum
- high temperature seal, done in the processing chamber during the bake

Test seals Sealed LAPPD tile

“In-Situ” Critical Component #1
Top Seal
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Working closely with Cornell group (Luca Cultera and Ivan Bazarov) 
to optimize photo-cathode activation step

First attempt by L.Cultera to make
Cs

3
Sb photo-cathode using

pre-deposited layer of Sb exposed
to air

“In-Situ” Critical Component #2
Photo-cathode: can we make one after Sb exposed to air?



Slide credit: Chris Craven



Slide credit: Chris Craven
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Only Three Flavors*

N
n

= 2.9840+- 0.0082
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Neutrino Mixing

Flavor eigen states
(interaction)

Mass eigen states
(propagation)
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Neutrino Mass Hierarchy
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Timing and Vtx Reconstruction

Plots from Evan Angelico, UC Davis undergraduate
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Off-Center Events
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Early Light Spherical Harmonics

Power spectrum components Sl calculated for early light (33.5ns), default QE

2x1.26 MeV electrons at 90o 2x1.26 MeV electrons at 180o Single 2.53 MeV electron

Cherenkov PEs Scintillation PEs
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½ Q (116Cd) =1.4 MeV ½ Q (48Ca) =2.1 MeV

Light yield: Cherenkov vs scintillation

What About Lower Energies?
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What About Lower Energies?
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3/4/16

Light11 Ringberg Castle

CV

CV

Hermetic Packaging

CV

Electronics/IntegrationMicroChannel Plates

Photocathodes

LAPPD Components
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ALD Process for MCP Coating  
by A.Mane, J.Elam

and independently by Arradiance Inc. 

Atomic Layer Deposition

Porous glass

Resistive coating ~100nm (ALD)

Emissive coating ~ 20nm (ALD)

Conductive coating
(thermal evaporation)
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Key R&D Questions have been resolved 

• Substrate: glass or AAO  (downselect made-AAO patented)
• Secondary-emission layer- measure SEY’s from ALD
• ALD resistive layer on micropores 
• MCP performance: gain, uniformity, stability, lifetime
• Good QE uniform 20-cm photocathode deposition
• Photocathode lifetime on B33 glass
• Smaller feature (130nm process) analog wave-form ASIC
• Psec level system development (clock, multichannel)
• High bandwidth low channel-count readout system
• Packaging- anode to sidewall seal (fritting)
• Packaging- sidewall to window seal (top seal)

Many of these could have been a showstopper. All of 
these have been done. 

* There are R&D questions for alternative, possibly better, solutions, 
but an adequate solution has been demonstrated for each of these 
individually 

Slide credit: Henry Frisch
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Slide credit: Henry Frisch


