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Science Questions
Why is the universe 

composed of  matter? 
(and not anti-matter)

Does dark matter 
interact with matter? 

(beyond gravitationally)

What are the properties 
of  dense nuclear matter?

What are the properties 
of  the proton?

neutron lifetime EIC
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Of  course, we will not use LQCD to directly compute most of  these processes 

In each case, there are key pieces of  information that are challenging or impossible to 
determine from experimental information alone - and which we can address with 
LQCD 

Success requires a coordinated effort between 
Lattice QCD 
Effective Field Theory (EFT)  
Theories of  many body nuclear physics  

Allowing for the propagation of  a quantitative theoretical uncertainty, rooted in the 
Standard Model, into theories of  nuclear physics 
eg. Drischler et al, PPNP 121 (2021) 103888 [1910.07961] 
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Lattice QCD

Determine 2, 3, 4 body forces directly from QCD
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Multi-messenger era and neutron-star mergers 
The ability to measure neutron star mergers has brought to reality the 
possibilities of  constraining the nuclear equation of  state with much  
better precision than previously possible 

It is difficult to make models with hyperons that can support the heavy 
~2M neutron stars 

It is difficult to imagine that hyperons are irrelevant in the core of   
neutron stars (based upon the anticipated energy/density) 

The three-neutron interaction plays an important role in stabilizing  
neutron stars - but it is challenging to constrain 

Hyperon-Nucleon (YN) interactions are challenging to measure (since  
hyperons decay rapidly) 

If  hyperons exist in neutron stars - it is probable that YNN interactions are  
also important 

The NNN and YN and YNN are interactions in principle we can determine with Lattice QCD
4
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LQCD allows us to compute Euclidean space, 
finite volume,  correlation functions 
 
Non-trivial numerical analysis (and sometimes 
formalism) to extract spectrum, matrix 
elements, form factors, …

NOTE:
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What does it mean to have a LQCD result?
continuum limit 
need 3 or more  
lattice spacings

infinite volume limit

physical pion masses 
exponentially bad  

signal-to-noise problem

tcomp / V 5/4
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LQCD: 2 point functions
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LQCD: 2 point functions 0tsep
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but… signal-to-noise - can not simply “wait till long time” to get ground state (g.s.)

LQCD: 2 point functions 0tsep
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Selective Highlights

The nucleon axial coupling gA 

The nucleon axial form factor 

𝜋→𝜋 from short-distance 4-quark/2-electron operators: 0𝜈ββ 

BBN vs Isospin breaking
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O(tO)
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“SQ(t,0) = Quark Propagator” Solve the Quark Propagators with 
Conjugate Gradient Matrix Multiplication

GPUs are what allow us to do the calculations very efficiently

Simulating the 
decay of the 
neutron

[D +M ]y,z Sz,x = �y,x
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Known Matrix, Sparse, Large : 
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Neutron lifetime puzzle: 
There is currently a 4-sigma discrepancy 
between the beam and bottle 
measurements of  the neutron lifetime 
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Nature 558 (2018) no.7708, 91-94 [arXiv:1805.12130]

experiment factor of 6 more precisegUCNA
A = 1.2772(020)
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A per-cent-level determination of the nucleon axial 
coupling from quantum chromodynamics
C. C. Chang1,2, A. N. Nicholson1,3,4, E. Rinaldi1,5,6, E. Berkowitz6,7, N. Garron8, D. A. Brantley1,6,9, H. Monge-Camacho1,9,  
C. J. Monahan10,11, C. Bouchard9,12, M. A. Clark13, B. Joó14, T. Kurth1,15, K. Orginos9,16, P. Vranas1,6 & A. Walker-Loud1,6*

