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Part 1: 
Significance and discovery potential 

of 0νββ decay



• The US Nuclear Physics community has identified         
ton-scale neutrinoless double beta (0νββ) decay 
experiments as an outstanding scientific opportunity 

• Longstanding priority that got stronger with time:  

• 2003 “Facilities for the Future of Science” report

• High Priority recommendation in the 2004 APS multi-
divisional (DNP/DPF/DAP/DPB) study “The Neutrino 
Matrix” 

• Mentioned in the 2007 LRP and featured as a major 
recommendation in the 2015 and 2023 NSAC Long 
Range Plans 

Prologue
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A NEW ERA OF DISCOVERY | THE 2023 LONG RANGE PLAN FOR NUCLEAR SCIENCE

• How do we use atomic nuclei to uncover physics 
beyond the Standard Model?

These questions are addressed by thousands of nu-
clear scientists working in experimental, theoretical, 
and computational investigations. Anchoring this 
world-leading program are the four national user fa-
cilities, each with unique capabilities for addressing 
our science questions: the Argonne Tandem Linac 
Accelerator System (ATLAS), CEBAF, FRIB, and the 
Relativistic Heavy Ion Collider (RHIC). A consor-
tium of 13 university-based accelerator laboratories, 
known collectively as the Association for Research 
at University Nuclear Accelerators (ARUNA) labora-
tories, provide additional capability for cutting-edge 
experiments while training the next-generation scien-
tists in the tools and techniques of nuclear science. 
Our work is done in small and large collaborations 
across the country, connecting theoretical and ex-
perimental researchers at universities and national 
laboratories in a dynamic and exciting enterprise 
that leads to scientific discovery. Our progress on 
these and other intriguing questions since the last 
Long Range Plan—and the many opportunities for 
the future—are covered in this plan. We describe 
some of the many technological and computational 
innovations that drive our field and lead to consider-
able benefits to society. Central to this work are the 
people: we highlight the process of training nuclear 
scientists and how they go on to contribute to our 
nation in many areas.

Our vision for the future builds on the ongoing, 
world-leading US program in nuclear science, 
which includes

• Unfolding the quark and gluon structure of visible 
matter and probing the Standard Model at the 12 
GeV CEBAF facility.

• Exploring the nature of quark–gluon matter and 
the spin structure of the nucleon at the RHIC 
facility and through leadership across the heavy 
ion program at the Large Hadron Collider (LHC).

• Making breakthroughs in our understanding 
of nuclei and their role in the cosmos through 
research at the nation’s low-energy user facilities, 
ATLAS, the newly constructed FRIB, the ARUNA 
laboratories, and key national laboratory 
facilities.

• Carrying out a targeted program of experiments, 
distributed across the United States, that 
reaches for physics beyond the Standard Model 
through rare process searches and precision 
measurements.

advance accelerator technology as the first major 
new advanced collider to be constructed since the 
LHC.  Neutrinoless double beta decay experiments 
have the potential to dramatically change our under-
standing of the physical laws governing the universe.

RECOMMENDATION 2 
As the highest priority for new experiment con-
struction, we recommend that the United States 
lead an international consortium that will under-
take a neutrinoless double beta decay campaign, 
featuring the expeditious construction of ton-scale 
experiments, using different isotopes and comple-
mentary techniques.

One of the most compelling mysteries in all of sci-
ence is how matter came to dominate over antimat-
ter in the universe. Neutrinoless double beta decay, a 
process that spontaneously creates matter, may hold 
the key to solving this puzzle. Observation of this rare 
nuclear process would unambiguously demonstrate 
that neutrinos are their own antiparticles and would 
reveal the origin and scale of neutrino mass. The nu-
cleus provides the only laboratory through which this 
fundamental physics can be addressed.

The importance of the physics being addressed 
by neutrinoless double beta decay has resulted in 
worldwide excitement and has catalyzed the inter-
national cooperation essential to carrying out a suc-
cessful campaign. An extraordinary discovery of this 
magnitude requires multiple experiments using dif-
ferent techniques for a select set of isotopes. Such 
measurements demand unprecedented sensitivity 
and present unique challenges. Since the 2015 Long 
Range Plan, the US-led CUPID, LEGEND, and nEXO 
international collaborations have made remarkable 
progress with three distinct technologies. An inde-
pendent portfolio review committee has deemed 
these experiments ready to proceed now.

Neutrinoless double beta decay is sensitive to new 
physics spanning very different scales and physical 
mechanisms. The identification of the underlying 
physics will pose a grand challenge and opportuni-
ty for theoretical research. An enhanced theoretical 
effort is an integral component of the campaign and 
is essential for understanding the underlying physics 
of any signal. 

RECOMMENDATION 3
We recommend the expeditious completion of the 
EIC as the highest priority for facility construction.

Protons and neutrons are composed of nearly mass-
less quarks and massless gluons, yet as the build-

• Explaining how data gathered in these endeavors 
are connected and consistent through theory 
and computation. Nuclear theory motivates, 
interprets, and contextualizes experiments, 
opening up fresh research vistas.

Here are the recommendations of the 2023 Long 
Range Plan.

RECOMMENDATION 1 
The highest priority of the nuclear science com-
munity is to capitalize on the extraordinary oppor-
tunities for scientific discovery made possible by 
the substantial and sustained investments of the 
United States. We must draw on the talents of all in 
the nation to achieve this goal.

This recommendation requires

• Increasing the research budget that advances 
the science program through support of 
theoretical and experimental research across the 
country, thereby expanding discovery potential, 
technological innovation, and workforce 
development to the benefit of society. 

• Continuing effective operation of the national 
user facilities ATLAS, CEBAF, and FRIB, and 
completing the RHIC science program, pushing 
the frontiers of human knowledge. 

• Raising the compensation of graduate 
researchers to levels commensurate with 
their cost of living—without contraction of the 
workforce—lowering barriers and expanding 
opportunities in STEM for all, and so boosting 
national competitiveness.

• Expanding policy and resources to ensure a 
safe and respectful environment for everyone, 
realizing the full potential of the US nuclear 
workforce. 

Nuclear science is an ecosystem in which facility 
operations and research at laboratories and universi-
ties by senior investigators, technical staff, postdocs, 
and students work together to drive progress on the 
forefront science questions discussed above and 
throughout this Long Range Plan. A healthy work-
force is central not only to these scientific goals but 
also to the nation’s security, technological innova-
tion, and prosperity. 

Next, we reaffirm the exceptionally high priority of 
the following two investments in new capabilities 
for nuclear physics. The Electron–Ion Collider (EIC), 
to be built in the United States, will elucidate the ori-
gin of visible matter in the universe and significantly 

ing blocks of atomic nuclei they make up essentially 
all the visible mass in the universe. Their mass and 
other properties emerge from the strong interactions 
of their relativistic constituents in ways that remain 
deeply mysterious. The EIC, to be built in the United 
States, is a powerful discovery machine, a precision 
microscope capable of taking three-dimensional pic-
tures of nuclear matter at femtometer scales. These 
images will uncover how the characteristic proper-
ties of the proton, such as mass and spin, arise from 
the interactions between quarks and gluons, and how 
new phenomena and properties emerge in extremely 
dense gluonic, nuclear environments. 

