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Figure 6.2. To illustrate some of the symmetries 
discussed in the text, consider a tetrahedron, which 
shows how an object and its mirror image can be 
distinct.We can also use this as a stand-in for a beta 
decay process, which has a three-body final state. 
For a parent of fixed spin (large black arrow), just one 
“handedness” is picked, owing to the special nature of 
the neutrino. In other processes, the breaking of parity 
symmetry can be very small [23]. 

Because of quantum mechanical fluctuations al-
lowed by Heisenberg’s uncertainty principle, these 
experiments are sensitive to mass scales well above 
the reach of high-energy colliders. A discovery in any 
of these searches would be paradigm-shifting. 

6.1.2. High-precision measurements of processes 
allowed in the Standard Model 
Processes allowed in the Standard Model include the 
beta decay of mesons, neutrons, and nuclei; electrons 
scattering on nucleons, nuclei, and electrons; and the 
magnetic properties of the muon. By observing quan-
tum fluctuations and other radiative effects, mea-
surements of these processes probe the existence 
of very heavy new particles—which have masses well 
beyond the reach of existing high-energy colliders—
and light, weakly interacting particles. Precision mea-
surements become powerful discovery tools when 
confronted with precise theoretical predictions. 

6.1.3. Exploration of the properties of known and 
hypothetical light, weakly interacting particles
The chief example in the class of known and hypo-
thetical light, weakly interacting particles are the 
neutrinos produced by nuclear interactions and de-
cays. Neutrinos are electrically neutral and extremely 
weakly interacting particles, so they are very difficult 
to study, but they can also be effective messengers 
of the processes that power the Sun and drive super-
nova explosions. However, basic properties—includ-
ing their masses and interaction strengths—remain 
uncertain. These experiments are critical for cement-
ing our understanding of the neutrino and providing 
techniques that allow us to search for other light, 
weakly interacting particles predicted by BSM physics. 

In summary, this portfolio of experiments and the 
theory required to interpret them are at the forefront 
of the quest for new physics. Great discoveries have 
been made, including the 2015 Nobel prize–winning 
discovery of neutrino oscillations using neutrinos 
produced in the Sun’s nuclear reactions. In the next 
decade, this portfolio is poised for many great dis-
coveries that tackle some of the universe’s greatest 
questions while advancing the technologies and fa-
cilities that push the boundaries of what is measurable.

6.2 QUESTIONS, FACILITIES, AND TECHNOLOGIES
A suite of sensitive experiments and theoretical in-
vestigations enables FSNN to shed light on some of 
the most profound questions in science:

• What is the origin of the matter–antimatter 
imbalance in the universe? 

• Are neutrinos their own antiparticles, and how do 
they acquire mass? 

• Are there more forces than the four we know 
about? 

• Are there undiscovered light, weakly interacting 
particles? 

Although the Standard Model of particles and forces 
in nature is extremely good at describing the universe 
we see, it provides no answers to these questions. 
Only through experiments and related theory can we 
hope to address them and discover the BSM phys-
ics that can help answer them. Figure 6.3 illustrates 
these questions and the corresponding experimental 
programs that address and connects them.

Figure 6.3. The scientific questions addressed by 
FSNN and the experimental programs that connect 
them [24].

There is a great opportunity in the coming years to 
address these questions. At present, the highest 
priority effort is the search for the Standard-Mod-
el–forbidden process of neutrinoless double beta 
decay, which violates lepton number—the number of 
leptons (neutrinos, electrons, muons, taus) in the re-
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Precision frontier 
• Cabibbo Angle Anomaly &  decays β

Fundamental Symmetries 
• Lepton number & Sterile Neutrinos Connecting nuclei to the cosmos 

• Dense matter & Neutron stars 

Effectively probing  
(Beyond) the SM physics
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thetical light, weakly interacting particles are the 
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Nuclear forces 
2023 Long Range Plan for Nuclear Science
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• Upcoming laboratory & astrophysics experiments will probe nuclear physics of 
• Neutron Stars
• Nuclei

• Connection requires understanding of nuclear forces



• Possible hadronic interactions determined by (chiral) symmetries 

• Interaction strengths determined by (unknown) coupling constants 

• Expansion in , where  GeVQ /Λχ ∼ mπ /Λχ Λχ ∼ 1

Manohar, Georgi, `84; Weinberg, `90, `91

Chiral Effective Theory 

In terms of nucleons, pions, leptons 

SM (QCD) 

In terms of quarks, gluons, leptons 

 