The axial coupling of the nucleon, gA, is the strength of its coupling 
to the weak axial current of the standard model of particle physics, 
in much the same way as the electric charge is the strength of the 
coupling to the electromagnetic current. This axial coupling dictates 
the rate at which neutrons decay to protons, the strength of the 
attractive long-range force between nucleons and other features of 
nuclear physics. Precision tests of the standard model in nuclear 
environments require a quantitative understanding of  nuclear 
physics that is rooted in quantum chromodynamics, a pillar of 
the standard model. The importance of gA makes it a benchmark 
quantity to determine theoretically—a difficult task because 
quantum chromodynamics is non-perturbative, precluding known 
analytical methods. Lattice quantum chromodynamics provides a 
rigorous, non-perturbative definition of quantum chromodynamics 
that can be implemented numerically. It has been estimated that a 
precision of two per cent would be possible by 2020 if two challenges 
are overcome1,2: contamination of gA from excited states must be 
controlled in the calculations and statistical precision must be 
improved markedly2–10. Here we use an unconventional method11 
inspired by the Feynman–Hellmann theorem that overcomes these 
challenges. We calculate a gA value of 1.271 ± 0.013, which has a 
precision of about one per cent.

To demonstrate the efficacy of lattice quantum chromodynamics 
(LQCD) for nuclear physics research, one must begin by demonstrating 
control over the simplest quantities, such as gA. In addition to those 
mentioned above, there are a number of challenges in using LQCD to 
compute properties of nucleons and nuclei. The first challenge arises 
from the non-perturbative features of quantum chromodynamics 

(QCD) itself. QCD describes the interactions between quarks  
and gluons, the basic constituents of nucleons, through the Lagrangian 
density Ψ̄ Ψ=− / +∑ +L G g D m(4 ) ( )q q q qQCD

2    , where the quark fields, 
Ψq, come in flavours q = {u, d, s, ...} with masses mq = {mu, md, ms, …}. 
G2 describes the nonlinear gluon self-interactions and D includes the 
quark–gluon interactions, both with a strength determined by the  
coupling, g. Most of nuclear physics depends on only three or four input 
parameters from QCD: g, the light-quark masses, mu and md, and in 
some cases the strange-quark mass, ms. Once these parameters are 
fixed, and electroweak corrections are added, all of nuclear physics—
from the kiloelectronvolt energy levels in nuclei to the energy densities 
of the neutron star equation of state (a few hundred megaelectronvolts 
per cubic fermi (fm), where 1 fm = 10−15 m)—can in principle be 
predicted from QCD.

At short distances (high energies), such as those explored by the 
Large Hadron Collider at CERN, QCD has been rigorously tested, 
because in this energy regime g ≪ 1 and perturbative methods are 
applicable. At long distances of approximately 1 fm (low energies), 
which are characteristic of nuclear physics, g is large and perturbation 
theory fails to converge. Consequently, quarks and gluons are confined 
in protons, neutrons and other hadrons observed experimentally. 
Fortunately, non-perturbative calculations can be carried out in the 
strong-coupling regime using LQCD, the only first-principles approach 
known to control all sources of systematic uncertainty.

LQCD is the formulation of QCD on a finite four-dimensional space-
time lattice, following the Feynman path-integral description. Monte 
Carlo methods are used to sample the resulting high-dimensional inte-
grals stochastically. The values of the lattice spacing, a, and finite size, 
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Fig. 1 | Feynman diagrams of gA. The decay of a neutron to a proton 
occurs when one of the down quarks (d) in the neutron is converted to 
an up quark (u) via the vector and axial components of the weak current. 
Not depicted in these figures are the infinite set of diagrams describing 
the coupling of gluons to the quarks and of gluons to gluons and the 
dynamical production and annihilation of quark–anti-quark pairs. 
Because of this infinite set of graphs, the use of a computational approach 

