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The pion-nucleon coupling constants determine the strength of the long-range nuclear forces and play a
fundamental part in our understanding of nuclear physics. While the charged- and neutral-pion couplings to
protons and neutrons are expected to be very similar, owing to the approximate isospin symmetry of the
strong interaction, the different masses of the up and down quarks and electromagnetic effects may result in
their slightly different values. Despite previous attempts to extract these coupling constants from different
systems, our knowledge of their values is still deficient. In this Letter, we present a precision determination
of these fundamental observables with fully controlled uncertainties from neutron-proton and proton-
proton scattering data using chiral effective field theory. To achieve this goal, we use a novel methodology
based on the Bayesian approach and perform, for the first time, a full-fledged partial-wave analysis of
nucleon-nucleon scattering up to the pion production threshold in the framework of chiral effective field
theory, including a complete treatment of isospin-breaking effects and our own determination of mutually
consistent data. The resulting values of the pion-nucleon coupling constants are accurate at the percent level
and show no significant charge dependence. These results mark an important step toward developing a

precision theory of nuclear forces and structure.
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The pion-exchange mechanism drives the low-energy
interaction between protons and neutrons and is of utmost
importance for our understanding of atomic nuclei that make
up 99.9% of the visible Universe and for answering big
science questions such as the origin of the elements, the
limits of nuclear stability, searches for physics beyond the
standard model, and physics of neutron stars. The interaction
of a charged and neutral pion with protons (p) and neutrons
(n) is characterized by three coupling constants f0,,,, f 70,45
and f+,,, whose precise definitions will be given below.
These three constants determine the strength of the long- and
intermediate-range nuclear forces originating from exchange
of virtual pions. Their precise knowledge with controlled
uncertainties is, therefore, of fundamental importance for a
quantitative understanding of nuclear physics.

While possible in principle, the ab initio precision
determination of the pion-nucleon (z/N) coupling constants
from lattice quantum-chromodynamics (QCD) and quan-
tum-electrodynamics (QED) calculations is presently out of
reach [1]. Attempts have been made to extract f -, from
experimental data on pion-nucleon (zN) scattering [2—4],
pionic atoms [5,6] and proton-antiproton scattering [7], but
the best way to determine all three constants is by analyzing
the abundance of proton-proton (pp) and neutron-proton
(np) scattering data. However, previous studies along this
line [8—12] relied on phenomenological models and offered
no way of a reliable uncertainty quantification apart from
estimating statistical errors.
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In this Letter, we determine the values of all three zN
coupling constants from nucleon-nucleon (NN) scattering
data using the model-independent framework of chiral
effective field theory (EFT) [13,14]. This method has
already been applied to NN scattering, and the EFT
expansion of the NN force has been recently pushed to
fifth order (N*LO) [15—-17]. The crucial new aspects of the
current investigation include the following.

(i) For the first time, a determination of all three 7N
coupling constants and a partial wave analysis of NN data
up to the pion production threshold including the
determination of mutually consistent data are carried out
in the framework of chiral EFT. We have taken into
account all charge-independence-breaking (CIB) and
charge-symmetry-breaking (CSB) isospin-violating NN
interactions up through N*LO. This allowed us to achieve
a statistically perfect description of mutually consistent pp
and np scattering data in the framework of chiral EFT that
is unprecedented in its precision.

(i) We have succeeded in overcoming the computational
challenge of performing a Bayesian determination of the zN
coupling constants. Contrary to the computationally much
less demanding frequentist methods used in all previous
determinations [8—12,18], the Bayesian approach provides a
rigorous way to calculate the joint conditional probability
density of the zN coupling constants given NN data.

(iii) A careful uncertainty analysis, facilitated by the
usage of Bayesian methods, is performed to estimate not
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only statistical errors in the calculated zZN coupling con-
stants, but also systematic uncertainties from the truncation
of the EFT expansion and the choice of the highest energy
of the included NN data—a feature lacking in the earlier
determinations of these quantities.

Definitions of the nN coupling constants.—Consider
first the interaction of the nucleon with the isovector weak
current A’,-‘ , which is described in terms of the axial and
induced pseudoscalar form factors G, and Gp, respectively.
In the limit of exact isospin symmetry corresponding to the
equal masses of the up and down quarks and in the absence
of electromagnetic interactions, the matrix element of
A (x = 0) between nucleon states can be parametrized via