The EIC will be a unique, large-scale, high-luminosity 
electron–hadron collider and the only collider to be 
built in the world in the next decade. It will be capable 
of colliding high-energy beams of polarized electrons 
with heavy ions, polarized protons, and polarized 
light ions. The EIC will be constructed on the current 
site of RHIC, led by a partnership between Brookhav-
en National Laboratory (BNL) and Jefferson Lab. The 
EIC was put forward as the highest priority for new 
facility construction in the 2015 Long Range Plan. 
Since then, the EIC was launched as a DOE project 
in 2019, and the conceptual design was approved in 
2021. Its expeditious completion remains the high-
est priority for facility construction for the nuclear 
physics community. 

The EIC facility design takes advantage of signif-
icant advances in accelerator and detector tech-
nologies, substantial investments in RHIC, and the 
unique expertise at BNL and Jefferson Lab, fulfilling 
the requirements of the 2018 National Academy of 
Sciences (NAS) report. The EIC’s compelling, unique 
scientific opportunities and cutting-edge technolo-
gies are attracting physicists worldwide, and interna-
tional engagement and contribution are important to 
the collider’s realization and the success of the EIC 
science. Together with ePIC, the general-purpose, 
large-acceptance EIC detector, the EIC will maintain 
US leadership at the frontiers of nuclear physics and 
accelerator science technology. Many applications 
in industry, medicine, and security use particle accel-
erator and detector technologies: leading-edge ac-
celerator and detector technology developments at 
EIC will have broad impact on these sectors.

To achieve the scientific goals of the EIC, a parallel 
investment in quantum chromodynamics (QCD) the-
ory is essential, as recognized in the 2018 NAS re-
port. Progress in theory and computing has already 
helped to drive and refine the physics program of the 
EIC. To maximize the scientific impact of the facility 
and to prepare for the precision expected at the EIC, 
theory must advance on multiple fronts, and new col-
laborative efforts are required.
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1. Summary and Recommendations

in some cases, we are only now poised to reap the 

benefits of these initiatives. In other cases, anticipated 

upgrades were achieved at a small fraction of the cost 

estimated in 2007, and we are harvesting the benefits 

earlier than expected. All of our current four national 

user facilities, the Continuous Electron Beam Accelerator 

Facility (CEBAF), the Relativistic Heavy Ion Collider 

(RHIC), the Argonne Tandem Linac Accelerator System 

(ATLAS), and the NSF-supported National Supercon-

ducting Cyclotron Laboratory (NSCL), were significantly 

upgraded in capability during this period. A fifth national 

user facility, the DOE-supported Holifield Radioactive Ion 

Beam Facility, was closed down. Care was always taken 

to leverage U.S. investments in an international context 

while maintaining a world-leadership position.

Here are the recommendations of the 2015 Long Range 

Plan.

RECOMMENDATION I

The progress achieved under the guidance of the 2007 
Long Range Plan has reinforced U.S. world leadership 
in nuclear science. The highest priority in this 2015 Plan 
is to capitalize on the investments made.

 ! With the imminent completion of the CEBAF 12-GeV 

Upgrade, its forefront program of using electrons to 

unfold the quark and gluon structure of hadrons and 

nuclei and to probe the Standard Model must be 

realized.
 ! Expeditiously completing the Facility for Rare 

Isotope Beams (FRIB) construction is essential. 

Initiating its scientific program will revolutionize our 

understanding of nuclei and their role in the cosmos.
 ! The targeted program of fundamental symmetries 

and neutrino research that opens new doors to 

physics beyond the Standard Model must be 

sustained.
 ! The upgraded RHIC facility provides unique 

capabilities that must be utilized to explore the 

properties and phases of quark and gluon matter in 

the high temperatures of the early universe and to 

explore the spin structure of the proton.

Realizing world-leading nuclear science also requires 

robust support of experimental and theoretical research 

at universities and national laboratories and operating 

our two low-energy national user facilities—ATLAS and 

NSCL—each with their unique capabilities and scientific 

instrumentation.

The ordering of these four bullets follows the priority 

ordering of the 2007 plan.

RECOMMENDATION II

The excess of matter over antimatter in the universe is 

one of the most compelling mysteries in all of science. 

The observation of neutrinoless double beta decay 

in nuclei would immediately demonstrate that neutrinos 

are their own antiparticles and would have profound 

implications for our understanding of the matter-

antimatter mystery.

We recommend the timely development and 
deployment of a U.S.-led ton-scale neutrinoless 
double beta decay experiment.

A ton-scale instrument designed to search for this as-yet 

unseen nuclear decay will provide the most powerful 

test of the particle-antiparticle nature of neutrinos ever 

performed. With recent experimental breakthroughs 

pioneered by U.S. physicists and the availability of deep 

underground laboratories, we are poised to make a 

major discovery.

This recommendation flows out of the targeted 

investments of the third bullet in Recommendation I. It 

must be part of a broader program that includes U.S. 

participation in complementary experimental efforts 

leveraging international investments together with 

enhanced theoretical efforts to enable full realization of 

this opportunity.

RECOMMENDATION III

Gluons, the carriers of the strong force, bind the quarks 

together inside nucleons and nuclei and generate nearly 

all of the visible mass in the universe. Despite their 

importance, fundamental questions remain about the 

role of gluons in nucleons and nuclei. These questions 

can only be answered with a powerful new electron ion 

collider (EIC), providing unprecedented precision and 

versatility. The realization of this instrument is enabled 

by recent advances in accelerator technology.

We recommend a high-energy high-luminosity polarized 
EIC as the highest priority for new facility construction 
following the completion of FRIB.

The EIC will, for the first time, precisely image gluons in 

nucleons and nuclei. It will definitively reveal the origin 

of the nucleon spin and will explore a new quantum 

chromodynamics (QCD) frontier of ultra-dense gluon 
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Neutrinoless double beta decay (0νββ) 

The search for 0νββ decay is one of the most compelling and exciting
challenges in all of contemporary physics

The highest priority for new experiment construction in Nuclear Science Advisory 
Committee’s 2023 Long Range Plan for Nuclear Science

• The observation of 0νββ would reveal the quantum nature of the neutrino       
and dramatically transform our understanding of physics and the cosmos

– Demonstrate matter creation (Lepton Number is not conserved)   

Point to an explanation of the matter-antimatter asymmetry in the cosmos

– Demonstrate that the neutrino is its own anti-particle (Majorana particle)    

      Point to a new means for the generation of mass
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• The Standard Model encodes our knowledge of nature’s building blocks and interactions,  but it is incomplete!

Context: open questions in subatomic physics
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X
 Credit: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI; Magellan/U.Arizona/

D.Clowe et al.; Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al.

 Credit: Fermilab
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What’s the origin and nature of the tiny neutrino mass? Dirac or Majorana (neutrino = anti-neutrino)?LAB

Neutrino oscillations  ⇒  neutrinos have mass

“…Neutrino masses clearly take us beyond the Standard Model…”  
(S. Weinberg,  2018 SLAC Summer Institute) 



• The Standard Model encodes our knowledge of nature’s building blocks and interactions,  but it is incomplete!

Context: open questions in subatomic physics
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What’s the origin and nature of the tiny neutrino mass? Dirac or Majorana (neutrino = anti-neutrino)?LAB

Why is there more matter than antimatter in the universe?    What is Dark Matter?   What is Dark Energy?SKY

What’s the origin of matter in the universe?

