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The nuclear matrix element determining the pp ! de+⌫ fusion cross section and the Gamow-Teller
matrix element contributing to tritium �-decay are calculated with lattice Quantum Chromodynam-
ics (QCD) for the first time. Using a new implementation of the background field method, these
quantities are calculated at the SU(3)-flavor–symmetric value of the quark masses, corresponding
to a pion mass of m⇡ ⇠ 806 MeV. The Gamow-Teller matrix element in tritium is found to be
0.979(03)(10) at these quark masses, which is within 2� of the experimental value. Assuming that
the short-distance correlated two-nucleon contributions to the matrix element (meson-exchange cur-
rents) depend only mildly on the quark masses, as seen for the analogous magnetic interactions, the
calculated pp ! de+⌫ transition matrix element leads to a fusion cross section at the physical quark
masses that is consistent with its currently accepted value. Moreover, the leading two-nucleon axial
counterterm of pionless e↵ective field theory is determined to be L1,A = 3.9(0.1)(1.0)(0.3)(0.9) fm3

at a renormalization scale set by the physical pion mass, also in agreement with the accepted phe-
nomenological range. This work concretely demonstrates that weak transition amplitudes in few-
nucleon systems can be studied directly from the fundamental quark and gluon degrees of freedom
and opens the way for subsequent investigations of many important quantities in nuclear physics.

PACS numbers: 11.15.Ha, 12.38.Gc, 13.40.Gp

Weak nuclear processes play a central role in many set-
tings, from the instability of the neutron to the dynam-
ics of core-collapse supernova. In this work, the results
of the first lattice Quantum Chromodynamics (LQCD)
calculations of two such processes are presented, namely
the pp ! de

+
⌫e fusion process and tritium �-decay. The

pp ! de

+
⌫ process is centrally important in astrophysics

as it is primarily responsible for initiating the proton-
proton fusion chain reaction that provides the dominant
energy production mechanism in stars like the Sun. Sig-
nificant theoretical e↵ort has been expended in refining
calculations of the pp ! de

+
⌫ cross section at the ener-

gies relevant to solar burning, and progress continues to
be made with a range of techniques [1–10], as summarized
in Ref. [11]. This process is related to the ⌫d ! nne

+

neutrino breakup reaction [12–14], relevant to the mea-
surement of neutrino oscillations at the Sudbury Neu-
trino Observatory (SNO) [15, 16], and to the muon cap-
ture reaction, µ�

d ! nn⌫µ, which is the focus of cur-
rent investigation in the MuSun experiment [17]. The

second process studied in this work, tritium �-decay, is
a powerful tool for investigating the weak interactions
of the Standard model and plays an important role in
the search for new physics. The super-allowed process
3H ! 3He e

�
⌫̄ is theoretically clean and is the simplest

semileptonic weak decay of a nuclear system. In con-
trast to pp fusion, this decay has been very precisely
studied in the laboratory (see Ref. [18] for a review)
and provides important constraints on the antineutrino
mass [19]. Tritium �-decay is also potentially sensitive to
sterile neutrinos [20, 21] and to interactions not present
in the Standard Model [21–24]. Although the dominant
contributions to the decay rate are under theoretical con-
trol as this is a super-allowed process, the Gamow-Teller
(GT) contribution (axial current) is somewhat more chal-
lenging to address than the Fermi (F) contribution (vec-
tor current). Improved constraints on multi-body con-
tributions to the GT matrix element will translate into
reduced uncertainties in predictions for decay rates of
larger nuclei and are a first step towards understanding
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FIRST-PRINCIPLES APPROACH OF LQCD IS PROMISING TO 
CONSTRAIN THESE FROCES. OF IMPORTANCE TO THE 
COMMUNITY ARE THREE-NEUTRON FORCES AND 
HYPERON-NUCLEON FORCES. 
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Appendix A: TWO-BARYON STATES AT THE SU(3) FLAVOR-SYMMETRIC POINT