VAL OING) = 16 |#Ga + 55— G rs Fu(r)

with u(p) and @(p’) the corresponding Dirac spinors, z;
the isospin Pauli matrices, and mj the nucleon mass.
Furthermore, ¢* = (p’ — p)# refers to the momentum
transfer of the nucleon. The form factors G,(g?) and
Gp(g?) carry important information about the internal
structure of the nucleon. For example, the axial charge of
the nucleon g4, = G4(0) = 1.2756(13) [19] controls the
decay rate of a neutron to a proton. Recently, this
quantity was calculated from first principles at a percent
level using lattice QCD [20]; see also [21] for a review
of lattice QCD calculations of g4. While G,(g?)
is a smooth function near g*> = 0, the induced pseudo-
scalar form factor possesses a pion-pole contribution,
Gp(q?) =4myg ynF /(M2 —g?)+nonpole terms, whose
residue is determined by the (pseudoscalar) zN coupling
constant g,yy. The pion decay constant F, = (92.1 £+
0.8) MeV [19] determines the rate of weak decays
7* — pu*v,. The strong-interaction constant g,yy
is connected to g4 and F, entering weak processes via
the celebrated Goldberger-Treiman relation F,g,yy =
gamy(1 + Agr), where the small Goldberger-Treiman
discrepancy Agr is driven by the nonvanishing masses of
the up and down quarks.

Away from the isospin limit and in the presence of QED,
one has to distinguish between protons and neutrons and
between the charged and neutral pions by introducing three
coupling constants g0, ,, gz0,,, and g+ ,, or, equivalently,
the corresponding pseudovector couplings f, = fr0,, =
Mﬂigﬂopp/(zmmp)7 Sn Efn'onn :Mnignonn/(z\/“'_”mn)’
and f. = fre py = Mpsgps pu/ [VAn(m, + m,)]. The deter-
mination of these fundamental constants from NN scatter-
ing data is the main subject of this study.

Chiral EFT for nuclear forces.—We use chiral EFT, an
effective field theory of QCD, to describe the low-energy
interactions between two nucleons and employ the result-
ing NN potential to extract the zN coupling constants from
a combined Bayesian analysis of np and p p scattering data
below the pion production threshold. Chiral EFT utilizes an
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FIG. 1. Diagrammatic illustration of the NN interaction in
chiral EFT. Photons, pions, and nucleons are shown by wavy,
dashed, and solid lines, respectively. Diagrams (a)-(e) are
representative examples of the one-photon exchange, one-pion
exchange (OPE), electromagnetic corrections to the OPE,
two-pion exchange (TPE), and NN short-range contributions,
respectively. The range of interactions decreases from the left to
the right.

expansion in powers of momenta and pion masses to
describe interactions between pions and nucleons in a
systematically improvable way [13,14,22]. The corre-
sponding effective Lagrangian contains all possible terms
compatible with the symmetries of QCD. The nonpertur-
bative dynamics of QCD is encoded in the so-called low-
energy constants (LECs), which control the strength of the
interactions in the effective Lagrangian and can be deter-
mined from experiments or lattice QCD calculations. Chiral
EFT has also been extended to include virtual photons.
Figure 1 shows examples of contributions to the NN force
in chiral EFT. The most important terms at leading order
(LO) include one-pion exchange [Fig. 1(b)] and contact
interactions [Fig. 1(e)]. Two-pion exchange [Fig. 1(d)] and
one-photon exchange [Fig. 1(a)] start to contribute at next-
to-leading order (NLO), while pion-photon exchange
[Fig. 1(c)] appears first at fourth order (N3LO).

In recent years, the chiral expansion of the NN force has
been pushed to fifth order [15-17]. All relevant isospin-
invariant zN LECs have been reliably determined from a
dispersion theory analysis of zN scattering in Ref. [23].
Therefore, the long-range part of the NN interaction
is parameter-free. To avoid distortions of the long-range
forces due to a finite cutoff A, we introduced in Ref. [17] an
improved local regulator which respects the analytic
structure of the interaction. The LECs accompanying
short-range operators [Fig. 1(e)] were determined in
Ref. [17] from a fit to the 2013 Granada database [24]
of mutually compatible np and pp data. Furthermore, we
have introduced a N*LO™ NN potential, where the leading
F-wave short-range interactions, formally appearing at
sixth order, were taken into account in order to achieve
a statistically satisfactory description of certain very pre-
cisely measured pp data; see also Ref. [16]. This allowed
us to achieve a description of NN data on par with or even
better than that based on the most precise phenomeno-
logical potentials but with a much smaller number of
adjustable parameters. However, the treatment of isospin-
breaking (IB) effects in Ref. [17] was incomplete and
limited to the one of the Nijmegen [25] and Granada 2013
[24] partial wave analyses (PWA).
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In this Letter, we include the CIB and CSB IB NN
interactions complete up through N*LO. In particular, we
employ the most general form of the OPE potential including
the leading electromagnetic corrections [26] and take
into account the leading and subleading IB two-pion-
exchange contributions [27-29]. These long-range inter-
actions are expressed in terms of known LECs, the
zN coupling constants f7, fz, and f§=f,f, to be
determined, the nucleon mass difference m=m, —m,~
1.29 MeV, and its QCD contribution §m°=2.05(30)MeV
[30]; see Ref. [31] for an update and Ref. [32] for a recent
ab initio calculation using lattice QCD and QED. We also
include short-range IB interactions in the 'Sy, 3P, *P;, and
3P, partial waves. Details of the employed NN interaction
are given in Supplemental Material [33].