From quarks to nucleons 
Modern view of nucleon forces 



Chiral Effective Theory 
Modern view of nucleon forces 

Hierarchy of nuclear forces up to N5 LO in ChiPT.  Solid lines represent nucleons and dashed lines pions. Entem, Machleidt, Y. Nosyk, (arXiv:1703.05454)

• Chiral EFT is an expansion in
• , where  GeV

• Leads to a hierarchy of nuclear forces

Q /Λχ ∼ mπ /Λχ Λχ ∼ 1

• Relies on “power counting”
• Determines the importance of vertices

• Weinberg’s counting is widely used 
• Known to have inconsistencies

Requires re-ordering three-nucleon forces
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New class of three-nucleon forces 
Failure of Weinberg’s counting 

• Consistency requires leading-order interactions

• N2LO in Weinberg’s counting

• Certain diagrams lead to divergences
• Generate short-distance interactions

∝ m2
π

N
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• These interactions generate a new class of 3N forces

• Cannot be absorbed into LO contact terms like in 2-nucleon sector
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WD, M. Dawid, V. Cirigliano, S. Reddy
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Hierarchy of nuclear forces up to N5 LO in ChiPT.  Solid lines represent nucleons and dashed lines pions. Entem, Machleidt, Y. Nosyk, 
(arXiv:1703.05454)

New class of three-nucleon forces 
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Hierarchy of nuclear forces up to N5 LO in ChiPT.  Solid lines represent nucleons and dashed lines pions. Entem, Machleidt, Y. Nosyk, 
(arXiv:1703.05454)
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Neutron Matter

• Significant contribution in Neutron & symmetric matter
• Larger than currently quoted uncertainties

• Affects our understanding of nuclei and Neutron Stars
• Equation of State in Neutron stars & mass-radius relation
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Effects in dense matter 

Symmetric Matter

• Depends on poorly known 2pion-4nucleon couplings
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From Nuclei to the Cosmos 
Future projects

17



Impact on dense matter 
• Nuclei 
• Neutron Star Equation of State 

Determining the hadronic couplings
LIGO

∝ mq

18

Connecting nucleons to 
neutron stars

Determining the hadronic couplings 
• Fit to light nuclei 

Gazit et al ‘09

Spin-off:  
Effect on axions 

Affected by the same 
hadronic couplings in 
dense matter 

https://www.ligo.caltech.edu/page/ligo-detectors


Astrophysics Group

Overlap with Nuclear 
Theory Group

Impact on dense matter 
• Nuclei 
• Neutron Star Equation of State 

Determining the hadronic couplings
LIGO

∝ mq
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Connecting nucleons to 
neutron stars

Determining the hadronic couplings 
• Fit to light nuclei 

Gazit et al ‘09

Spin-off:  
Effect on axions 

Affected by the same 
hadronic couplings in 
dense matter 

https://www.ligo.caltech.edu/page/ligo-detectors


Precision frontier 
• Cabibbo Angle Anomaly &  decays β

Fundamental Symmetries 
• Lepton number & Sterile Neutrinos Connecting nuclei to the cosmos 

• Dense matter & Neutron stars 

Effectively probing  
(Beyond) the SM physics
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and light, weakly interacting particles. Precision mea-
surements become powerful discovery tools when 

Exploration of the properties of known and 

The chief example in the class of known and hypo-
thetical light, weakly interacting particles are the 
neutrinos produced by nuclear interactions and de-
cays. Neutrinos are electrically neutral and extremely 
weakly interacting particles, so they are very difficult 
to study, but they can also be effective messengers 
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• Sterile neutrinos can answer open questions:

• Neutrino masses
• Dark matter candidate
• Matter-antimatter Asymmetry

• Appear in many BSM scenarios: Left-Right/GUTs…

Sterile neutrinos &  0νββ

Neutrino masses

Why there’s matter

Dark Matter

22
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• Sterile neutrinos can answer open questions:

• Neutrino masses
• Dark matter candidate
• Matter-antimatter Asymmetry

• Appear in many BSM scenarios: Left-Right/GUTs…

Sterile neutrinos &  0νββ

Neutrino masses

Why there’s matter

Dark Matter

Generally leads to Lepton-Number Violation

 ⟹ 0νββ

23
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•

• Lepton Number Violating (LNV)

A(Z, N) → A(Z + 2,N − 2) + 2e− + 0 ν̄

Schechter, Valle, `82

• Detection sheds light on:

• Neutrino masses
• Observation would show that ’s are Majorana particles

• Matter-antimatter asymmetry 

ν

Neutrinoless Double beta decay 
What & why?