12

But we live in a universe made of matter! 

+−

+−

Matter and antimatter particles are produced or annihilated in pairs 

Matter and antimatter particles are produced or annihilated in pairs, 
but we live in a universe made of matter!  

X
 Credit: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI; Magellan/U.Arizona/

D.Clowe et al.; Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al.

 Credit: Fermilab
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Macro- and Micro-Cosmos 

Milky Way Subatomic particles

0νββ decay plays a prominent role in 
the quest for new physics by addressing 

two major questions related to  
shortcomings of the Standard Model  

Neutrinoless Double Beta Decay (0νββ)

• The observation of 0νββ would reveal the quantum nature 
of  the neutrino and dramatically revise our foundational 
understanding of physics and the cosmos 
– Matter creation (Lepton number is not conserved) 

– The neutrino is its own anti-particle  (Majorana particle) 

– Provide a mechanism for generating the predominance of matter to 
antimatter in the cosmos (the matter - antimatter asymmetry). 

– Demonstrate a new means for the generation of mass

1

The search for 0νββ decay is one of the most compelling and exciting 
challenges in all of contemporary physics

The highest priority for new experiment construction in Nuclear Science 
Advisory Committee’s 2023 Long Range Plan for Nuclear Science
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The significance of 0νββ decay

Is the neutrino its own antiparticle? How did we survive the big bang? 
0νββ decay
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The significance of 0νββ decay

How did we survive the big bang? 
0νββ decay



What’s the origin of matter in the universe?

10

Equal number of particles and 
antiparticles right after the big bang                 

As the universe expands and cools, 
particle-antiparticle annihilation takes 

over: end up with just radiation!
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Big Bang 
Nucleosynthesis           

(t ~ 3 min) and the 
Cosmic Microwave 

Background                 
(t ~ 300,000 yr)     

point to η ~ 6 ⨉ 10-10

 η = (nB - nB )/nγ =
_

But our very existence and 
cosmological observations 
require a non-zero matter-

antimatter asymmetry!

nB/nγ  =  nB/nγ  ~ 10-18
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#1.  Processes that “create matter”

# of particles − # of antiparticles                           
is different in A and B   

Before:   N + Z nucleons, no antiparticles
After:  N + Z nucleons plus two electrons, no antiparticles

0νββ decay is a matter-creating process!
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Sidebar 5.2: Matter over Antimatter
Why is there more matter than antimatter in the present 

universe?

This question is one of the most compelling in physics, 

and its answer is vital to explaining the fundamental 

origin, evolution, and structure of the nuclear matter that 

we observe today.

By many accounts, the fireball generated during the 

Big Bang was democratic: it contained the same 

number of electrons and quarks (matter) as positrons 

and antiquarks (antimatter). While it is possible that 

something gave the Big Bang a slight preference for 

more matter than antimatter, the subsequent period 

of cosmic inflation—a brief period of rapid spacetime 

expansion in the early universe—would have rendered 

that imbalance imperceptible today. What happened, 

then, to tip the balance in favor of the matter that makes 

up nuclei, stars, and life itself?

Physicists do not yet have a definitive answer, but we do 

know the ingredients for one. According to physicist and 

Nobel Prize winner Andrei Sakharov, the forces in the 

early universe must have violated certain fundamental 

symmetries in ways not seen in the Standard Model. 

Fundamental symmetry tests in nuclear physics are 

looking for evidence of such violation, while nuclear 

theorists are working to relate the results of these tests 

to the matter-antimatter imbalance.

One of the most powerful probes is the experimental 

search for an as-yet unseen property of neutrons, 

protons, electrons, and atoms known as a permanent 

electric dipole moment, or EDM. As indicated in 

Figure 1, its discovery would indicate a violation of time-

reversal symmetry. In many candidates for the new 

Standard Model, this violation is intimately connected 

with the origin of the matter-antimatter imbalance. For 

example, new supersymmetric, time-reversal-violating 

interactions would have generated this imbalance about 

0.000000001 seconds after the Big Bang, while leaving 

observable “footprints” today in the guise of permanent 

EDMs.

Figure 1: If an EDM is observed, then time-reversal transformation (T) 
is not a symmetry of nature: it takes a particle with EDM parallel to the 
spin and transforms it to the same particle with EDM anti-parallel to the 
spin—a different object that does not exist.

Another powerful probe is the search for the 

neutrinoless double beta decay of atomic nuclei (see 

Figure 2 and Sidebar 5.1). The observation of this nuclear 

decay would immediately imply that neutrinos are their 

own antiparticles and indicate a never-before-seen 

breakdown in the balance between leptons and their 

antiparticles. This symmetry violation would point to the 

existence of very heavy cousins of today’s neutrinos 

whose decays in the early universe—possibly well 

before 10 picoseconds after the Big Bang—generated 

the excess of matter over antimatter.

Figure 2: Neutrinoless double beta involves the radioactive decay of a 
nucleus whereby two electrons are emitted without their usual antineutrino 
partners.

Credit: H. Murayama

13



How does 0νββ decay help?

Andrei Sakharov, 1967

Matter Antimatter

1,000,000,001   1,000,000,000

A  →  B   

#1.  Processes that “create matter”

# of particles − # of antiparticles                           
is different in A and B   

Before:   N + Z nucleons, no antiparticles
After:  N + Z nucleons plus two electrons, no antiparticles

0νββ decay is a matter-creating process!

73

The 2015 Long Range Plan for Nuclear Science

Reaching for the Horizon

Sidebar 5.2: Matter over Antimatter
Why is there more matter than antimatter in the present 

universe?

This question is one of the most compelling in physics, 

and its answer is vital to explaining the fundamental 

origin, evolution, and structure of the nuclear matter that 

we observe today.

By many accounts, the fireball generated during the 

Big Bang was democratic: it contained the same 

number of electrons and quarks (matter) as positrons 

and antiquarks (antimatter). While it is possible that 

something gave the Big Bang a slight preference for 

more matter than antimatter, the subsequent period 

of cosmic inflation—a brief period of rapid spacetime 

expansion in the early universe—would have rendered 

that imbalance imperceptible today. What happened, 

then, to tip the balance in favor of the matter that makes 

up nuclei, stars, and life itself?

Physicists do not yet have a definitive answer, but we do 

know the ingredients for one. According to physicist and 

Nobel Prize winner Andrei Sakharov, the forces in the 

early universe must have violated certain fundamental 

symmetries in ways not seen in the Standard Model. 

Fundamental symmetry tests in nuclear physics are 

looking for evidence of such violation, while nuclear 

theorists are working to relate the results of these tests 

to the matter-antimatter imbalance.

One of the most powerful probes is the experimental 

search for an as-yet unseen property of neutrons, 

protons, electrons, and atoms known as a permanent 

electric dipole moment, or EDM. As indicated in 

Figure 1, its discovery would indicate a violation of time-

reversal symmetry. In many candidates for the new 

Standard Model, this violation is intimately connected 

with the origin of the matter-antimatter imbalance. For 

example, new supersymmetric, time-reversal-violating 

interactions would have generated this imbalance about 

0.000000001 seconds after the Big Bang, while leaving 

observable “footprints” today in the guise of permanent 

EDMs.