to QCD is required. The time, t, refers to calculational details discussed in 
the text. a, The standard method of computing gA relies on three different 
times, the creation time, t = 0, the current insertion time, tins, and the 
separation time, tsep. Controlling the excited state systematics requires 
varying both tins and tsep. b, Our Feynman–Hellmann method11 sums 
over all possible interaction times (tins) of the external weak axial current, 
leading to an exponential enhancement of the signal.
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The axial coupling of the nucleon, gA, is the strength of its coupling 
to the weak axial current of the standard model of particle physics, 
in much the same way as the electric charge is the strength of the 
coupling to the electromagnetic current. This axial coupling dictates 
the rate at which neutrons decay to protons, the strength of the 
attractive long-range force between nucleons and other features of 
nuclear physics. Precision tests of the standard model in nuclear 
environments require a quantitative understanding of  nuclear 
physics that is rooted in quantum chromodynamics, a pillar of 
the standard model. The importance of gA makes it a benchmark 
quantity to determine theoretically—a difficult task because 
quantum chromodynamics is non-perturbative, precluding known 
analytical methods. Lattice quantum chromodynamics provides a 
rigorous, non-perturbative definition of quantum chromodynamics 
that can be implemented numerically. It has been estimated that a 
precision of two per cent would be possible by 2020 if two challenges 
are overcome1,2: contamination of gA from excited states must be 
controlled in the calculations and statistical precision must be 
improved markedly2–10. Here we use an unconventional method11 
inspired by the Feynman–Hellmann theorem that overcomes these 
challenges. We calculate a gA value of 1.271 ± 0.013, which has a 
precision of about one per cent.

To demonstrate the efficacy of lattice quantum chromodynamics 
(LQCD) for nuclear physics research, one must begin by demonstrating 
control over the simplest quantities, such as gA. In addition to those 
mentioned above, there are a number of challenges in using LQCD to 
compute properties of nucleons and nuclei. The first challenge arises 
from the non-perturbative features of quantum chromodynamics 

(QCD) itself. QCD describes the interactions between quarks  
and gluons, the basic constituents of nucleons, through the Lagrangian 
density Ψ̄ Ψ=− / +∑ +L G g D m(4 ) ( )q q q qQCD

2    , where the quark fields, 
Ψq, come in flavours q = {u, d, s, ...} with masses mq = {mu, md, ms, …}. 
G2 describes the nonlinear gluon self-interactions and D includes the 
quark–gluon interactions, both with a strength determined by the  
coupling, g. Most of nuclear physics depends on only three or four input 
parameters from QCD: g, the light-quark masses, mu and md, and in 
some cases the strange-quark mass, ms. Once these parameters are 
fixed, and electroweak corrections are added, all of nuclear physics—
from the kiloelectronvolt energy levels in nuclei to the energy densities 
of the neutron star equation of state (a few hundred megaelectronvolts 
per cubic fermi (fm), where 1 fm = 10−15 m)—can in principle be 
predicted from QCD.

At short distances (high energies), such as those explored by the 
Large Hadron Collider at CERN, QCD has been rigorously tested, 
because in this energy regime g ≪ 1 and perturbative methods are 
applicable. At long distances of approximately 1 fm (low energies), 
which are characteristic of nuclear physics, g is large and perturbation 
theory fails to converge. Consequently, quarks and gluons are confined 
in protons, neutrons and other hadrons observed experimentally. 
Fortunately, non-perturbative calculations can be carried out in the 
strong-coupling regime using LQCD, the only first-principles approach 
known to control all sources of systematic uncertainty.

LQCD is the formulation of QCD on a finite four-dimensional space-
time lattice, following the Feynman path-integral description. Monte 
Carlo methods are used to sample the resulting high-dimensional inte-
grals stochastically. The values of the lattice spacing, a, and finite size, 
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Fig. 1 | Feynman diagrams of gA. The decay of a neutron to a proton 
occurs when one of the down quarks (d) in the neutron is converted to 
an up quark (u) via the vector and axial components of the weak current. 
Not depicted in these figures are the infinite set of diagrams describing 
the coupling of gluons to the quarks and of gluons to gluons and the 
dynamical production and annihilation of quark–anti-quark pairs. 
Because of this infinite set of graphs, the use of a computational approach 