Determination of the =N coupling constants.—We end
up with 33 parameters that need to be determined from NN
data, comprising of three zN LECs f? = {fZ, f3, f§} and
2545 LECs C; from isospin-invariant + IB short-range
interactions, collectively denoted as C={C;}. For
normally distributed errors, the likelihood of data D given
f2, C, and A is given by

PDIFCA) = e, (n

where N is a normalization constant. The data D employed
in our analysis include mutually compatible np and pp
scattering data according to our own selection as detailed in
Supplemental Material [33], where we also provide the
definition of the y?> measure. Using Bayes’ theorem to
relate the probability density function (PDF) p(f>CA|D) of
the parameters given the data to p(D|f?>CA) and integrat-
ing over the nuisance parameters C and A, we obtain the
quantity we are actually interested in, namely, the PDF of
f? given the data D:

D|f2CA)p(f*CA)
p(D)

For the case at hand, p(D) is a (normalization) constant.
Furthermore, we use independent priors for f 2 C,and A so
that p(f>2CA) = p(f?)p(C)p(A) and employ a Gaussian
prior for C and uniform priors for A and f? specified in
Supplemental Material [33]. To determine f2, we need to
find the maximum of p(f2|D) in Eq. (2). However, for each
set of f2, this requires integrating over a 31-dimensional
space spanned by A and C, which is not feasible. Instead,
we employ the Laplace approximation by fitting C to D for
fixed values of f2 and A and expressing the likelihood
p(D|f*CA) as

pro) = [ andc?! @)

1 2 —C NTH(C—C..
p(D|f*CA) zﬁe—<1/2>b(mm+(l/2)(c Coin) " H(C=Cuin)] (3

Here’ )([znin E)(rznin (f27 A) at C min = Cmin (fzv A)
and the Hessian H=H(f>,A) 1is given by

H;; = [(°%*)/(9C;0C))]|c—c,, - Performing an analytical
integration over C then allows us to cast Eq. (2)
into a numerically tractable form; see Supplemental
Material [33] for details. The remaining integration over
A € [400,550] MeV is performed numerically. We empha-
size that reducing the amount of information in the
employed priors for C, f2, and A has a negligible effect
on our results; see Ref. [33] for details.

To account for the uncertainty inherent in the choice of
the energy range of our PWA, we performed separate
analyses of NN data up to the laboratory energies of
ERE = 220, 240, 260, 280, and 300 MeV. Furthermore, to
address the systematic error stemming from the truncation
of the EFT expansion for IB interactions, we considered
two additional models of the NN interaction that include IB
pion-photon- and two-pion-exchange contributions beyond
N*LO. Our final PDF for the zN coupling constants are
obtained by performing averaging over five values for EJ2*
and three models for IB interactions in order to account for
the truncation uncertainty at N*LO as detailed in
Supplemental Material [33]. For all considered cases, the
self-consistency of our results is verified by comparing the
quantiles of the y? residuals with those of the assumed
normal distribution [33]. Although no further assumptions
regarding the shape of the distributions p(f?|D) have been
made, the calculated PDFs p(f?|D) are found to follow a
multivariate Gaussian distribution to a very high accuracy.
This is exemplified in Fig. 2 for the case of the central
model and the energy range of E;;, = 0-280 MeV. The
distributions p(f?|D) can, therefore, be accurately charac-
terized by the central values and errors of the f2’s along
with the corresponding correlation coefficients (see
Ref. [33]), which greatly facilitates their averaging as
explained in Supplemental Material, Sec. 6 [33].
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FIG.2. Marginal posteriors for the central model and the energy
range of Ej, = 0-280 MeV. (a)—(c) show the probability dis-
tributions p(f#|D) in units of 10%. (d)—(f) show the joint
distributions p(f?, ff|D) in units of 10°. Blue solid lines and
filled contours are based on the exact numerical evaluation, while
orange dashed lines and contours represent its approximation by a
multivariate Gaussian distribution as described in the text.
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We can verify the statistical validity of our results
by studying the likelihood at the optimal values of
the parameters. For example, fitting the LECs C for
A =463.5 MeV (see Fig. S1 in Supplemented Material
[33]) and the central values of the f2’s from Eq. (4) in the
range of Ep, = 0-280 MeV yields > = 4950.72 for
Nga = 4926, leading to y?/Ng, = 1.005. The quantity
22/ (Ngat = Npo) — 1 = 0.012, where N, = 34 (including
A), is comparable to half of the standard deviation (s.d.),

\/2/(Ngat = Npar) = 0.020, expected for a perfect model.