Figure 1: If an EDM is observed, then time-reversal transformation (T) 
is not a symmetry of nature: it takes a particle with EDM parallel to the 
spin and transforms it to the same particle with EDM anti-parallel to the 
spin—a different object that does not exist.

Another powerful probe is the search for the 

neutrinoless double beta decay of atomic nuclei (see 

Figure 2 and Sidebar 5.1). The observation of this nuclear 

decay would immediately imply that neutrinos are their 

own antiparticles and indicate a never-before-seen 

breakdown in the balance between leptons and their 

antiparticles. This symmetry violation would point to the 

existence of very heavy cousins of today’s neutrinos 

whose decays in the early universe—possibly well 

before 10 picoseconds after the Big Bang—generated 

the excess of matter over antimatter.

Figure 2: Neutrinoless double beta involves the radioactive decay of a 
nucleus whereby two electrons are emitted without their usual antineutrino 
partners.

Credit: H. Murayama

This is deeply related to the Majorana nature:                                                  
neutrino = anti-neutrino
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But there’s more!  The same physics could be responsible for both 0νββ decay and for generating 
the matter excess in the universe through the leptogenesis mechanism 

Credit: H. Murayama
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Heavy siblings of the neutrinos (N) play key 
role in generating the matter-antimatter 

asymmetry by disintegrating into 
(anti)neutrinos and Higgs (H) particles

 In 0νββ decay,  through the lens of 
Quantum Mechanics, we probe within a 

nucleus the same interactions that operated 
in the early universe**

** An anti-neutrino scatters off the Higgs field vacuum expectation value (VEV) 
and becomes N, then N scatters off the Higgs VEV and becomes a neutrino   

Leptogenesis and 0νββ: a tantalizing connection
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The significance of 0νββ decay

Is the neutrino its own antiparticle? 
0νββ decay
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Are these two different spin states of the same particle?

Dirac
4 states: _

ν−ν+
_

ν+ν−
Participate in 

weak interactions

Neutrino = anti-neutrino                            /
(similar to electron)No!

Majorana ν+ν−2 states:

Neutrino = antineutrino

A new type of spin=1/2 fermion!

Yes!
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Schechter-Valle 1982

Observation of 0νββ decay would then unambiguously demonstrate that the neutrino 
is a new type of spin=1/2 particle, different in nature from the familiar electron



18

Demonstrate that an excess of 
matter over antimatter can be 

created in an elementary process  

Point to baryogengesis via 
leptogenesis

Demonstrate Majorana nature of 
massive neutrinos 

(neutrino=antineutrino)  

A ‘matter-creating’ nuclear 
process whose observation 

would have far reaching 
implications

0νββ decay: summary of significance

A cosmic mystery        The neutrino and its mysteries 

0νββ decay



Unexplored

0νββ decay: broad discovery potential
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• Ton-scale 0νββ searches [T1/2 ~1028 yr,  1018 times the age of the universe!] can discover Lepton Number 
Violation from a broad variety of mechanisms that involve different mass scales and interaction strengths 

Decreasing Coupling Strength 
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Standard 
Model

Somewhere out here there must be new 
physics responsible for neutrino masses 

If Lepton Number is not conserved 
(neutrinos are Majorana particles) 

this uncharted territory can be 
uniquely probed by 0νββ decay 
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High-scale see-saw

0νββ decay: broad discovery potential
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• If neutrinos are their own antiparticles,  they can ‘annihilate’ and mediate 0νββ decay 

Equivalently: a ν emitted in 
the first β decay  can turn 

into a ν  and can be absorbed 
in the second vertex 
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TABLE I: Summary of the estimated and best-fit background
contributions for the frequentist and Bayesian analyses in the
energy region 2.35 < E < 2.70MeV within the 1.57-m-radius
spherical volume. In total, 24 events were observed.

Background Estimated Best-fit

Frequentist Bayesian
136Xe 2⌫�� - 11.98 11.95

Residual radioactivity in Xe-LS
238U series 0.14± 0.04 0.14 0.09
232Th series - 0.85 0.87

External (Radioactivity in IB)
238U series - 3.05 3.46
232Th series - 0.01 0.01

Neutrino interactions
8B solar ⌫ e� ES 1.65± 0.04 1.65 1.65

Spallation products

Long-lived 7.75± 0.57 † 12.52 11.80
10C 0.00± 0.05 0.00 0.00
6He 0.20± 0.13 0.22 0.21
137Xe 0.33± 0.28 0.34 0.34

† Estimation based on the spallation MC study. This event
rate constraint is not applied to the spectrum fit.

window are illustrated in Fig. 1(b). The exposure of
136Xe for SD in this volume is 0.510 ton yr. The best-
fit background contributions are summarized in Table I.
We found no event excess over the background expecta-
tion. We obtained a 90% confidence level (C.L.) upper
limit on the number of 136Xe 0⌫�� decays of < 7.9 events
(< 6.2 events in the range 2.35 < E < 2.70MeV), which
corresponds to a limit of < 15.5 (ton yr)�1 in units of
136Xe exposure, or T 0⌫��

1/2 > 2.0⇥1026 yr (90% C.L.). An

analysis based on the Feldman-Cousins procedure [26]
gives a slightly stronger limit of 2.3⇥1026 yr (90% C.L.),
indicating a limited impact of the physical boundary on
the 0⌫�� rate in low statistics. An MC simulation of
an ensemble of experiments assuming the best-fit back-
ground spectrum and including the high-background-
period identification scheme indicates a median sensitiv-
ity of 1.3⇥ 1026 yr. The probability of obtaining a limit
stronger than that reported here is 24%. In addition
to the frequentist analyses above, we also performed a
statistical analysis within the Bayesian framework, as-
suming a flat prior for 1/T 0⌫��

1/2 . The Bayesian limit and

sensitivity are 2.1⇥ 1026 yr and 1.5⇥ 1026 yr (90% C.L.),
respectively.

We investigated the stability of the results by com-
paring the limits with di↵erent analysis conditions and
background models. Alternatively, we also performed
the analysis including the high-background period in the
data with floated background contributions from 60Co
and 214Bi. This data is separated into �-like and �-like
events, using particle identification provided by Kam-
Net, and simultaneously fit to provide slightly improved

FIG. 3: E↵ective Majorana neutrino mass hm��i as a function
of the lightest neutrino mass. The dark shaded regions are
predictions based on best-fit values of neutrino oscillation pa-
rameters for the normal ordering (NO) and the inverted order-
ing (IO), and the light shaded regions indicate the 3� ranges
calculated from oscillation parameter uncertainties [42, 43].
The regions below the horizontal lines are allowed at 90%
C.L. with 136Xe from KamLAND-Zen (this work) consider-
ing an improved phase space factor calculation [27, 28] and
commonly used nuclear matrix element estimates: energy-
density functional (EDF) theory [29–31] (solid lines), inter-
acting boson model (IBM) [32, 33] (dashed lines), shell model
(SM) [34–36] (dot-dashed lines), and quasiparticle random-
phase approximation (QRPA) [37–41] (dotted lines). The side
panel shows the corresponding limits for 136Xe, 76Ge [44], and
130Te [45], and theoretical model predictions on hm��i, (a)
Ref. [2], (b) Ref. [3], and (c) Ref. [4] (shaded boxes), in the
IO region.

half-life limits of T 0⌫��
1/2 > 2.7 ⇥ 1026 yr and T 0⌫��

1/2 >

2.4⇥ 1026 yr (90% C.L.) for the background models with
60Co and 214Bi, respectively.