to QCD is required. The time, t, refers to calculational details discussed in 
the text. a, The standard method of computing gA relies on three different 
times, the creation time, t = 0, the current insertion time, tins, and the 
separation time, tsep. Controlling the excited state systematics requires 
varying both tins and tsep. b, Our Feynman–Hellmann method11 sums 
over all possible interaction times (tins) of the external weak axial current, 
leading to an exponential enhancement of the signal.
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The success of this result required: 
- A novel approach 
- Access to publicly available configurations (MILC) 
- Ludicrously fast GPU code (Kate Clark of NVIDIA) 
- Access to Leadership Class Computing (INCITE)
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The axial coupling of the nucleon, gA, is the strength of its coupling 
to the weak axial current of the standard model of particle physics, 
in much the same way as the electric charge is the strength of the 
coupling to the electromagnetic current. This axial coupling dictates 
the rate at which neutrons decay to protons, the strength of the 
attractive long-range force between nucleons and other features of 
nuclear physics. Precision tests of the standard model in nuclear 
environments require a quantitative understanding of  nuclear 
physics that is rooted in quantum chromodynamics, a pillar of 
the standard model. The importance of gA makes it a benchmark 
quantity to determine theoretically—a difficult task because 
quantum chromodynamics is non-perturbative, precluding known 
analytical methods. Lattice quantum chromodynamics provides a 
rigorous, non-perturbative definition of quantum chromodynamics 
that can be implemented numerically. It has been estimated that a 
precision of two per cent would be possible by 2020 if two challenges 
are overcome1,2: contamination of gA from excited states must be 
controlled in the calculations and statistical precision must be 
improved markedly2–10. Here we use an unconventional method11 
inspired by the Feynman–Hellmann theorem that overcomes these 
challenges. We calculate a gA value of 1.271 ± 0.013, which has a 
precision of about one per cent.

To demonstrate the efficacy of lattice quantum chromodynamics 
(LQCD) for nuclear physics research, one must begin by demonstrating 
control over the simplest quantities, such as gA. In addition to those 
mentioned above, there are a number of challenges in using LQCD to 
compute properties of nucleons and nuclei. The first challenge arises 
from the non-perturbative features of quantum chromodynamics 

(QCD) itself. QCD describes the interactions between quarks  
and gluons, the basic constituents of nucleons, through the Lagrangian 
density Ψ̄ Ψ=− / +∑ +L G g D m(4 ) ( )q q q qQCD

2    , where the quark fields, 
Ψq, come in flavours q = {u, d, s, ...} with masses mq = {mu, md, ms, …}. 
G2 describes the nonlinear gluon self-interactions and D includes the 
quark–gluon interactions, both with a strength determined by the  
coupling, g. Most of nuclear physics depends on only three or four input 
parameters from QCD: g, the light-quark masses, mu and md, and in 
some cases the strange-quark mass, ms. Once these parameters are 
fixed, and electroweak corrections are added, all of nuclear physics—
from the kiloelectronvolt energy levels in nuclei to the energy densities 
of the neutron star equation of state (a few hundred megaelectronvolts 
per cubic fermi (fm), where 1 fm = 10−15 m)—can in principle be 
predicted from QCD.

At short distances (high energies), such as those explored by the 
Large Hadron Collider at CERN, QCD has been rigorously tested, 
because in this energy regime g ≪ 1 and perturbative methods are 
applicable. At long distances of approximately 1 fm (low energies), 
which are characteristic of nuclear physics, g is large and perturbation 
theory fails to converge. Consequently, quarks and gluons are confined 
in protons, neutrons and other hadrons observed experimentally. 
Fortunately, non-perturbative calculations can be carried out in the 
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Fig. 1 | Feynman diagrams of gA. The decay of a neutron to a proton 
occurs when one of the down quarks (d) in the neutron is converted to 
an up quark (u) via the vector and axial components of the weak current. 
Not depicted in these figures are the infinite set of diagrams describing 
the coupling of gluons to the quarks and of gluons to gluons and the 
dynamical production and annihilation of quark–anti-quark pairs. 
Because of this infinite set of graphs, the use of a computational approach 