We have also investigated the robustness of our results
with respect to the variation of input parameters.
Specifically, the uncertainty from higher-order zN LECs
entering the two-pion-exchange potential is quantified by
repeating our analysis for 50 sets of these LECs generated
from the central values and covariance matrix of
Ref. [23]. Furthermore, the uncertainty of the QCD con-
tribution 6m2CP, even taking its conservative estimate of
+0.30 MeV [30], is found to induce errors in f% that are
negligibly small compared to the ones given below.
Our final result for the zN coupling constants after the
averaging reads

f2 = 0.0770(5)*(0.8)?,
£2 = 0.0779(9)%(1.3)",
12 =0.0769(5)4(0.9)", (4)

where the first error (a) is obtained from the marginal
posteriors p(f2|D) and includes the statistical and system-
atic errors due to the truncation of the EFT expansion, the
choice of the energy range, and the associated data
selection. The second error (b) reflects the uncertainty in
the higher-order zN LECs. Notice that the present study
can, in principle, be extended to obtain a joint posterior
probability distribution for f;’s and the higher-order zN
LECs that can be useful for uncertainty quantification in
chiral EFT via a combined analysis of the NN data and the
experimental or empirical information on the zN scattering
amplitude; see Ref. [71] for a related work.

Discussion of the results—Our results for f7 are
compared in Fig. 3 with selected earlier determinations.
Similarly to the Granada PWA, we find considerably larger
values for the coupling constants as compared to the ones
recommended by the Nijmegen group [9]. As already found
in Ref. [12], this difference cannot be explained by the new
experimental data since 1993 (see Supplemental Material
[33] for more details), thus pointing toward a possible
sizable systematic uncertainty from the interaction model-
ing in the Nijmegen PWA. Our value for f2 is consistent
with the determinations from the z/N system in Refs. [3-6]
(at the 1.36 level). The results for f3 and f? agree within
errors with the recent determination by the Granada group
[12], while for f? we obtain a slightly larger value.
However, contrary to the Granada group that found
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FIG. 3. Values for the zN coupling constants. The data points
show selected determinations of the zN coupling constants f(z),

2, and f2. The results were obtained using zN PWA [2] (filled
triangle), fixed- dispersion relations of zN scattering [3,4] (filled
dots), zN scattering lengths in combination with the GMO sum
rule [5,6] (filled squares), proton-antiproton PWA [7] (open
triangle), and NN PWA [8-11,18] including the 2017 Granada
PWA from Navarro Pérez, Amaro, and Ruiz Arriola [12] (open
diamonds). When provided separately, the statistical and sys-
tematic uncertainties are added in quadrature. The vertical bands
show our full uncertainty. Uncertainties are one s.d.

evidence that the coupling of neutral pions to neutrons
is larger than to protons, f3 — f2 = 0.0029(10) [12], our
result f3 — f2 =0.0010(10)%(2)? is consistent with no
charge dependence. This difference may point to significant
systematic uncertainties in the analysis by the Granada
group [12] which are not quantified in that paper, in
particular, due to the cutoff radius r, and phenomenological
modeling of the interaction. In contrast, our analysis relies
on the systematically improvable EFT framework and takes
into account model-independent long- and intermediate-
range nuclear interactions due to exchange of virtual pions
and photons. This allows us to substantially reduce the
number of adjustable parameters (33 in our analysis versus
55 in Ref. [12]) while still achieving at least a comparable
description of NN data below the pion production thresh-
old. Compared to the Granada analysis, we also do not find
a large anticorrelation between f3 and f2; see Table V
in Ref. [33].
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In summary, our Bayesian determination of the zN
coupling constants from np and pp scattering data in the
framework of chiral EFT yields new reference values for
these fundamental observables, accurate at the percent
level. It provides new insights into the isospin symmetry
of the strong interaction at the hadronic level by quantify-
ing the charge dependence of these quantities. Our work
also establishes important benchmarks for future first
principles calculations using lattice QCD and QED (see
[32] for a first step along this line) and opens the door for
precision studies of nuclear structure and reactions by
fixing the strengths of the long-range nuclear forces. As a
very recent example, we mention the high-accuracy
calculation of the deuteron charge and quadrupole form
factors [72], where the isospin-breaking corrections con-
sidered in this work have been taken into account and
were found to play an important role for the determination
of the quadrupole moment, for which the value of Q,; =
0.2854 10008 fm? was obtained. Redoing the same analy-
sis with the IB corrections from this paper being switched
off, i.e., using the NN interactions from Ref. [17], the
central value of the quadrupole moment would change
significantly to Q,; = 0.2803 fm?. These calculations are
currently being extended to other light nuclei, and we
expect the considered IB corrections to be relevant at the
desired accuracy level. It would also be interesting to
explore the implications of our study for the understand-
ing of charge symmetry breaking in binding energy
differences of mirror nuclei [73] and for certain low-
energy three-nucleon scattering observables such as the
doublet scattering length [74] and vector analyzing power
A, [75]. Furthermore, since our analysis also results in an
accurate determination of the IB short-range operators in
the 'S, partial wave, it may shed new light on the ongoing
studies of neutrinoless double-beta decay in chiral
EFT; see Ref. [76] for a related discussion. This will
be addressed in a separate publication. Last but not least,
we emphasize that the value for f,. can be related to the
pionic hydrogen width I'j;, whose measurement at
PSIis currently being analyzed; see [77] for a preliminary
result.