The combined fit of the KamLAND-Zen 400 and 800
datasets with the frequentist analyses gives a limit of
2.3 ⇥ 1026 yr (90% C.L.) (see the Supplemental Mate-
rial [46]). The best-fit scaling parameter for the long-
lived spallation background rate is ↵BG = 1.35 ± 0.23,
indicating good consistency between the MC-based pre-
diction and the LD analysis. This combined analysis
has a sensitivity of 1.5 ⇥ 1026 yr, and the probability
of obtaining a stronger limit is 23%. From the com-
bined half-life limits, we obtain a 90% C.L. upper limit
of hm��i < (36 – 156)meV using the phase space fac-
tor calculation from [27, 28] and commonly used nuclear
matrix element estimates [29–41] assuming the axial cou-
pling constant gA ' 1.27. Figure 3 illustrates the allowed
range of hm��i as a function of the lightest neutrino mass.
For the first time, this search with 136Xe begins to test
the IO band, and realizes the partial exclusion of several
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events, using particle identification provided by Kam-
Net, and simultaneously fit to provide slightly improved

FIG. 3: E↵ective Majorana neutrino mass hm��i as a function
of the lightest neutrino mass. The dark shaded regions are
predictions based on best-fit values of neutrino oscillation pa-
rameters for the normal ordering (NO) and the inverted order-
ing (IO), and the light shaded regions indicate the 3� ranges
calculated from oscillation parameter uncertainties [42, 43].
The regions below the horizontal lines are allowed at 90%
C.L. with 136Xe from KamLAND-Zen (this work) consider-
ing an improved phase space factor calculation [27, 28] and
commonly used nuclear matrix element estimates: energy-
density functional (EDF) theory [29–31] (solid lines), inter-
acting boson model (IBM) [32, 33] (dashed lines), shell model
(SM) [34–36] (dot-dashed lines), and quasiparticle random-
phase approximation (QRPA) [37–41] (dotted lines). The side
panel shows the corresponding limits for 136Xe, 76Ge [44], and
130Te [45], and theoretical model predictions on hm��i, (a)
Ref. [2], (b) Ref. [3], and (c) Ref. [4] (shaded boxes), in the
IO region.

half-life limits of T 0⌫��
1/2 > 2.7 ⇥ 1026 yr and T 0⌫��

1/2 >

2.4⇥ 1026 yr (90% C.L.) for the background models with
60Co and 214Bi, respectively.

The combined fit of the KamLAND-Zen 400 and 800
datasets with the frequentist analyses gives a limit of
2.3 ⇥ 1026 yr (90% C.L.) (see the Supplemental Mate-
rial [46]). The best-fit scaling parameter for the long-
lived spallation background rate is ↵BG = 1.35 ± 0.23,
indicating good consistency between the MC-based pre-
diction and the LD analysis. This combined analysis
has a sensitivity of 1.5 ⇥ 1026 yr, and the probability
of obtaining a stronger limit is 23%. From the com-
bined half-life limits, we obtain a 90% C.L. upper limit
of hm��i < (36 – 156)meV using the phase space fac-
tor calculation from [27, 28] and commonly used nuclear
matrix element estimates [29–41] assuming the axial cou-
pling constant gA ' 1.27. Figure 3 illustrates the allowed
range of hm��i as a function of the lightest neutrino mass.
For the first time, this search with 136Xe begins to test
the IO band, and realizes the partial exclusion of several
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TABLE I: Summary of the estimated and best-fit background
contributions for the frequentist and Bayesian analyses in the
energy region 2.35 < E < 2.70MeV within the 1.57-m-radius
spherical volume. In total, 24 events were observed.

Background Estimated Best-fit

Frequentist Bayesian
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Residual radioactivity in Xe-LS
238U series 0.14± 0.04 0.14 0.09
232Th series - 0.85 0.87

External (Radioactivity in IB)
238U series - 3.05 3.46
232Th series - 0.01 0.01

Neutrino interactions
8B solar ⌫ e� ES 1.65± 0.04 1.65 1.65

Spallation products

Long-lived 7.75± 0.57 † 12.52 11.80
10C 0.00± 0.05 0.00 0.00
6He 0.20± 0.13 0.22 0.21
137Xe 0.33± 0.28 0.34 0.34

† Estimation based on the spallation MC study. This event
rate constraint is not applied to the spectrum fit.
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Goal for ‘ton-scale’ 
experiments is         
mββ ~18 meV

Large discovery 
potential regardless 
of the mass ordering

In high-scale models the half-life is 
related to neutrino mass parameters and 

concrete discovery targets exist

Current reach

• Ton-scale 0νββ searches [T1/2 ~1028 yr,  1018 times the age of the universe!] can discover Lepton Number 
Violation from a broad variety of mechanisms that involve different mass scales and interaction strengths 
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• Ton-scale 0νββ searches [T1/2 ~1028 yr,  1018 times the age of the universe!] can discover Lepton Number 
Violation from a broad variety of mechanisms that involve different mass scales and interaction strengths 

Many other new physics scenarios exist. 
No single metric for discovery potential.

This is a “feature”, not a “bug”.
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• Ton-scale 0νββ searches [T1/2 ~1028 yr,  1018 times the age of the universe!] can discover Lepton Number 
Violation from a broad variety of mechanisms that involve different mass scales and interaction strengths 

Many other new physics scenarios exist. 
No single metric for discovery potential.

This is a “feature”, not a “bug”.

A corollary of this discussion: 
Theoretical research is essential for understanding the 

underlying physics of any experimental signal
Example: NSF-funded theory hub



The Ton-Scale Candidates
As Proposed

4

CUPID LEGEND-1000 nEXO

Full Project TPC 63,903 442,350 406,169 

DOE Only TPC 34,703 257,347 349,531 

Non DOE TPC 29,200 185,003 56,638 

DOE/Non % 55/45 60/40 85/15

Proj. Complete 2028-2030 2030-2033 2028-2030

Site LNGS SNOLab or 
LNGS SNOLab

CUPID: Scintillating Crystal Bolometer

LEGEND: High Purity Ge Crystals

nEXO: Liquid Xe Time Projection Chamber

Numbers are in $K
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Site LNGS SNOLab or 
LNGS SNOLab

CUPID: Scintillating Crystal Bolometer

LEGEND: High Purity Ge Crystals

nEXO: Liquid Xe Time Projection Chamber

Numbers are in $K

• Ongoing experiments and technology demonstrators have proven the principles required for successful 0νββ 
searches at the ton-scale 

• The international ton-scale program consists of three experiments using three different isotopes and very different 
experimental technologies:  CUPID (100Mo),  LEGEND-1000  (76Ge),  and nEXO (136Xe). The three experiments 
have undergone a DOE portfolio review and are ready to start construction

• Multiple experiments with different isotopes, backgrounds, and detector systematics are needed to confirm a 
discovery. Long time frame for construction and operations calls for simultaneous deployment   

22

Experimental landscape and path forward

Capitalizing on investment, technology, and workforce developed over the years,  the US  is in the 
position to lead an international effort to address this exciting science

ICPC
Ge Detector

UGLAr

Ge 
Strings

WLS Fiber 
Curtain

Lock

LAr Cryostat

Water 
Shield

Neutron 
Moderator

Reentrant 
Tube

AtLAr

LEGEND High Purity Ge Crystals: 



Part 2: 
Communicating the science of 

0νββ decay



• I was also asked to seed a broader discussion on communicating the science of 0νββ decay

• Reaching a broader audience:  a (rough) script + vignettes 

• The infrastructure aspects:  communication channels,  resources,  areas of improvement 

24

Switching hat
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Communicating 0νββ to any audience 

• The science case for any audience could be built around the three key elements presented in Part 1 of the talk:  

A cosmic mystery:                        
how did we survive the big bang? 