Two octet baryons (combined in a positive-parity state) can be arranged in 64 distinct flavor
states when the up, down and strange quark masses are different. With SU(3) flavor symmetry,
these divide among 6 irreps of the SU(3) decomposition of the product of two octet baryons,
27�10�10�8S �8A �1. Besides parity and baryon number, states are also classified according to
the total angular momentum, i.e., either 0 or 1 for two baryons in an S wave. Since the interpolating
operators used in this work are constructed in the flavor basis, with only the isospin and strangeness
quantum numbers governing the classification of states, it is useful to tabulate these flavor channels
and their relation to the SU(3) classifications. These are presented in Fig. 17 for the irreps with
J = 0, and in Fig. 18 for the irreps with J = 1. The phase convention used in constructing the
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FIG. 17: Diagrammatic representation of the 27, 8S and 1 irreps resulting from the SU(3) decomposition of
the product of two octet baryons, along with the corresponding two-baryon states with J = 0. Strangeness
decreases from top to bottom in the diagrams, while the third component of isospin increases from left to
right. Mixed states that are colored alike have the same total isospin and strangeness quantum numbers.

A POSSIBLE BOUND STATE IN THE S=-2, I=0, J=0 TWO-BARYON 
CHANNEL:

Beane et al(NPLQCD), 
Phys.Rev.Lett.106 162001(2011).

Inoue et al(HAL QCD), 
Phys.Rev.Lett.106 162002(2011).



Detmold and Savage, Nucl.Phys.A743 
170-193(2004).

Electroweak matrix elements in the 
two-nucleon sector from lattice QCD

Beane et al(NPLQCD), 
Phys.Rev.Lett.109 172001(2012).

Hyperon-Nucleon Interactions and the 
Composition of Dense Nuclear Matter 
from QCD

Beane et al(NPLQCD), Phys.Rev.D.
87 034506(2013).

Light nuclei and hypernuclei from QCD 
in the limit of SU(3) flavor symmetry 

Beane et al(NPLQCD), Phys.Rev.C.
88 024003(2013).

Nucleon-nucleon scattering parameters 
in the limit of SU(3) flavor symmetry

Beane et al(NPLQCD), Phys.Rev.D 
96 114510(2017).

Baryon-baryon scattering and spin-
flavor symmetry from lattice QCD

SEE PHIALA’S TALK NEXT FOR 
COLLABORATION’S GOOD PROGRESS 

IN MATRIX ELEMENT STUDIES OF 
LIGHT NUCLEI

Beane et al(NPLQCD), Phys.Rev. 
D92 114512 (2015).

Nucleon-nucleon scattering at 
m_pi=450MeV from lattice QCD

LQCD INPUT FOR NUCLEI: 
MATCHING PROGRAM

Effective Field Theory for Lattice 
Nuclei

Barnea at al, Phys.Rev.Lett.114  
052501 (2015).

Bansal et al, arXiv:
1712.10246v1[nucl-th].

Pionless EFT for atomic nuclei and 
lattice nuclei:

Beane et al(NPLQCD), 
Phys.Rev.Lett.109 172001(2012).

Hyperon-Nucleon Interactions and the 
Composition of Dense Nuclear Matter 
from QCD



Detmold and Savage, Nucl.Phys.A743 
170-193(2004).

Electroweak matrix elements in the 
two-nucleon sector from lattice QCD

Beane et al(NPLQCD), 
Phys.Rev.Lett.109 172001(2012).

Hyperon-Nucleon Interactions and the 
Composition of Dense Nuclear Matter 
from QCD

Beane et al(NPLQCD), Phys.Rev.D.
87 034506(2013).

Light nuclei and hypernuclei from QCD 
in the limit of SU(3) flavor symmetry 

Beane et al(NPLQCD), Phys.Rev.C.
88 024003(2013).

Nucleon-nucleon scattering parameters 
in the limit of SU(3) flavor symmetry

Beane et al(NPLQCD), Phys.Rev.D 
96 114510(2017).

Baryon-baryon scattering and spin-
flavor symmetry from lattice QCD

SEE PHIALA’S TALK NEXT FOR 
COLLABORATION’S GOOD PROGRESS 

IN MATRIX ELEMENT STUDIES OF 
LIGHT NUCLEI

Beane et al(NPLQCD), Phys.Rev. 
D92 114512 (2015).