to QCD is required. The time, t, refers to calculational details discussed in 
the text. a, The standard method of computing gA relies on three different 
times, the creation time, t = 0, the current insertion time, tins, and the 
separation time, tsep. Controlling the excited state systematics requires 
varying both tins and tsep. b, Our Feynman–Hellmann method11 sums 
over all possible interaction times (tins) of the external weak axial current, 
leading to an exponential enhancement of the signal.
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The a12m130 (483 x 64 x 20) with 3 sources cost as much as all other ensembles combined
2.5 weekends on Sierra → 16 srcs
Now, 32 srcs (un-constrained, 3-state fit)

We generated a new a15m135XL (483 x 64) ensemble (old a15m130 is 323 x 48)
M𝜋L = 4.93  (old M𝜋L = 3.2)
L5 = 24, Nsrc = 16

We are running gA(Q2) on Summit this year (DOE INCITE)
We anticipate improving gA to ~0.5%

PRELIMINARY

0.00 0.05 0.10 0.15 0.20 0.25 0.30
≤º = mº/(4ºFº)

1.10

1.15

1.20

1.25

1.30

1.35

g A

model average gLQCD
A (≤º , a = 0)

gPDG
A = 1.2723(23)

gA(≤º , a ' 0.15 fm)
gA(≤º , a ' 0.12 fm)
gA(≤º , a ' 0.09 fm)

a ' 0.15 fm
a ' 0.12 fm
a ' 0.09 fm

Nature 558 (2018) no. 7708, 91-94 
Chang et al. [arXiv:1805.12130] Sierra Early Science

1 year on Titan (ORNL) + 2 years 
on GPU machines at LLNL

gA = 1.2711(125) → 1.2641(93)  [0.74%]

0.00 0.05 0.10 0.15 0.20 0.25 0.30
≤º = mº/(4ºFº)

1.10

1.15

1.20

1.25

1.30

1.35

g A

model average
gLQCD
A (≤º, a = 0)

gPDG
A = 1.2723(23)

gA(≤º, a ' 0.15 fm)

gA(≤º, a ' 0.12 fm)

gA(≤º, a ' 0.09 fm)

a ' 0.15 fm

a ' 0.12 fm

a ' 0.09 fm

12



13

Nucleon Axial Form Factor

DUNE and Hyper-K science goals reliant upon accurate and precise modeling of  𝜈-A 
cross sections 

The 50-year old pion-production model that is currently used in event generators 
was described by its authors as naive and obviously wrong in its simplicity [FKR] 
No experimental path forward to improve these basic 𝜈N reactions 

With Lattice QCD, we can pin down certain contributions to the cross section to 
minimize the modeling uncertainty 

𝜈n→lp, 𝜈N→lΔ, 𝜈N→lN𝜋, 𝜈NN→𝜈NN, …
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Nucleon Axial Form Factor
Current lattice QCD results show significant tension for even the simplest quasi-elastic form 
factor - A. Meyer, A. Walker-Loud, C. Wilkinson, Ann. Rev. Nucl. Part. Sci. 72 (2022)
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Within a couple years, lattice QCD will deliver “final” FA results
We are not expecting any surprise systematics that will change this picture
Frontier is the delta-resonance and pion-production amplitudes
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Neutrinoless Double Beta-Decay
long-range contribution 

(standard picture)
gA

gA

Long Range: lattice QCD can help understand “quenching” of gA in a nucleus - 
although - see Gysbers et al. Nature Phys (2019) [1903.00047] 

Short Range: lattice QCD is the ONLY theoretical tool we have to understand 
these contributions with quantified uncertainties 

Lattice QCD: compute 2-nucleon matrix elements to determine unknown 
couplings/transition rates 
Many Body Nuclear Effective Theory: take lattice QCD results as input and 
compute transition rate in nucleus (Haxton, others)
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short-range contribution 
possibly equally/more important
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Neutrinoless Double Beta-Decay
long-range contribution 

(standard picture)
gA

gA

gA~

short-range contribution 
possibly equally/more important

~1/MR

d u

d u

e−

e−

gA~

Short Range Contribution
Need to know value of 4-quark matrix element in 
two-nucleon systems: LQCD is the only tool we 
have as we are not able to measure 0νββ in few-
nucleon systems - so need fundamental theory 
calculation



~
~

Neutrinoless Double Beta-Decay
Short-range contribution: probe for heavy physics
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and the left-right symmetric model and compare them to each other. We summarize our

conclusions in Section V.