The neutrino and its mysteries: 
Where does its mass come from? 

Is the neutrino its own antiparticle? 

0νββ decay: 
a ‘matter-creating’ nuclear 

process that sheds light on both 
these fundamental questions

Content should be tuned, but template works 
from a physics colloquium to a TED talk
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A rough script (1)

A cosmic mystery        The neutrino and its mysteries 

Antimatter, pair-creation and pair annihilation.                                  
Brief history of the universe.                       

‘Movie’ showing the great annihilation.           
The necessity of baryogengesis,, i.e. the 

dynamical generation of the 1ppb matter-
antimatter imbalance in the early universe.                                                

Sakharov conditions.                                       
How can neutrinos and 0νββ decay help?                     

Most elusive of the known particles.
Neutrinos take us beyond the Standard Model. 

Several properties still unknown.                                            
In fact we don’t know yet whether they are 

their own antiparticles!   
While mysterious themselves, neutrinos may 
hold the key to unlock other mysteries in the 
universe, in particular the puzzle of the cosmic 

matter-antimatter asymmetry. 

What’s the origin of matter in the universe?

18

t < 0.000001s,    T > mp

Avoid complete annihilation?

1,000,000,002  
1,000,000,000  
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− −
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−

+

−

+
−

+
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t < 0.000001s,    T > mp

+ −

To obtain 1p per cubic meter 
today,  early on need a tiny 

imbalance  of      over      

+

−

To obtain ~0.25 protons  per 
cubic meter today, early on need 

a tiny imbalance of       over + −

1,000,000,001   1,000,000,000

Matter Antimatter

Credit: H. Murayama

Early universe
Equal number of particles and 

antiparticles right after cosmic inflation                   
(any initial condition is erased)

 Are neutrinos their own antiparticles?

9

Neutrino (ν)

         Transforms into an e−
        (or emitted with e+ in β decay)

Left-handed:
S· p = −1 

n

p

 e−
ν

ν−

Transforms into an e+

(or emitted with e− in β decay)

p

n

 e+

ν
_

Anti-neutrino (ν)
_

ν+
_Right-handed:

S· p = +1 

Dirac

4 states: _
ν−ν+

_
ν+ν−

Participate in 
weak interactions

Majorana ν+ν−2 states:

Neutrino = antineutrino
    Neutrinos are truly ‘neutral’ 

ν− and ν+ are 
different spin states of the same particle!

_

How to 
describe 
massive 

neutrinos? …
…

The sun in neutrino  
(credit SuperK collaboration)

The script would contain 
these elements 

(connection to deep science 
questions)  accompanied by 

better graphics and movies …
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A rough script (2)

0νββ decay

0νββ decay: summary of significance

31

Potentially observable only 
in certain even-even nuclei  
(76Ge, 100Mo,136Xe, …) for 
which single beta decay is 
energetically forbidden

Lepton Number 
changes by 2 units (ΔL=2)

2νββ

0νββ

(Ee1 + Ee2)/Q

Observation ⇒  BSM physics with far reaching implications 

Demonstrate that an excess of matter over antimatter 
can be created in an elementary process                                             

Demonstrate Majorana nature of massive 
neutrinos (neutrino=antineutrino)  What is it and how do we search for it.                         

To minimize backgrounds,                                               
work done in underground laboratories.                              

Use ultra-pure materials.                                              
Among quietest places in the universe.                            

New technologies, applicable elsewhere.                      
Societal impacts (workforce development, 

national security, …).                                          
…

SURF   (Sanford Underground Research Facility) 

…and a component on how we look 
for 0νββ, decay,  that includes the 

fascinating aspects of low-background 
science and articulates                         

the societal impacts 



Through the lens of Quantum Mechanics 
the nucleus lets us take a glimpse at what 
might have happened in the early universe!  

28

A rough script (3)

A cosmic mystery        The neutrino and its mysteries 

0νββ decay

Neutrino = anti-neutrino   ⇔  0νββ occurs 

The role of 0νββ

12

Furry 1939

• If neutrinos are their own antiparticles,  they can ‘annihilate’ and mediate 0νββ decay 

p

e−
n

νe
_

e−

n p

νe
_

The role of 0νββ

13

• If neutrinos are their own antiparticles,  they can ‘annihilate’ and mediate 0νββ decay 

Furry 1939

u

e−

e−

d

d

u
_

p

e−
n

νe
_

e−

n p

νe
_

nu
cle

us

1111

• If 0νββ decay happens, through quantum mechanical effects two ν can annihilate each other ⇒ hallmark of Majorana ν!
_

νe
_

νe
_

Schechter-Valle 1982

If neutrinos are Majorana fermions, then 0νββ decay can occur, and                 
if  0νββ decay is ever observed, then neutrinos must be Majorana fermions  

A matter-creating process!

Leptogenesis and 0νββ decay

23

• Heavy siblings of the neutrinos are postulated.  They help give neutrinos a mass, but do much more!

• Heavy neutrinos (N) disintegrate into (anti)neutrino and Higgs

• Decays can create matter (ν or ν)  [#1]

• At different rates [#2]

• Slowly compared to the expansion of the universe [#3]

N 

ν

H

N 

ν

H

_
≠

Fukugita-Yanagida  1987
_

• The resulting neutrino imbalance is converted into 
quark imbalance by electroweak sphaleron processes 
[#1, Standard Model]

• In 0νββ decay,  through the lens of Quantum Mechanics, we 
“see” the same process that operated in the early universe!   
An anti-neutrino fluctuates into N and H, and N fluctuates 
back into neutrino and H. 

Higgs vacuum 
expectation value

p

e−
n

e−
n p
ν

ν
_

N

Early Universe

Nucleus          

✖

✖

…and finally a component tying 
everything together: how 0νββ decay 

addresses the mysteries

Establish the nature of neutrinos 
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Communicating 0νββ:  the infrastructure
Who’s the 
audience?

Communication 
channels

Challenges and 
opportunities for 

improvements

Resources 

NP community            
&  funding agencies

Funding agencies 
beyond NP, 

congressional staff
General public Tools 

and issues

There is a compelling science case. 
Clear societal benefits and broader impacts.

What infrastructure do we have to communicate them? 
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Communication 
channels

Challenges and 
opportunities for 

improvements

Resources

NP community                       
& funding agencies General public 

Who’s the 
audience?