Nucleon-nucleon scattering at 
m_pi=450MeV from lattice QCDARE HYPERONS EXPECTED TO 

OCCUR IN INTERIOR OF NEUTRON 
STARS?

4

0 0.1 0.2 0.3 0.4 0.5
ρn (fm)-3

0

20

40

60

80

100

∆E
 (M

eV
)  

 Σ
−

Nuclear matter

FIG. 3: The energy shift versus neutron density of a single
⌃� in a non-interacting Fermi gas of neutrons as determined
from Fumi’s theorem in Eq. (2). The inner (outer) band en-
compasses statistical (systematic) uncertainties.

relevance of hyperons in dense neutron matter, and we
have used the LQCD predictions of the phase shifts to es-
timate the ⌃� energy shift in the medium. Our calcula-
tion suggests that hyperons are important degrees of free-
dom in dense matter, consistent with expectations based
upon the available experimental data and hadronic mod-
eling. It is important that more sophisticated many-body
techniques be combined with the interactions determined
in this work to obtain a more precise determination of the
energy shift of the ⌃� in medium. This will refine the
prediction for the role of strange quarks in astrophysi-
cal environments, and, in particular, will quantitatively
address questions posed by the recent observation of a
1.9M� neutron star [50].
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The nuclear matrix element determining the pp ! de+⌫ fusion cross section and the Gamow-Teller
matrix element contributing to tritium �-decay are calculated with lattice Quantum Chromodynam-
ics (QCD) for the first time. Using a new implementation of the background field method, these
quantities are calculated at the SU(3)-flavor–symmetric value of the quark masses, corresponding
to a pion mass of m⇡ ⇠ 806 MeV. The Gamow-Teller matrix element in tritium is found to be
0.979(03)(10) at these quark masses, which is within 2� of the experimental value. Assuming that
the short-distance correlated two-nucleon contributions to the matrix element (meson-exchange cur-
rents) depend only mildly on the quark masses, as seen for the analogous magnetic interactions, the
calculated pp ! de+⌫ transition matrix element leads to a fusion cross section at the physical quark
masses that is consistent with its currently accepted value. Moreover, the leading two-nucleon axial
counterterm of pionless e↵ective field theory is determined to be L1,A = 3.9(0.1)(1.0)(0.3)(0.9) fm3

at a renormalization scale set by the physical pion mass, also in agreement with the accepted phe-
nomenological range. This work concretely demonstrates that weak transition amplitudes in few-
nucleon systems can be studied directly from the fundamental quark and gluon degrees of freedom
and opens the way for subsequent investigations of many important quantities in nuclear physics.

PACS numbers: 11.15.Ha, 12.38.Gc, 13.40.Gp

Weak nuclear processes play a central role in many set-
tings, from the instability of the neutron to the dynam-
ics of core-collapse supernova. In this work, the results
of the first lattice Quantum Chromodynamics (LQCD)
calculations of two such processes are presented, namely
the pp ! de

+
⌫e fusion process and tritium �-decay. The

pp ! de

+
⌫ process is centrally important in astrophysics

as it is primarily responsible for initiating the proton-
proton fusion chain reaction that provides the dominant
energy production mechanism in stars like the Sun. Sig-
nificant theoretical e↵ort has been expended in refining
calculations of the pp ! de

+
⌫ cross section at the ener-

gies relevant to solar burning, and progress continues to
be made with a range of techniques [1–10], as summarized
in Ref. [11]. This process is related to the ⌫d ! nne

+

neutrino breakup reaction [12–14], relevant to the mea-
surement of neutrino oscillations at the Sudbury Neu-
trino Observatory (SNO) [15, 16], and to the muon cap-
ture reaction, µ�

d ! nn⌫µ, which is the focus of cur-
rent investigation in the MuSun experiment [17]. The

second process studied in this work, tritium �-decay, is
a powerful tool for investigating the weak interactions
of the Standard model and plays an important role in
the search for new physics. The super-allowed process
3H ! 3He e