Why look for ?0νββ

What is ?0νββ

76Se

e−

e−

76Ge ⟹



•

• Lepton Number Violating (LNV)

A(Z, N) → A(Z + 2,N − 2) + 2e− + 0 ν̄

Neutrinoless Double beta decay 
What & why?

What is ?0νββ

76Se

e−

e−

76Ge ⟹

• Large scale experimental program underway
• Highest priority in Long Range Plan for Nuclear Science

• Theory is needed to connect to the underlying physics
• Sterile neutrinos 

2.2.1 CUPID625

The CUORE Upgrade with Particle Identification (CUPID) [100] is a future upgrade to the Cryo-626

genic Underground Observatory for Rare Events (CUORE), a multinational collaborative effort to627

detect lepton number violation through the 0⌫�� of 130Te. Approximately one-third of the insti-628

tutions in CUPID are U.S. universities and national laboratories involving faculty, students, and629

research scientists across the United States, with responsibilities in management, remote monitor-630

ing and operations, detector design and R&D, sensor testing, software development, and modeling631

detector performance.632

The baseline design for CUPID features an array of 1596 scintillating crystal bolometers and 1710633

light detectors, each instrumented with germanium neutron transmutation doped (NTD) sensors,634

and organized into 57 towers. While the current design is based on a full complement of Li2MoO4635

(LMO) crystals, one of the key scientific features of the detector design is the ability to flexibly636

incorporate multiple isotopes. The new detector will be installed in an upgraded cryostat at Gran637

Sasso National Laboratories (LNGS), taking advantage of the existing infrastructure and facilities638

developed for use in CUORE.639

CUPID builds on the success of the CUORE, CUPID-0, CUPID-Mo, and CROSS experiments,640

including years-long, stable operation of the CUORE detector at base temperatures on the order of641

10 mK. In addition to the current work on CUPID, a future, ton-scale version of the CUPID concept,642

Figure 8: Photos of some of the current generation of 0⌫�� experiments described in this report.
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• Fundamental Physics 
• Effective neutrino mass

• Theory input: Nuclear Matrix Element
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• Provided first estimate of gν
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• Changed the way many-body calculations of  are done

• Resulted in  increase of 
• Means experiments have more sensitivity to !

Mν

𝒪(40 − 90%) Mν
mββ

130Te 136Xe

M
ν

Belley et al, ’23;
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• Impact in a toy model 

• “1+1+1” scenario 

• Is the leading contribution for light  

• Systematic EFT description crucial 

νR

• Need to keep sterile neutrinos (  ) in the hadronic theory 

• Leads to new effects from  with small momenta  

• These  couple to the nucleus as a whole 

• This contribution was missed in the literature

νR

νR ∼ MeV

νR

Literature

This work

Lab 

Neutrinoless double beta decay 
Example: Light νR

136Ba136Xe

e e
νR

 sensitivity0νββ
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Fundamental Symmetries 
Future projects
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Lepton Number Violation and Sterile neutrinos 
Future work

Future work

• Combine  with other probes in the same EFT framework
• Colliders, reactor, oscillation experiments, astrophysical probes…

• Needed to assess viability of sterile-neutrino scenarios

0νββ

DUNE

CERN: SHiP, FASER

PROSPECT @ ORNL

COHERENT @ ORNL
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Overlap with the Nuclear Theory Group

Overlap with the Astrophysics & HEP Groups

Global Analysis of  interactions 
• Combine  with Colliders, reactor, oscillation 

experiments, astrophysical probes… 

νR
0νββ

∝ mq
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Lepton number &  
Sterile Neutrinos

 cross sections in reactor experiments 
Currently involve anomalies 

• Can be interpreted as light sterile neutrinos 

SM prediction using Chiral EFT framework 
• Interplay with “Precision Frontier” direction

ν

DUNE

PROSPECT @ ORNL

Gallium anomaly



Precision frontier 
• Cabibbo Angle Anomaly &  decays β

Fundamental Symmetries 
• Lepton number & Sterile Neutrinos Connecting nuclei to the cosmos 

• Dense matter & Neutron stars 

Effectively probing  
(Beyond) the SM physics

34
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The chief example in the class of known and hypo-
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neutrinos produced by nuclear interactions and de-
cays. Neutrinos are electrically neutral and extremely 
weakly interacting particles, so they are very difficult 
to study, but they can also be effective messengers 
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• Helped build the SM, probe  TeV BSM scales 

• Determine  very precisely  

• CKM unitarity test:  

O(10)

Vud δVud ∼ few × 10−4

Δ = |Vud |2 + |Vus |2 + |Vub |2 − 1 = 0

 decaysβ

Kℓ2/πℓ2

Kℓ3

0+
→

0+

n
→

pe
ν

Cirigliano, Crivellin, Moulson, Hoferichter ‘23

• Experimentally determined 

•  from neutron & nuclear  decays 

•  from Kaon/pion decays 

• Disagrees with unitarity by  

• Issue with SM predictions/uncertainties? 