We are grateful to Martin Hoferichter, Ulf-G.
Meiflner, and Enrique Ruiz Arriola for sharing their
insights into the considered topics and useful
discussions. We also thank Ulf-G. MeiBner for helpful
comments on the manuscript. This work was supported
by Bundesministerium fiir Bildung und Forschung
(BMBF) (Contract No. 05P18PCFP1) and by Deutsche
Forschungsgemeinschaft (DFG) and Natural Science
Foundation of China (NSFC) through funds provided to
the Sino-German CRC 110 “Symmetries and the
Emergence of Structure in QCD” (NSFC Grant No.
11621131001, DFG Project-ID 196253076 - TRR 110).

[1] G.S. Bali, L. Barca, S. Collins, M. Gruber, M. Loffler,
A. Schifer, W. Soldner, P. Wein, S. Weishidupl, and T. Wurm
(RQCD Collaboration), J. High Energy Phys. 05 (2020)
126.

[2] R. Koch and E. Pietarinen, Nucl. Phys. A336, 331 (1980).

[3] F. Markopoulou-Kalamara and D. Bugg, Phys. Lett. B 318,
565 (1993).

[4] R. A. Arndt, W.J. Briscoe, I. I. Strakovsky, R. L. Workman,
and M. M. Pavan, Phys. Rev. C 69, 035213 (2004).

[5] T. E. O. Ericson, B. Loiseau, and A. W. Thomas, Phys. Rev.
C 66, 014005 (2002).

[6] V. Baru, C. Hanhart, M. Hoferichter, B. Kubis, A. Nogga,
and D. Phillips, Nucl. Phys. A872, 69 (2011).

[7] R. Timmermans, T. A. Rijken, and J. J. de Swart, Phys. Rev.
C 50, 48 (1994).

[8] R. A. M. Klomp, V.G.J. Stoks, and J.J. de Swart, Phys.
Rev. C 44, R1258 (1991).

[9] V. Stoks, R. Timmermans, and J. J. de Swart, Phys. Rev. C
47, 512 (1993).

[10] D. V. Bugg and R. Machleidt, Phys. Rev. C 52, 1203 (1995).

[11] J.J. de Swart, M. C. M. Rentmeester, and R. G. E. Timmer-
mans, PiN Newslett. 13, 96 (1997).

[12] R. Navarro Pérez, J. E. Amaro, and E. Ruiz Arriola, Phys.
Rev. C 95, 064001 (2017).

[13] S. Weinberg, Phys. Lett. B 251, 288 (1990).

[14] E. Epelbaum, H.-W. Hammer, and U.-G. Meiflner, Rev.
Mod. Phys. 81, 1773 (2009).

[15] E. Epelbaum, H. Krebs, and U.-G. Meifiner, Phys. Rev. Lett.
115, 122301 (2015).

[16] D.R. Entem, R. Machleidt, and Y. Nosyk, Phys. Rev. C 96,
024004 (2017).

[17] P. Reinert, H. Krebs, and E. Epelbaum, Eur. Phys. J. A 54,
86 (2018).

[18] M. C. M. Rentmeester, R. G. E. Timmermans, J. L. Friar,
and J.J. de Swart, Phys. Rev. Lett. 82, 4992 (1999).

[19] P. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys.
2020, 083C01 (2020).

[20] C. Chang et al., Nature (London) 558, 91 (2018).

[21] S. Aoki et al. (Flavour Lattice Averaging Group), Eur. Phys.
J. C 80, 113 (2020).

[22] V. Bernard, N. Kaiser, and U.-G. MeiBner, Int. J. Mod. Phys.
E 04, 193 (1995).

[23] M. Hoferichter, J. Ruiz de Elvira, B. Kubis, and U.-G.
MeiBner, Phys. Rev. Lett. 115, 192301 (2015).

