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FIG. 4. The left panel shows the quantity R
+
3S1,1S0

(t) used to extract the pp ! d bare transition matrix

element from the constant fit to its late-time region [16]. The right panel is a plot of quantity R
+
3S1,1S0

(t) used
to estimate the magnitude of excited-state contamination to the extraction of pp ! d bare matrix element,
see Sec. III B 2. Blue circles and orange diamonds denote results determined using SP and SS correlation
functions, respectively. The horizontal bands show constant correlated SP-SS fits to the late-time behavior
of the quantities.

transition matrix element and is shown in the right panel of Fig. 4. The late-time behavior of
this quantity returns a very small value indicating that the Nc scaling is borne out, recalling from
Sec. III B 2 that this quantity vanishes as 1/N4

c in the SU(4) Wigner-symmetry limit. With this
supporting evidence, it is reasonable to conclude that the contaminating term c� in Eq. (20) is
O(1/N4

c ) ⇠ O(1%) of the dominant term.
Fits to both the mass di↵erence, �, and to the bare pp ! d matrix element on each boot-

strap ensemble allow for the deuteron pole term to be determined and subtracted (in all cases,
the statistically-cleaner SP results are used for the fits shown below). The results obtained for
Rnn!pp(t) and R̂nn!pp(t) are shown in Fig. 5 for both the SS and SP source–sink combinations.
Comparing Fig. 5(b) with Fig. 5(a) (note the di↵erent scales), it is clear that the subtracted long-
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FIG. 5. The (a) ratio Rnn!pp(t) and (b) subtracted ratio R(sub)
nn!pp(t) that are constructed from the SP and

SS correlation functions, as given in Eq. (31) and Eq. (33) respectively. Blue circles and orange diamonds
denote results determined using SP and SS correlation functions, respectively. The horizontal bands show
constant correlated SP-SS fits to the late-time behavior of the quantities.
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FIG. 6. (a) The combination R(lin)
nn!pp(t) corresponding at late times to the unrenormalized short-distance

contribution to the matrix element as shown in Eq. (32) and Eq. (33). (b) R(full)
nn!pp(t), the sum of the

long-distance and short-distance contributions to the matrix element. In both panels, the orange diamonds
and blue circles correspond to the SS and SP results, respectively. The horizontal bands denote fits to the
SP results at late times, used to extract the final values of the matrix elements. NORMALISE by g2
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alter the results herein. In the future it will be important to investigate these limitations of the
current work. DISCUSS FURTHER

V. SECOND-ORDER WEAK PROCESSES IN PIONLESS EFT

In this section, the results of the LQCD calculations are matched to EFT(⇡/), and explicitly
used to determine the coe�cient of a short-distance two-nucleon, second-order weak field operator
in the dibaryon formalism. In principle, with this contribution constrained, EFT(⇡/) can be used to
calculate ��-decay rates of light nuclei at this pion mass. EFT(⇡/) [19, 49–53] is a natural approach
to use at this heavy pion mass as the momenta involved in a 2⌫�� decay are small compared
with the start of the nucleon-nucleon t-channel cut when isospin breaking and electromagnetic are
included (in the current, isospin-symmetric numerical work, the transition is below threshold for
massive leptons). At lighter pion masses, including the physical point, and for 0⌫�� decay, pionfull
EFTs will be required [54].

A. Review of pionless EFT in the dibaryon approach

At momenta well below the pion mass, |p| ⌧ m⇡, the strong interactions of two-nucleon systems,
as well as their interactions with external currents, can be systematically studied in the framework
of EFT(⇡/) [19, 50, 52, 53]. As s-wave interactions in the two-nucleon sector drive the system
towards an infrared fixed point, they require summation to all orders and generate anomalously
large two-nucleon scattering lengths. However, interactions in higher partial waves can be included
perturbatively. In the dibaryon formulation of the EFT [53, 55], this resummation fully dresses the
s-wave dibaryon propagators. In terms of the nucleon field, N , and the isosinglet, ti, and isotriplet,
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Constraining nuclear matrix elements from 
lattice QCD for beyond the Standard-Model 
explorations Marc Illa, for the NPLQCD Collaboration
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Searching for the nuclear 
electric dipole moment
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Tensor charges are involved in the quark EDM, a new source 
of CP violation in some beyond-SM models to solve the 
observed matter-antimatter asymmetry. Calculations with 
unphysically large values of the quark masses corresponding 
to mπ = 806 MeV found nuclear effects at the few-percent 
level.
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Some operators mediating interactions between dark matter 
and quarks involve local quark bilinear operators. Nuclear 
effects in these spin-independent interactions were observed 
to be as large as 10%, providing an indication of the 
significant level of uncertainty in the scalar matrix elements in 
isotopes of relevance to experiments.
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Momentum fraction 
of light nuclei

Lattice QCD is expected to quantitatively elucidate the QCD 
origin of important aspects of nuclear structure, such as the 
EMC effect, i.e., the difference between the parton 
distributions of a nucleus and those of the constituent 
nucleons. Measurements of nuclear PDFs are expected to 
improve the flavor separation of proton PDFs and thereby 
reduce the effect of what is currently a leading uncertainty in 
searches for new physics 
in p-p collisions at the 
LHC and in deep-inelastic 
scattering experiments.

W. Detmold et al., Phys. Rev. Lett. 126 (2021)

Neutrinoful double-β decays of nuclei are the rarest 
subatomic processes observed experimentally. They serve as 
intricate tests of our understanding of the physics of the 
weak interactions of nuclei and enable probes of deficiencies 
in that understanding. The neutrinoless decay mode requires 
lepton number violation and that neutrinos are Majorana 
particles. For both decays, critical components in 
determining the decay rate are the nuclear matrix elements of 
the interactions that give rise to the decay.

Neutrinoful and neutrinoless 
double-β decays

P. E. Shanahan et al., Phys. Rev. Lett. 119 (2017); B. C. Tiburzi et al., Phys. Rev. D 96  (2017) 

E. Chang et al., Phys. Rev. Lett. 120 (2018)
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Nuclear targets are critical to many fundamental experiments that are being used to search for previously 
unknown aspects of physics. Interpreting the results of these experiments with fully controlled uncertainties 
necessitates a better theoretical understanding of nuclear targets. Large-scale numerical calculations using 
lattice QCD will allow us to address this challenge and achieve a quantitative connection between the Standard 
Model and nuclear phenomenology.
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nuclear PDFs
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