• BSM physics? 

Vud β

Vus

∼ 3σ

(d, s, b)j

∼ Vij

W

(u, c, t)i

Unitarity test 
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Nuclear  decaysβ

Developed EFT framework for nuclear  decays 
From BSM scales to nuclear scales

β

•  accuracy requires corrections 

•  

•

10−4

𝒪(α mπ /mN)

𝒪(α me/mπ)
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Developed EFT framework  
for one & two nucleon effects

Chiral EFT 
  

100 MeV

pn

e
νe

N N

e
νe

pn

NN

e
νe

pn

NN

γ π

 &  two-nucleon terms 𝒪(αmπ /mN) 𝒪(αme/mπ)

p p
e

νe

pn

 two-nucleon terms 𝒪(α2Z )}
Nuclear-structure dependence, “ ” 

• Source of largest uncertainty 

• In EFT described by  

δNS

⟨ψi |V |ψi⟩
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Nuclear Matrix Elements

• All combined: 

• Compatible with traditional approach 

Half Life 
14O →14 N

Vud = 0.97364(12)gV
(10)exp(22)f̄(13)δnon−LEC

NS
(44)δLEC

NS
(12)δc

[55]total

Vud = 0.97405(37)total

40

Hardy & Towner, ‘20



• All combined: 

• Compatible with traditional approach 

• But larger uncertainty 

Vud = 0.97364(12)gV
(10)exp(22)f̄(13)δnon−LEC

NS
(44)δLEC

NS
(12)δc

[55]total

Vud = 0.97405(37)total
Hardy & Towner, ‘20

Nuclear Matrix Elements

Half Life 
14O →14 N

pn

e
νe

N N

e

νe

A(Z, N ) A(Z + 1,N − 1)
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Precision frontier 
Future projects
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Precision frontier 
Future work

• Nuclear  decays measured to  precision 

• Obtain same level of precision using EFT framework 

• Needed to unlock the full BSM reach of experiments 

β 𝒪(10−4)

Controlling theory uncertainties 

Radiative corrections in EFT

e
νe

pn

NN

γ pn

e
νe

N N

43

• Requires control of: 

• Unknown short-distance interactions 

• Missing  contributions 

• EFT allows for systematic improvements

O(α2Z )
e

νe

A(Z, N ) A(Z + 1,N − 1)

pn

e
νe

N N



 corrections 

• Compute two-loop diagrams 

O(α2Z)

∝ mq
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Uncertainties 
at the precision frontier

Short-distance couplings 
• Fit to measurements 
• Obtain from theory 

Isospin breaking effects 

Develop EFT framework for “ ” δC

pn

e
νe

N N

e

νe

A(Z, N ) A(Z + 1,N − 1) ⟨ψf |τ+ |ψi⟩ = 2(1 − δC /2)



 corrections 

• Compute two-loop diagrams 

O(α2Z)

∝ mq
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NTNP topical collaboration

 corrections 

• Compute two-loop diagrams 

O(α2Z)

∝ mq
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Uncertainties 
at the precision frontier

Short-distance couplings 
• Fit to measurements 
• Obtain from theory 

Isospin breaking effects 
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∝ mq
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Uncertainties 
at the precision frontier

Spin off: beyond  decays 

Generalize to decays of tritium 

• Help determine three-nucleon forces 

• Could be affected by radiative corrections 

• Interplay with “Connecting nuclei to the Cosmos” 

0+ → 0+



Funding strategies
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• Lead and/or participate in collaborative grant applications 
• DOE topical collaborations 
• NSF hubs 

• Explore  
• Departmental grants 
• RENEW / FAIR 

• Sources of funding in related fields 
• E.g. machine learning has applications to  

• BSM fits for sterile neutrinos 
• Effects of three-nucleon forces in Neutron Stars 

Funding strategies 

• Possible start-up funds 
• A student & postdoc 

• Apply for 
• DOE: Early Career Award, regular FOAs 
• NSF: CAREER program, regular FOAs  

Initially

Other sources of funding
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Mentoring 
  • Recent/current mentorship 

• Thomas Cepollina (undergraduate) 
• Maria Dawid (Graduate student) 
• Sebastián Urrutia Quiroga (Postdoc) 
• Heleen Mulder (Master student, Nikhef/Amsterdam) 