[24] R. Navarro Pérez, J. E. Amaro, and E. Ruiz Arriola, Phys.
Rev. C 88, 064002 (2013); 91, 029901(E) (2015).

[25] V.G.J. Stoks, R. A. M. Klomp, M. C. M. Rentmeester, and
J.J. de Swart, Phys. Rev. C 48, 792 (1993).

[26] U. van Kolck, M. C. M. Rentmeester, J. L. Friar, T. Goldman,
and J.J. de Swart, Phys. Rev. Lett. 80, 4386 (1998).

[27] J. L. Friar and U. van Kolck, Phys. Rev. C 60, 034006
(1999).

[28] J. L. Friar, U. van Kolck, G. L. Payne, and S. A. Coon, Phys.
Rev. C 68, 024003 (2003).

[29] E. Epelbaum and U.-G. Meifiner, Phys. Rev. C 72, 044001
(2005).

[30] J. Gasser and H. Leutwyler, Nucl. Phys. B94, 269 (1975).

[31] J. Gasser, H. Leutwyler, and A. Rusetsky, Phys. Lett. B 814,
136087 (2021).

092501-5


https://doi.org/10.1007/JHEP05(2020)126
https://doi.org/10.1007/JHEP05(2020)126
https://doi.org/10.1016/0375-9474(80)90214-6
https://doi.org/10.1016/0370-2693(93)91556-3
https://doi.org/10.1016/0370-2693(93)91556-3
https://doi.org/10.1103/PhysRevC.69.035213
https://doi.org/10.1103/PhysRevC.66.014005
https://doi.org/10.1103/PhysRevC.66.014005
https://doi.org/10.1016/j.nuclphysa.2011.09.015
https://doi.org/10.1103/PhysRevC.50.48
https://doi.org/10.1103/PhysRevC.50.48
https://doi.org/10.1103/PhysRevC.44.R1258
https://doi.org/10.1103/PhysRevC.44.R1258
https://doi.org/10.1103/PhysRevC.47.512
https://doi.org/10.1103/PhysRevC.47.512
https://doi.org/10.1103/PhysRevC.52.1203
https://doi.org/10.1103/PhysRevC.95.064001
https://doi.org/10.1103/PhysRevC.95.064001
https://doi.org/10.1016/0370-2693(90)90938-3
https://doi.org/10.1103/RevModPhys.81.1773
https://doi.org/10.1103/RevModPhys.81.1773
https://doi.org/10.1103/PhysRevLett.115.122301
https://doi.org/10.1103/PhysRevLett.115.122301
https://doi.org/10.1103/PhysRevC.96.024004
https://doi.org/10.1103/PhysRevC.96.024004
https://doi.org/10.1140/epja/i2018-12516-4
https://doi.org/10.1140/epja/i2018-12516-4
https://doi.org/10.1103/PhysRevLett.82.4992
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1038/s41586-018-0161-8
https://doi.org/10.1140/epjc/s10052-019-7354-7
https://doi.org/10.1140/epjc/s10052-019-7354-7
https://doi.org/10.1142/S0218301395000092
https://doi.org/10.1142/S0218301395000092
https://doi.org/10.1103/PhysRevLett.115.192301
https://doi.org/10.1103/PhysRevC.88.064002
https://doi.org/10.1103/PhysRevC.88.064002
https://doi.org/10.1103/PhysRevC.91.029901
https://doi.org/10.1103/PhysRevC.48.792
https://doi.org/10.1103/PhysRevLett.80.4386
https://doi.org/10.1103/PhysRevC.60.034006
https://doi.org/10.1103/PhysRevC.60.034006
https://doi.org/10.1103/PhysRevC.68.024003
https://doi.org/10.1103/PhysRevC.68.024003
https://doi.org/10.1103/PhysRevC.72.044001
https://doi.org/10.1103/PhysRevC.72.044001
https://doi.org/10.1016/0550-3213(75)90493-9
https://doi.org/10.1016/j.physletb.2021.136087
https://doi.org/10.1016/j.physletb.2021.136087

PHYSICAL REVIEW LETTERS 126, 092501 (2021)

[32] S. Borsanyi et al., Science 347, 1452 (2015).

[33] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.126.092501 for further
details on the employed NN interactions, the calculation of
the marginalized PDF, and error analysis, which includes
Refs. [34-70].

[34] E. Epelbaum, H. Krebs, and U.-G. Meifiner, Phys. Rev. C
77, 034006 (2008).

[35] N. Kaiser, Phys. Rev. C 73, 044001 (2006).

[36] G.J. M. Austen and J. J. de Swart, Phys. Rev. Lett. 50, 2039
(1983).

[37] V.G.J. Stoks and J.J. de Swart, Phys. Rev. C 42, 1235
(1990).