II. EFFECTIVE 0νββ-DECAY OPERATORS

The classification of the operators in L0νββ
EFF relies on two elements:

1. The use of symmetry to relate effective lepton-hadron 0νββ-decay operators to those

involving quarks and leptons. The relevant symmetries are parity and chiral SU(2).

Indeed, because the lepton-hadron effective operators are generated from the quark-

lepton operators through strong interactions, they should retain the same parity and

chiral structure.

2. The organization of these effective lepton-hadron operators in an expansion in powers

of a small momentum p.

To organize the non-standard model (NSM) operators in powers of p, consider first the

long range π-exchange contributions to 0νββ-decay of Figs. 2a,b, and c. The fact that pions

are Goldstone bosons allows us to use chiral perturbation theory [26, 27] to classify the NSM

hadronic operators in terms of a p/ΛH expansion, with ΛH = 4πfπ ∼ 1 GeV and p ∼ mπ

where fπ " 92.4 MeV is the pion decay constant. The leading order (LO) quark operators

should therefore induce effective hadronic operators that do not involve derivatives of the

pion fields or pion mass insertions2, the next-to-leading order (NLO) operators would involve

a single derivative of the pion field, the next-to-next-to-leading order (NNLO) would involve

FIG. 2: Diagrams that contribute to 0νββ at tree level. The exchange diagrams are not included.
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Colleagues (Ken, Wick, others) 
can take this potential and 
compute the nuclear decay rate



Primordial Abundance of Light Nuclei & Fine Tunings

t ⇠ 1 sec t ⇠ 3 min
T ⇠ 1 MeV T ⇠ 0.1 MeV

e�
⌫̄e

t ⇠ 15min
T ⇠ 0.1� MeV
t ⇠ 3+ min

T ⇠ 0.01 MeV

Alpher, Gamow;  Fermi, Turkevich; Hayashi;  Alpher; Peebles; Hoyle, Tayler; Wagoner, Fowler, Hoyle; 
Kawano; Olive; ...

Light Ion reactions in early universe produce primordial abundances of light nuclei
reactions dominated by radiation
absence of bound A=5,8 nuclei limit synthesis (no 12C)
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Primordial Universe 
(Mass Fraction)

~75% H
~25% 4He

� ⌘ XN

X�

CMB

� = 6.19(15)⇥ 10�10

Primordial Abundance of Light Nuclei & Fine Tunings
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t ⇠ 15min
T ⇠ 0.1� MeV
t ⇠ 3+ min

Bd ⌧n

T ⇠ 0.01 MeV

Initial conditions
deuterium 
binding energy

neutron 
lifetime

Xn

Xp
= e�

Mn�Mp
T

Primordial Abundance of Light Nuclei & Fine Tunings
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t ⇠ 1 sec t ⇠ 3 min
T ⇠ 1 MeV T ⇠ 0.1 MeV

e�
⌫̄e

t ⇠ 15min
T ⇠ 0.1� MeV
t ⇠ 3+ min

⌧n

T ⇠ 0.01 MeV

Initial conditions
neutron 
lifetime

Xn

Xp
= e�

Mn�Mp
T

focus on leading 
isospin breaking

Primordial Abundance of Light Nuclei & Fine Tunings
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Big Bang Nucleosynthesis and Mn �Mp

initial conditions for ratio of neutron to protons exponentially 
sensitive to mass splitting

neutron lifetime very sensitive to mass splitting

f(a) ' 1

15

�
2a4 � 9a2 � 8

�p
a2 � 1 + a ln

⇣
a+

p
a2 � 1

⌘

Griffiths “Introduction to Elementary Particles”