Tools 
and issues

• Conferences & workshops

• White papers 

• NSAC Long Range Plan

• Capitol Hill Day

• …

2023  |  VERSION 1.3

Well established channels, resources, and pipeline

Communicating 0νββ:  the infrastructure

• APS DNP, … 

• NSAC,  DNP Funding Committee

• LRP Town Halls,  Snowmass meetings  

• …

Funding agencies 
beyond NP, 

congressional staff
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Communication 
channels

Challenges and 
opportunities for 

improvements

Resources 

NP community                          
& funding agencies

Funding agencies 
beyond NP, 

congressional staff
General public 

Area of improvement:  communicate better the breadth of 0νββ experiments reach
Majorana neutrinos ⇒ 0νββ

8

Furry 1939

• If neutrinos are their own antiparticles,  they can ‘annihilate’ and mediate 0νββ decay 

Equivalently: a ν emitted in 
the first β decay  can turn 

into a ν  and can be absorbed 
in the second vertex 

_
p

e−
n

νe
_

e−

n p

νe

nu
cle

us

Who’s the 
audience?

Tools 
and issues

• Tendency in the NP community to think about 
light neutrino exchange as **the only** 
mechanism for 0νββ decay

Unexplored

High-scale see-saw

Left-Right SM
RPV SUSY

...

Light sterile ν’s 

0νββ decay:  discovery potential

31

• Ton-scale 0νββ searches [T1/2 ~1027-28 yr] can discover LNV from a broad variety of mechanisms and mass scales 

Decreasing Coupling Strength 

In
cr

ea
si

ng
 M

as
s

Standard 
Model

Ton scale searches will probe uncharted territory 
associated with the unknown but inescapable 
BSM mechanism for neutrino mass generation

There is plenty of opportunity for discovery

• While we formulate the experimental goal in terms of 
reach in mββ,  there is no ‘standard mechanism’ — 
we simply don’t know what’s the mechanism for 
neutrino mass and LNV

• This means the physics reach of 0νββ is larger than 
usually thought

www.idiomland.com

Communicating 0νββ:  the infrastructure

http://www.idiomland.com
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Communication 
channels

Challenges and 
opportunities for 

improvements

Resources 

NP community                       
& funding agencies

Funding agencies 
beyond NP, 

congressional staff
General public 

• Public lectures:  Typically successful, broad efforts, but not coordinated.  We plan to survey the 
community to identify existing efforts as step towards future, more coherent outreach program    

• YouTube videos: lots of (uncoordinated) material out there.  Some stuff is excellent! 
• “The Matter Of Antimatter: Answering The Cosmic Riddle Of Existence”                                                                 

https://www.youtube.com/watch?v=qMMgsjnI1is (World Science Festival organization)

• “An Ancient Roman Shipwreck May Explain the Universe” (Roman lead for CUORE)                                                                              
https://www.youtube.com/watch?v=o0A9M5wHBA4 

• neutrinos.fnal.gov/resources/videos/     (“Even bananas” and more…)

• “Global benefits: the LBNF/DUNE Project”                                                                                                                     
https://www.dunescience.org/  →  https://www.youtube.com/watch?v=cBGXMYP8cq8 

• …

Who’s the 
audience?

Tools 
and issues

Would benefit from more coherent effort

Communicating 0νββ:  the infrastructure

https://www.youtube.com/watch?v=qMMgsjnI1is
https://www.youtube.com/watch?v=o0A9M5wHBA4
http://neutrinos.fnal.gov/resources/videos/
https://www.dunescience.org/
https://www.youtube.com/watch?v=cBGXMYP8cq8
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Communication 
channels

Challenges and 
opportunities for 

improvements

Resources 

NP community                       
& funding agencies

Funding agencies 
beyond NP, 

congressional staff
General public 

• Public lectures:  Typically successful, broad efforts, but not coordinated.  We plan to survey the 
community to identify existing efforts as step towards future, more coherent outreach program    

• YouTube videos: lots of (uncoordinated) material out there.  Some stuff is excellent! 
• “The Matter Of Antimatter: Answering The Cosmic Riddle Of Existence”                                                                 

https://www.youtube.com/watch?v=qMMgsjnI1is (World Science Festival organization)

• “An Ancient Roman Shipwreck May Explain the Universe” (Roman lead for CUORE)                                                                              
https://www.youtube.com/watch?v=o0A9M5wHBA4 

• neutrinos.fnal.gov/resources/videos/     (“Even bananas” and more…)

• “Global benefits: the LBNF/DUNE Project”                                                                                                                     
https://www.dunescience.org/  →  https://www.youtube.com/watch?v=cBGXMYP8cq8 

• …
Part of Fermilab’s efforts to promote neutrino projects: 

from science to societal impacts 

Who’s the 
audience?

Tools 
and issues

Would benefit from more coherent effort

Communicating 0νββ:  the infrastructure

https://www.youtube.com/watch?v=qMMgsjnI1is
https://www.youtube.com/watch?v=o0A9M5wHBA4
http://neutrinos.fnal.gov/resources/videos/
https://www.dunescience.org/
https://www.youtube.com/watch?v=cBGXMYP8cq8
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Communication 
channels

Challenges and 
opportunities for 

improvements

Resources 

NP community                          
& funding agencies

• Websites of the 0νββ experimental collaborations 

• Good resources.  Might benefit from having dedicated outreach subpages.                                  
This requires time, effort, and expertise in communication.

• National Laboratory / Universities communication offices 

• Generally good support,  but the fact that there is no single national facility for 0νββ 
experiments has limited the community’s voice 

• To be contrasted with the national NP facilities 
• https://www.bnl.gov/eic/ 

• https://frib.msu.edu/

• https://www.jlab.org/

Who’s the 
audience?

Tools 
and issues

Many resources exist, but not coordinated

Communicating 0νββ:  the infrastructure

Funding agencies 
beyond NP, 

congressional staff
General public 

https://www.bnl.gov/eic/
https://frib.msu.edu/
https://www.jlab.org/


Challenges and 
opportunities for 

improvements
34

Communication 
channels

Resources

NP community                          
& funding agencies

Majorana Demonstrator Detector 

• An effective communication campaign will require professional 
support,  use multiple media (brochures, videos, …) and 
emphasize multiple aspects of the 0νββ program (see ‘script’)

Who’s the 
audience?

Tools 
and issues

• Connection of 0νββ decay to deep scientific 
questions & multi-disciplinary impact (Nuclear 
Physics, Particle Physics, Cosmology)

• The ‘cool factor’ of low-background science:  
working in underground laboratories, ultra pure 
materials, connection to national security …  

• Positive societal impacts: technology spinoffs, train 
broad pool of talent, establish pipeline for workforce 
in basic science, national security, high tech jobs, … 

Communicating 0νββ:  the infrastructure

Funding agencies 
beyond NP, 

congressional staff
General public 
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Communication 
channels

Resources

NP community                          
& funding agencies

Majorana Demonstrator Detector 

• An effective communication campaign will require professional 
support,  use multiple media (brochures, videos, …) and 
emphasize multiple aspects of the 0νββ program (see ‘script’)

Who’s the 
audience?