�
⌫̄ is theoretically clean and is the simplest

semileptonic weak decay of a nuclear system. In con-
trast to pp fusion, this decay has been very precisely
studied in the laboratory (see Ref. [18] for a review)
and provides important constraints on the antineutrino
mass [19]. Tritium �-decay is also potentially sensitive to
sterile neutrinos [20, 21] and to interactions not present
in the Standard Model [21–24]. Although the dominant
contributions to the decay rate are under theoretical con-
trol as this is a super-allowed process, the Gamow-Teller
(GT) contribution (axial current) is somewhat more chal-
lenging to address than the Fermi (F) contribution (vec-
tor current). Improved constraints on multi-body con-
tributions to the GT matrix element will translate into
reduced uncertainties in predictions for decay rates of
larger nuclei and are a first step towards understanding

NUCLEI FROM QCD IN A WORLD WITH HEAVIER QUARKS
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example, to obtain the energy eigenvalues beyond the ground state in the 1 irrep, a matrix of
correlation functions in flavor space must be formed from interpolating operators corresponding to
spin-singlet ⇤⇤, 1p
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) states, see Fig. 18. Since such a

complete basis of operators was not used to form the correlation functions [20], direct constraints
on scattering amplitudes in these two irreps could not be obtained.3 On the other hand, the 27,
10, 10 and 8A irreps each contain at least one flavor channel that does not suffer from mixing into
other flavor channels. For example, NN (

1
S0), NN (

3
S1), ⌃
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p (
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can be used as the interpolating operators to constrain the lowest-lying spectra of the 27, 10, 10

and 8A irreps, respectively, as is evident from Figs. 17-18.
At low energies, the leading S-wave interactions of two octet baryons can be described by a

Lagrange density[53] in a pionless EFT [72] of the form,
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Here, B is the octet baryon matrix,
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where Roman indices on the B fields denote spin components. The Savage-Wise (SW) coefficients
c1, . . . , c6 can be matched to scattering amplitudes at LO in a momentum expansion. For natural
interactions, i.e., when the scattering length is comparable to the range of interactions, the relation-
ships between the scattering lengths and the SW coefficients are presented in Ref. [53] for various
baryon-baryon channels. However, as is known in nature, and was deduced previously for the heavy
quark masses of this work [21], the S-wave interactions in both two-nucleon channels appear to be
unnatural. The present investigation reconfirms the unnatural nature of interactions in the two-
nucleon channels (belonging to the 27 and 10 irreps) and further points to the similar feature in
channels belonging to the 10 and 8A irreps. For unnatural S-wave interactions, the required power
counting of the amplitude is produced in the Kaplan, Savage and Wise (KSW) scheme [73, 74].
The relations of Ref. [53] for unnatural scattering lengths in terms of SU(3) coefficients c1, . . . , c6

3 The channel with the quantum numbers of ⇤⇤ (

1S0) in S-wave exhibits a somewhat deep bound state [20]. As a
result, there is a sufficiently large gap to the second-lowest energy level that even a single interpolating operator
should obtain the ground-state energy correctly. This becomes more challenging for closely-spaced excited states
that can only be constrained with multiple interpolating operators. A very deeply bound H-dibaryon in nature is
conjectured to have significant cosmological consequences [71].

Kaplan and Savage (1998).
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OUTLOOK. WHAT DOES FUTURE LOOK LIKE?

WE UNDERSTAND OUR CURRENT LIMITATIONS. IMPROVEMENT IS IN HORIZON.
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SPACING - NEED AT LEAST 2 (3?) TO CONTROL UNCERTAINTIES.

• OUR INTERPOLATORS OPTIMAL SO FAR FOR DEEPLY BOUND NUCLEI AND LOWEST-
LYING SCATTERING LEVELS. A MORE COMPLETE  OPERATOR BASIS NEEDED FOR 
MORE COMPLEX SYSTEMS (HIGHER PARTIAL WAVES, COUPLED SYSTEMS, 3N 
SYSTEMS, ETC.) AND TOWARDS THE PHYSICAL POINT.

• NEED TO GO BEYOND GETTING JUST THE BINDINGS IN >2-PARTICLE SYSTEMS.  
THREE-NEUTRON FORCES ARE IMPORTANT FOR US.

