
Electroweak

Two Nucleon Matrix Elements

1

University of North Carolina, Chapel Hill


Nuclear Theory

New Physics

NP

Joseph Moscoso 


Joseph Moscoso


Advisor: Amy Nicholson




Joseph Moscoso 
 2

Quantitative predictions for electroweak interactions of hadronic system 
described by Standard Model (SM)

Introduction
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Quantitative predictions for electroweak interactions of hadronic system 
described by Standard Model (SM)

V Low-energy quantitative predictions   LQCD

Introduction

V

1 + J → 1

νβ Beta decay
n → pev

Precision Experiments Reveal  New Physics 




Joseph Moscoso 
 5

Quantitative predictions for electroweak interactions of hadronic system 
described by Standard Model (SM)

V Low-energy quantitative predictions   LQCD

Introduction

V

2νββ

2 + J + J → 2

0νββ Lepton Number Violation 

Rare Nuclear Decay nn → ppeevv

nn → ppee

Precision Experiments Reveal  New Physics 
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Quantitative predictions for electroweak interactions of hadronic system 
described by Standard Model (SM)

V Low-energy quantitative predictions   LQCD

Introduction

V

1 + J → 2

Resonance Production
νN → Δ → Nπ

Precision Experiments Reveal  New Physics 
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Standard Model       Not Completesuccessful

Low-Energy Precision Experiments Reveal  New Physics  
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Nuclear Physics
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Quest:  state-of-the-art predictions with quantified uncertainties 

Methods:  Effective Field Theory, Lattice QCD 
Focus:  Electroweak Currents of Two Hadron Systems

Form Factors from Finite Volume

Scalar, vector, …

Calculations of NN systems

Finite Volume 


E0

E1

E2

E3

2 + J → 2
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Formalism to map FV to Physical Amplitudes

  Amplitudes2 + J → 2

[Baroni, Briceño, Hansen, Ortega-Gama (2018)]
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Lattice Calculations

mumd
ms

gstronk

Finite, Euclidean Spacetime

Numerical Low-Energy Observables 

FV L → ∞
a → 0

mπ → 139MeV
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Lattice Calculation
Numerical Low-Energy Observables 

FV Energies

correlation function

t → ∞

CL(t) = ⟨O(t)O†(0)⟩

CL(t) = ∑
n

ZnZ†
ne−Ent

∑
n

|n⟩⟨n |

e−E0t

[Bulava (2024)]
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Finite Volume

Physical Observables Lüscher Formalism

det
lm [ℳ(s) + F−1(P, L) ] = 0

[Lüscher (1986)]
[Rummukainen and Gottlieb (1995)]
[Kim, Sachrajda, and. Sharpe (2005)]
[Leskovec and Prelovsek (2012)]
[Briceño and Davoudi (2012), (2013)]
[Briceño (2014)]

+O(e−mπL)

Numerical Low-Energy Observables 

FV Energies

ℳ(s) ∼ (p cot δ(s) − iρ(s))−1

Encodes FV effects 

p cot δ(s) = −
1
a

+
1
2

rp2 ERE

q* cot δ

q*
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NN System
Benchmark System in Nuclear Physics

        Challenge in LQCD

        NN at SU(3) Symmetric Point

[Hörz (2021)]

      Precise NN spectrum

mπ ∼ 714 MeV

Deuteron
Bd = 2.2 MeV

mu = md = ms



Joseph Moscoso 
 14

Formalism to map FV to Physical Amplitudes

  Amplitudes2 + J → 2

[Baroni, Briceño, Hansen, Ortega-Gama (2018)]

 Needs testing
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Formalism  developed   

2 Hadron Form Factors 

FV State Correction

|E, P⟩∞ = |E, P⟩L

Transition Amplitude

Test on a Low energy EFT

⟨E, P′￼|J |E, P⟩∞

Joseph Moscoso 


3 pt function
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Nuclear EFT
  Energies <<   (same condition as Lüscher)mπ

Tunable  g       

Test interactions with deep or shallow bound states

+ . . . + . . .+

Low energy Nuclear EFT

2 point-like non-relativistic nucleons 

interacting with contact interaction

Deuteron
Bd = 2.2 MeV
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Low energy Nuclear EFT

2 point-like non-relativistic nucleons 

interacting with contact interaction

FV Spectrum

Discretize   LEFT
Transfer matrix

Eigenvalues ~ L6

FV Spectrum

Tunable    L, g, M, P

[Nicholson (2016)]
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Non-Relativistic Lüscher  (s-wave)

E*NR
det
lm [ℳ(s) + F−1(P, L) ] = 0

p cot δ = −
1
a

+
1
2

rk2p cot δ +
2

πL ∑
n

1

( p*L
2π ) − n2

PRELIMINARY

Low energy Nuclear EFT

2 point-like non-relativistic nucleons 

interacting with contact interaction

Discretize   LEFT

FV Spectrum
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Matrix Elements
  Matrix Elements 

vector (EM) current

2 + Jμ → 2

Non-relativistic version of Formalism


PRELIMINARY

Q2 = (Pf − Pi)2

Pi PfFV Spectrum

Pi = [0,0,0]
L = 12a

0

c = bound
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Quantitative predictions for electroweak interactions of hadronic system require 
advancements in LQCD calculations and FV Formalisms

NN systems must resolve energy spectrum before reliable form factors 

Testing of FV Formalism with Low-energy LEFT
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2 + Jμ → 2