[38] L. Durand, Phys. Rev. 108, 1597 (1957).

[39] C. Van Der Leun and C. Alderliesten, Nucl. Phys. A380,
261 (1982).

[40] K. Schoen, D. L. Jacobson, M. Arif, P.R. Huffman, T.C.
Black, W. M. Snow, S. K. Lamoreaux, H. Kaiser, and S. A.
Werner, Phys. Rev. C 67, 044005 (2003).

[41] F. Gross and A. Stadler, Phys. Rev. C 78, 014005 (2008).

[42] D. Measday and J. Palmieri, Nucl. Phys. 85, 142 (1966).

[43] W.P. Poenitz and J.F. Whalen, Nucl. Phys. A383, 224
(1982).

[44] D. Fischer and G. Goldhaber, Phys. Rev. 95, 1350 (1954).

[45] J. Davis, K. Weaver, D. Hilscher, H. Barschall, and A.
Smith, Phys. Rev. C 4, 1061 (1971).

[46] M. Ockenfels, T. Koble, M. Schwindt, J. Weltz, and W. Von
Witsch, Nucl. Phys. A534, 248 (1991).

[47] C. Whitehead, S. Tornabene, and G. H. Stafford, Proc. Phys.
Soc. London 75, 345 (1960).

[48] A.Thomas, D. Spalding, and E. Thorndike, Phys. Rev. 167,
1240 (1968).

[49] Y. M. Kazarinov and Y. N. Smirnov, Zh. Eksp. Teor. Fiz. 43,
35 (1962) [J. Exp. Theor. Phys. 16, 24 (1963)].

[50] J. D. Pangher, Phys. Rev. 95, 578 (1954).

[51] E. Lomon and R. Wilson, Phys. Rev. C 9, 1329 (1974).

[52] B. H. Daub, V. Henzl, M. A. Kovash, J. L. Matthews, Z. W.
Miller, K. Shoniyozov, and H. Yang, Phys. Rev. C 87,
014005 (2013).

[53] E. Flynn and P. Bendt, Phys. Rev. 128, 1268 (1962).

[54] D. H. Fitzgerald, F. P. Brady, R. Garrett, S. W. Johnsen, J. L.
Romero, T.S. Subramanian, J.L. Ullmann, and J. W.
Watson, Phys. Rev. C 21, 1190 (1980).

[55] J. Lefrancois, R. Hoffman, E. Thorndike, and R. Wilson,
Phys. Rev. 131, 1660 (1963).

[56] D. Spalding, A. R. Thomas, and E. H. Thorndike, Phys. Rev.
158, 1338 (1967).

[57] W. Grein and P. Kroll, Nucl. Phys. A377, 505 (1982).

[58] T.L. Houk, Phys. Rev. C 3, 1886 (1971).

[59] J. Palmieri, A. Cormack, N. Ramsey, and R. Wilson, Ann.
Phys. (N.Y.) 5, 299 (1958).

[60] D. Albers et al., Eur. Phys. J. A 22, 125 (2004).

[61] O. Jarvis, C. Whitehead, and M. Shah, Phys. Lett. 36B, 409
(1971).

[62] G. Cox, G. Eaton, C. Van Zyl, O. Jarvis, and B. Rose, Nucl.
Phys. B4, 353 (1968).

[63] J. H. Tinlot and R. E. Warner, Phys. Rev. 124, 890 (1961).

[64] G. Fink, P. Doll, T. Ford, R. Garrett, W. Heeringa, K.
Hofmann, H. Klages, and H. Krupp, Nucl. Phys. A518, 561
(1990).

[65] C. Amsler et al., Nucl. Instrum. Methods 144, 401 (1977).

[66] L. Greeniaus, D. Hutcheon, C. Miller, G. Moss, G. Roy, R.
Dubois, C. Amsler, B. Koene, and B. Murdoch, Nucl. Phys.
A322, 308 (1979).

[67] E. Epelbaum, H. Krebs, and P. Reinert, Front. Phys. 8, 98
(2020).

[68] S. Wesolowski, R. Furnstahl, J. Melendez, and D. Phillips, J.
Phys. G 46, 045102 (2019).

[69] S. Aldor-Noiman, L. D. Brown, A. Buja, W. Rolke, and R.
A. Stine, Am. Stat. 67, 249 (2013); 68, 318(E) (2014).

[70] T.C. Griffith, A.P. Banford, M.Y. Uppal, and W.S.C.
Williams, Proc. Phys. Math. Soc. Jpn. 71, 305 (1958).

[71] B.D. Carlsson, A. Ekstrom, C. Forssén, D. F. Stromberg,
G.R.Jansen, O. Lilja, M. Lindby, B. A. Mattsson, and K. A.
Wendt, Phys. Rev. X 6, 011019 (2016).