• LOWERING PION MASS MEANS MORE INVOLVED ANALYSIS THAN WE HAVE DONE AT 
HEAVY QUARK MASSES TO OBTAIN MATRIX ELEMENTS IN MULTI-HADRON STATES. 

THE NUCLEAR AND HYPERNUCLEAR FORCES PROGRAM WITHIN NPLQCD IS ON TRACK TO 
DELIVER ESSENTIAL QUANTITIES TO THE NUCLEAR PHYSICS BROADER COMMUNITY.
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The nuclear matrix element determining the pp ! de+⌫ fusion cross section and the Gamow-Teller
matrix element contributing to tritium �-decay are calculated with lattice Quantum Chromodynam-
ics (QCD) for the first time. Using a new implementation of the background field method, these
quantities are calculated at the SU(3)-flavor–symmetric value of the quark masses, corresponding
to a pion mass of m⇡ ⇠ 806 MeV. The Gamow-Teller matrix element in tritium is found to be
0.979(03)(10) at these quark masses, which is within 2� of the experimental value. Assuming that
the short-distance correlated two-nucleon contributions to the matrix element (meson-exchange cur-
rents) depend only mildly on the quark masses, as seen for the analogous magnetic interactions, the
calculated pp ! de+⌫ transition matrix element leads to a fusion cross section at the physical quark
masses that is consistent with its currently accepted value. Moreover, the leading two-nucleon axial
counterterm of pionless e↵ective field theory is determined to be L1,A = 3.9(0.1)(1.0)(0.3)(0.9) fm3

at a renormalization scale set by the physical pion mass, also in agreement with the accepted phe-
nomenological range. This work concretely demonstrates that weak transition amplitudes in few-
nucleon systems can be studied directly from the fundamental quark and gluon degrees of freedom
and opens the way for subsequent investigations of many important quantities in nuclear physics.

PACS numbers: 11.15.Ha, 12.38.Gc, 13.40.Gp

Weak nuclear processes play a central role in many set-
tings, from the instability of the neutron to the dynam-
ics of core-collapse supernova. In this work, the results
of the first lattice Quantum Chromodynamics (LQCD)
calculations of two such processes are presented, namely
the pp ! de

+
⌫e fusion process and tritium �-decay. The

pp ! de

+
⌫ process is centrally important in astrophysics

as it is primarily responsible for initiating the proton-
proton fusion chain reaction that provides the dominant
energy production mechanism in stars like the Sun. Sig-
nificant theoretical e↵ort has been expended in refining
calculations of the pp ! de

+
⌫ cross section at the ener-

gies relevant to solar burning, and progress continues to
be made with a range of techniques [1–10], as summarized
in Ref. [11]. This process is related to the ⌫d ! nne

+

neutrino breakup reaction [12–14], relevant to the mea-
surement of neutrino oscillations at the Sudbury Neu-
trino Observatory (SNO) [15, 16], and to the muon cap-
ture reaction, µ�

d ! nn⌫µ, which is the focus of cur-
rent investigation in the MuSun experiment [17]. The

second process studied in this work, tritium �-decay, is
a powerful tool for investigating the weak interactions
of the Standard model and plays an important role in
the search for new physics. The super-allowed process
3H ! 3He e

�
⌫̄ is theoretically clean and is the simplest

semileptonic weak decay of a nuclear system. In con-
trast to pp fusion, this decay has been very precisely
studied in the laboratory (see Ref. [18] for a review)
and provides important constraints on the antineutrino
mass [19]. Tritium �-decay is also potentially sensitive to
sterile neutrinos [20, 21] and to interactions not present
in the Standard Model [21–24]. Although the dominant
contributions to the decay rate are under theoretical con-
trol as this is a super-allowed process, the Gamow-Teller
(GT) contribution (axial current) is somewhat more chal-
lenging to address than the Fermi (F) contribution (vec-
tor current). Improved constraints on multi-body con-
tributions to the GT matrix element will translate into
reduced uncertainties in predictions for decay rates of
larger nuclei and are a first step towards understanding
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