Xn

Xp
= e�

Mn�Mp
T

10% change in                 corresponds to ~100% change 
neutron lifetime

Mn �Mp

1

⇤n
=

(GF cos�C)2

2⇥3
m5

e(1 + 3g2A) f

✓
Mn �Mp

me

◆

26



Big Bang Nucleosynthesis and Mn �Mp

Mn �Mp = �M�
n�p + �Mmd�mu

n�p

two sources of isospin breaking in the Standard Model

mq = m̂1� �⇥3 Q =
1

6
1+

1

2
�3

quark mass quark electric charge

at leading order in isospin breaking

< 0 > 0

Mn �Mp = 1.29333217(42) MeV
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Big Bang Nucleosynthesis and Mn �Mp

PRELIMINARY

(lattice average)

Mn �Mp = ⇥M�
n�p + ⇥Mmd�mu

n�p

= �178(04)(64) MeV⇥ �f.s. + 1.08(6)(9)⇥ (md �mu)

Big Bang Nucleosynthesis (BBN) highly constrains variation of
                 and hence variation of fundamental constants

Observe gas clouds with low metalicity (very few heavy elements). 
Assume these are representative of  nuclear abundances shortly after the 
Big Bang (for some quantities, extrapolations are required) 
Run BBN code, changing input parameters connected to QCD, and 
compare predicted abundances to observed

Mn �Mp

28
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4
He : Yp = 0.2449± 0.0040
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D
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p

= (2.53± 0.04)⇥ 10
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Big Bang Nucleosynthesis and mn �mp
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Heffernan, Banerjee and 
AWL - 1706.04991

�Mn�p = �M�
n�p + �M�

n�p = 2.39
�

�phys
� 1.10

↵f.s.

↵phys
f.s.

MeV

Comparing the variation 
of 4He to the observed 
abundance 
4He tracks almost 
perfectly the nucleon 
mass splitting
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Big Bang Nucleosynthesis and mn �mp
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�Mn�p = �M�
n�p + �M�

n�p = 2.39
�

�phys
� 1.10

↵f.s.

↵phys
f.s.

MeV

Comparing the variation 
of Deuterium to the 
observed abundance 

electromagnetic effects 
in fusion cross sections 
are important, such that 
lines on constant D do 
not line up with Mn-Mp

Heffernan, Banerjee and 
AWL - 1706.04991
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Big Bang Nucleosynthesis and mn �mp

31

�Mn�p = �M�
n�p + �M�

n�p = 2.39
�

�phys
� 1.10

↵f.s.

↵phys
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MeV

The combined variation 
of D, 3He and 4He 
restrict possible 
primordial variations of 
isospin breaking to less 
than 2% at the 95% 
confidence level 

This places tight 
constraints on possible 
extensions of the 
Standard Model

Heffernan, Banerjee and 
AWL - 1706.04991
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Big Bang Nucleosynthesis and mn �mp
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For fun - we can 
see what the 4He 
density would be 
for larger 
variations

Heffernan, Banerjee and 
AWL - 1706.04991
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Outlook
We are now in the era in which lattice QCD is delivering precise single-nucleon quantities relevant to the 
nuclear physics program 

nucleon charges (axial, scalar, tensor) 

In the next few years, we will see more dynamic quantities pinned down 

form factors 

radiative QED corrections to beta-decay 

The frontier for lattice QCD is moving towards the two-hadron processes 

pi-N scattering, N→N𝜋 transition matrix elements, NN matrix elements, YN, (NNN) interactions, … 

These two-hadron quantities (and notoriously two-nucleon) suffer from more extreme systematic 
challenges 

The last couple years have seen the application of  more sophisticated methods known to work for 
𝜋𝜋-scattering, to the NN problem: most likely, nearly all previous NN calculations (and their matrix 
elements) are unquantifiable wrong



Thank You