[72] A. Filin, D. Moller, V. Baru, E. Epelbaum, H. Krebs, and P.
Reinert, Phys. Rev. C 103, 024313 (2021).

[73] J. L. Friar, G. L. Payne, and U. van Kolck, Phys. Rev. C 71,
024003 (2005).

[74] H. Witata, A. Nogga, H. Kamada, W. Glockle, J. Golak, and
R. Skibinski, Phys. Rev. C 68, 034002 (2003).

[75] H. Witatla, D. Hiiber, and W. Glockle, Phys. Rev. C 49, R14
(1994).

[76] V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, E.
Mereghetti, S. Pastore, M. Piarulli, U. Van Kolck, and R. B.
Wiringa, Phys. Rev. C 100, 055504 (2019).

[77] D. Gotta et al., Hyperfine Interact. 234, 105 (2015).

092501-6


https://doi.org/10.1126/science.1257050
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.092501
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.092501
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.092501
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.092501
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.092501
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.092501
http://link.aps.org/supplemental/10.1103/PhysRevLett.126.092501
https://doi.org/10.1103/PhysRevC.77.034006
https://doi.org/10.1103/PhysRevC.77.034006
https://doi.org/10.1103/PhysRevC.73.044001
https://doi.org/10.1103/PhysRevLett.50.2039
https://doi.org/10.1103/PhysRevLett.50.2039
https://doi.org/10.1103/PhysRevC.42.1235
https://doi.org/10.1103/PhysRevC.42.1235
https://doi.org/10.1103/PhysRev.108.1597
https://doi.org/10.1016/0375-9474(82)90105-1
https://doi.org/10.1016/0375-9474(82)90105-1
https://doi.org/10.1103/PhysRevC.67.044005
https://doi.org/10.1103/PhysRevC.78.014005
https://doi.org/10.1016/0029-5582(66)90137-4
https://doi.org/10.1016/0375-9474(82)90449-3
https://doi.org/10.1016/0375-9474(82)90449-3
https://doi.org/10.1103/PhysRev.95.1350
https://doi.org/10.1103/PhysRevC.4.1061
https://doi.org/10.1016/0375-9474(91)90497-T
https://doi.org/10.1088/0370-1328/75/3/303
https://doi.org/10.1088/0370-1328/75/3/303
https://doi.org/10.1103/PhysRev.167.1240
https://doi.org/10.1103/PhysRev.167.1240
https://doi.org/10.1103/PhysRev.95.578
https://doi.org/10.1103/PhysRevC.9.1329
https://doi.org/10.1103/PhysRevC.87.014005
https://doi.org/10.1103/PhysRevC.87.014005
https://doi.org/10.1103/PhysRev.128.1268
https://doi.org/10.1103/PhysRevC.21.1190
https://doi.org/10.1103/PhysRev.131.1660
https://doi.org/10.1103/PhysRev.158.1338
https://doi.org/10.1103/PhysRev.158.1338
https://doi.org/10.1016/0375-9474(82)90052-5
https://doi.org/10.1103/PhysRevC.3.1886
https://doi.org/10.1016/0003-4916(58)90005-8
https://doi.org/10.1016/0003-4916(58)90005-8
https://doi.org/10.1140/epja/i2004-10011-3
https://doi.org/10.1016/0370-2693(71)90737-4
https://doi.org/10.1016/0370-2693(71)90737-4
https://doi.org/10.1016/0550-3213(68)90115-6
https://doi.org/10.1016/0550-3213(68)90115-6
https://doi.org/10.1103/PhysRev.124.890
https://doi.org/10.1016/0375-9474(90)90146-D
https://doi.org/10.1016/0375-9474(90)90146-D
https://doi.org/10.1016/0029-554X(77)90002-7
https://doi.org/10.1016/0375-9474(79)90428-7
https://doi.org/10.1016/0375-9474(79)90428-7
https://doi.org/10.3389/fphy.2020.00098
https://doi.org/10.3389/fphy.2020.00098
https://doi.org/10.1088/1361-6471/aaf5fc
https://doi.org/10.1088/1361-6471/aaf5fc
https://doi.org/10.1080/00031305.2013.847865
https://doi.org/10.1088/0370-1328/71/3/302
https://doi.org/10.1103/PhysRevX.6.011019
https://doi.org/10.1103/PhysRevC.103.024313
https://doi.org/10.1103/PhysRevC.71.024003
https://doi.org/10.1103/PhysRevC.71.024003
https://doi.org/10.1103/PhysRevC.68.034002
https://doi.org/10.1103/PhysRevC.49.R14
https://doi.org/10.1103/PhysRevC.49.R14
https://doi.org/10.1103/PhysRevC.100.055504
https://doi.org/10.1007/s10751-015-1157-5