Sebastián  
Urrutia Quiroga

Maria Dawid

Heleen Mulder

• The INT’s Undergraduate Research Network 
• Provides research opportunities to undergraduates from diverse backgrounds 
• Aimed at ensuring they are able to stay in physics 

• Part of organization/selection committee 
• I currently mentor Thomas Cepollina (3rd-year student) on a research project 

• Act as a mentor in the Nuclear Physics Eastern Tennessee Fellowship 

• Outreach: High School Lecture Series 

At UTK 

https://www.int.washington.edu/index.php/inturn


• Addressed by research program with 3 pillars

• Sterile neutrinos & Lepton number
•  decays & the Cabibbo Angle
• Connecting Nuclei to Neutron Stars

Each has opportunities for collaboration with 
• UTK Nuclear Theory
• UTK Astrophysics & HEP
• NTNP 

β

• Exciting portfolio of (upcoming) experiments

• Will probe
• Beyond the SM physics to 
• Nuclear physics of dense matter

• Nuclear theory is needed to 
• Connect different measurements
• Unlock their full BSM reach

Summary 2023 Long Range Plan for N
uclear Science
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Figure 6.2. To illustrate some of the symmetries 
discussed in the text, consider a tetrahedron, which 
shows how an object and its mirror image can be 
distinct.We can also use this as a stand-in for a beta 
decay process, which has a three-body final state. 
For a parent of fixed spin (large black arrow), just one 
“handedness” is picked, owing to the special nature of 
the neutrino. In other processes, the breaking of parity 
symmetry can be very small [23]. 

Because of quantum mechanical fluctuations al-
lowed by Heisenberg’s uncertainty principle, these 
experiments are sensitive to mass scales well above 
the reach of high-energy colliders. A discovery in any 
of these searches would be paradigm-shifting. 

6.1.2. High-precision measurements of processes 
allowed in the Standard Model 
Processes allowed in the Standard Model include the 
beta decay of mesons, neutrons, and nuclei; electrons 
scattering on nucleons, nuclei, and electrons; and the 
magnetic properties of the muon. By observing quan-
tum fluctuations and other radiative effects, mea-
surements of these processes probe the existence 
of very heavy new particles—which have masses well 
beyond the reach of existing high-energy colliders—
and light, weakly interacting particles. Precision mea-
surements become powerful discovery tools when 
confronted with precise theoretical predictions. 

6.1.3. Exploration of the properties of known and 
hypothetical light, weakly interacting particles
The chief example in the class of known and hypo-
thetical light, weakly interacting particles are the 
neutrinos produced by nuclear interactions and de-
cays. Neutrinos are electrically neutral and extremely 
weakly interacting particles, so they are very difficult 
to study, but they can also be effective messengers 
of the processes that power the Sun and drive super-
nova explosions. However, basic properties—includ-
ing their masses and interaction strengths—remain 
uncertain. These experiments are critical for cement-
ing our understanding of the neutrino and providing 
techniques that allow us to search for other light, 
weakly interacting particles predicted by BSM physics. 

In summary, this portfolio of experiments and the 
theory required to interpret them are at the forefront 
of the quest for new physics. Great discoveries have 
been made, including the 2015 Nobel prize–winning 
discovery of neutrino oscillations using neutrinos 
produced in the Sun’s nuclear reactions. In the next 
decade, this portfolio is poised for many great dis-
coveries that tackle some of the universe’s greatest 
questions while advancing the technologies and fa-
cilities that push the boundaries of what is measurable.

6.2 QUESTIONS, FACILITIES, AND TECHNOLOGIES
A suite of sensitive experiments and theoretical in-
vestigations enables FSNN to shed light on some of 
the most profound questions in science:

• What is the origin of the matter–antimatter 
imbalance in the universe? 

• Are neutrinos their own antiparticles, and how do 
they acquire mass? 

• Are there more forces than the four we know 
about? 

• Are there undiscovered light, weakly interacting 
particles? 

Although the Standard Model of particles and forces 
in nature is extremely good at describing the universe 
we see, it provides no answers to these questions. 
Only through experiments and related theory can we 
hope to address them and discover the BSM phys-
ics that can help answer them. Figure 6.3 illustrates 
these questions and the corresponding experimental 
programs that address and connects them.

Figure 6.3. The scientific questions addressed by 
FSNN and the experimental programs that connect 
them [24].

There is a great opportunity in the coming years to 
address these questions. At present, the highest 
priority effort is the search for the Standard-Mod-
el–forbidden process of neutrinoless double beta 
decay, which violates lepton number—the number of 
leptons (neutrinos, electrons, muons, taus) in the re-

Finding new physics using nuclei
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