Tools 
and issues

• Connection of 0νββ decay to deep scientific 
questions & multi-disciplinary impact (Nuclear 
Physics, Particle Physics, Cosmology)

• The ‘cool factor’ of low-background science:  
working in underground laboratories, ultra pure 
materials, connection to national security …  

• Positive societal impacts: technology spinoffs, train 
broad pool of talent, establish pipeline for workforce 
in basic science, national security, high tech jobs, … 

• The community is working towards a comprehensive and coherent communication plan 

• Contribution of communication professionals will be essential 

• Progress is slow in part because the 0νββ program is not represented by a single institution,     
but there exist pledges of support by multiple lead institutions

• What model? 

• Communication specialist(s) embedded in the experimental collaborations? 

• Task force within or across communication offices of the lead National Labs?  

• ‘0νββ unit’ within a centralized Nuclear Physics communication center? 

• …. 

Path forward

Communicating 0νββ:  the infrastructure

Funding agencies 
beyond NP, 

congressional staff
General public 
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nEXO: Liquid Xe Time Projection Chamber

Numbers are in $K

The Ton-Scale Candidates
As Proposed

4

CUPID LEGEND-1000 nEXO

Full Project TPC 63,903 442,350 406,169 

DOE Only TPC 34,703 257,347 349,531 

Non DOE TPC 29,200 185,003 56,638 

DOE/Non % 55/45 60/40 85/15

Proj. Complete 2028-2030 2030-2033 2028-2030

Site LNGS SNOLab or 
LNGS SNOLab

CUPID: Scintillating Crystal Bolometer

LEGEND: High Purity Ge Crystals

nEXO: Liquid Xe Time Projection Chamber

Numbers are in $K

The international ton-scale experiments CUPID (100Mo),  LEGEND-1000  
(76Ge),  and nEXO (136Xe) are ready to start construction
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Conclusion

ICPC
Ge Detector

UGLAr

Ge 
Strings

WLS Fiber 
Curtain

Lock

LAr Cryostat

Water 
Shield

Neutron 
Moderator

Reentrant 
Tube

AtLAr

LEGEND High Purity Ge Crystals: 

The search for 0νββ decay is one of the most compelling and exciting
challenges in all of contemporary physics

The highest priority for new experiment construction in Nuclear Science Advisory 
Committee’s 2023 Long Range Plan for Nuclear Science

This impactful science needs a comprehensive and coherent communication plan
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Backup



• B:  Baryon Number = # of baryons - # of anti-baryons

• Baryon: bound state of 3 quarks (proton, neutron, …) 

• BSM: Beyond the Standard Model

• BNV:  Baryon Number Violation (Baryon Number is not conserved) 

• C: Charge conjugation

• CP: Charge conjugation + Parity

• CPV: CP Violation

• EDM: Electric Dipole Moment

• L: Lepton Number = # of leptons - # of anti-leptons

• Leptons:  electron, muon, tau and their corresponding neutrinos

• LNV: Lepton Number Violation (Lepton Number is not conserved)     

• SM: Standard Model

• T:  time-reversal  
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Useful acronyms



Technique Result ββ Influence

Oscillations Θ12 Measured Would better define boundaries of IO/NO bands. That would be good for ββ.

Oscillations
Mass ordering 

determined
Inverted order with 3 ν’s might become irrelevant. Even so, the NO branch still extends to 

high mββ values. LNV processes other than light ν aren’t constrained by oscillations. 
Significance of IO exclusion still rather low.

LHC Heavy ν or LR 
symmetry found

The result would be complementary to ββ. It would be an interesting test of the underlying 
physics if both techniques saw an effect. 

Cosmology Σmν constrained 
<100 meV

Cosmology does not discern Majorana/Dirac character. A 3ν NO scenario with Σ near its 
minimum would not constrain other potential LNV processes that might contribute to ββ. 
Importantly, laboratory measurements will help resolve tensions/degeneracies in cosmology.

Short Baseline 
Oscillation

Sterile ν discovered If a 4th ν is seen, it fits the Majorana ν paradigm, increasing ββ interest. The new ν might 
contribute to bb and significantly alter predicted mββ curves. The accessible sensitivity 
regions remain. 

β decay mβ measured Would make the observation/non-observation of ββ even more exciting. Null ββ result might 
indicate Dirac ν.
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ββ Still Impactful Regardless of Other Results
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Sensitivity to additional BSM Physics

Sterile Neutrinos
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The case for multiple experiments

• Multiple & complementary approaches are the norm in big physics quests

• UA1 and UA2 to find the W &. Z boson

• LEP and SLC were built to study EW physics 

• ATLAS , CMS , LHCb  @LHC 

• GW detectors: LIGO,  VIRGO, …. 

• Discovery needs confirmation with significantly different  backgrounds and detector uncertainties 

• Long time frame for construction and operations calls for simultaneous deployment

• Observation in multiple isotopes is the first step towards unraveling underlying mechanism of LNV

• Stepping stone towards reaching “beyond inverse mass ordering”,  should that be needed 

Discovering and studying the weak force mediators

Discovering the Higgs boson

Discovering gravitational waves 



Leptogenesis
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• Heavy siblings of the neutrinos are postulated.  They help give neutrinos a mass, but do much more!

• Heavy neutrinos (N) disintegrate into (anti)neutrino and Higgs

• Decays can create matter (ν or ν)  [#1]

• At different rates [#2]

• Slowly compared to the expansion of the universe [#3]

N 

ν

H

N 

ν

H

_
≠

Fukugita-Yanagida  1987

_

• The resulting neutrino imbalance is converted into 
quark imbalance by electroweak sphaleron processes 
[#1, Standard Model]
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• In this case 0νββ is a direct probe of ν mass parameters:  Γ∝|M0ν|2 (mββ)2

mlightest2 = ?

NORMAL SPECTRUM INVERTED SPECTRUM

High-scale seesaw
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• In this case 0νββ is a direct probe of ν mass parameters:  Γ∝|M0ν|2 (mββ)2

High-scale seesaw

Inverted Ordering
Normal 

Ordering

Bands: unknown 
Majorana phases
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• In this case 0νββ is a direct probe of ν mass parameters:  Γ∝|M0ν|2 (mββ)2

High-scale seesaw

Inverted Ordering
Normal 

Ordering

Bands: unknown 
Majorana phases

Discovery @ ton-scale possible for inverted ordering or mlightest > 50 meV for any ordering

KamLAND-Zen 2203.02139

Ton scale goal
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• In this case 0νββ is a direct probe of ν mass parameters:  Γ∝|M0ν|2 (mββ)2

High-scale seesaw

Inverted Ordering
Normal 

Ordering

Bands: unknown 
Majorana phases

KamLAND-Zen 2203.02139

Ton scale goal

Beyond ton scale goal
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Communicating the science
Who’s the 
audience?

Communication 
channels

Challenges and 
opportunities for 

improvements

Resources & 
Infrastructure

NP community                         
& funding agencies

Funding agencies 
beyond NP, 

congressional staff
General public Tools 

and issues

Acknowledge and communicate the complementarity of large experiments

• Many experiments aim to shed light on the mystery of the 
matter-antimatter asymmetry   

• They probe different Sakharov conditions and different 
mechanisms 

• 0νββ decay  (#1)

• LBNF / DUNE: CP-violation in neutrino oscillations (#2)

• Searches for permanent EDMs  (#2)

• Decays of B mesons:  Belle-II,  LHCb (#2)

• LHC and future colliders (EW phase transition) (#3)  

• Addressing big questions may require multiple, big endeavors


