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ABSTRACT

The 3He(a,y)"Be radiative capture reaction plays a key role in the creation of elements in stars as well
as in the production of solar neutrinos, the observation of which is one of the main tools to study the
properties of our sun. Since accurate experimental measurements of this fusion cross section at solar energies
are difficult due to the strong Coulomb repulsion between the reactants, the onus falls on theory to provide
a robust means for extrapolating from the region where experimental data is available down to the desired
astrophysical regime. We present the first microscopic calculations of He(a,y)’Be with explicit inclusion of
three-nucleon forces. Our prediction of the astrophysical .S factor qualitatively agrees with experimental data.
We further incorporate experimental bound-state and scattering information in our calculation to arrive at a more
quantitative description. This process reveals that our current model lacks sufficient repulsion in the 1/2* channel
of our model space to simultaneously reproduce elastic-scattering data. This deficit suggests that 3He(a,y)"Be

probes aspects of the nuclear force that are not currently well-constrained.

The 3He(a, y)”Be radiative capture reaction, where 3He nuclei com-
bine with « particles (*He nuclei) to form 7Be and emit a photon, played
a crucial role in the formation of the lightest elements during the early
phases of the universe. The amount of ’Li produced in the first 200 sec-
onds after the big bang predicted by big-bang nucleosynthesis models is
highly dependent on the astrophysical S factor of the *He(«, y)” Be reac-
tion [1]. In addition to events far in the past, the 3He(a, 7)’Be reaction
is an important part of ongoing processes occurring in young stars the
size of our sun. In the second branch of the proton-proton reaction net-
work (pp-II), the 3He(, y)"Be reaction is key to determining neutrino
fluxes resulting from the decay of ’Be and 3B. In standard solar model
(SSM) predictions of these neutrino fluxes, the 3He(a, y)7 Be capture rate
is the largest source of uncertainty from nuclear input [2].

The importance of this capture reaction has made it the focus of
many experiments over multiple decades [3-7]. While the abundance
of reactants in a stellar environment compensates for the exponential
Coulomb suppression of fusion, the He(a, y)’Be capture cross section
at astrophysical energies is exceedingly difficult to measure in terrestrial
settings. Due to this limitation, the lowest-energy S factor measure-
ment is at a center-of-mass energy of 90 keV while the Gamow peak
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(the energy at which the fusion probability is maximized considering
the Maxwellian velocity distribution of nuclei at solar temperatures)
is around 18 keV [2]. Thus, theoretical calculations are necessary to
extrapolate the .S factor down to solar energies. There have been nu-
merous theoretical calculations of the 3He(a, y)"Be S factor including
external-capture models [8], halo-EFT approaches [9,10], microscopic
approaches [11-141], and ab initio approaches [15]. By combining a sub-
set of these theoretical predictions with a curated set of the .S factor
measurements, an evaluation of the .S factor was performed in Solar Fu-
sion III (SF III) resulting in .S3,4(0) = 0.561 = 0.018(exp) + 0.022(theory)
keV [2]. Not only is the theory uncertainty comparable to that from
experiment, but it has grown since the previous evaluation [16]. This
enduring uncertainty continues to motivate theoretical works toward
more accurate predictions of S34(E) [9,10,12,15,17].

In this Letter, we apply the ab initio framework of the no-core shell
model with continuum (NCSMC) [18-20] to describe the 3He+ a system
and calculate the He(a,y)”Be capture reaction, starting form a many-
body chiral Hamiltonian with explicit inclusion of three-nucleon (3N)
forces. This work is the first calculation of this reaction to include 3N
forces, which have been shown to be essential in describing big bang
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and solar fusion cross sections [21,22]. The present results are an impor-
tant step toward improving the evaluation of the zero-energy .S factor,
534(0), and hence reduce the uncertainty of SSM calculations.

The 3He(a, y)’Be radiative-capture cross section at astrophysically
relevant energies can be written as [23]
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where ¥°/ "/ and ¥ . correspond to the wave functions for the final
"

bound state (“Be in this case) and the initial scattering state (He+*He
in this case), respectively, with corresponding quantum numbers J, 7, s,
r,and T representing total angular momentum, orbital angular momen-
tum, spin, parity, and isospin. sp and sy are the spin quantum numbers
of the projectile (*He) and target (*He) nuclei, respectively, and A is
the multipolarity of the electric (x = E) and magnetic (x = M) transi-
tion operators, M**, the expressions for which can be found in, e.g.,
Ref. [18]. We employ the notation where § = 4/2s+ 1. In our calcu-
lations, we include electric transition operators up to 4 =2 (E2) and
magnetic transition operators up to A =1 (M 1). For the energy ranges
considered in this radiative-capture calculation, the contribution from
the E1 transition is dominant while those of M 1 and E2 are almost neg-
ligible [15] (and therefore higher order terms are ignored). The capture
cross section can be factored as

2
o(E) = wp{zi} -
E n\/2E/m

where S3,(E) isolates the nuclear component of ¢(E) and 1/F and the
exponential term, respectively, account for reaction kinematics and tun-
neling through the Coulomb barrier.

Both the initial scattering and final bound states in Eq. (1) are cal-
culated within the NCSMC framework through the explicit inclusion of
3He+ a clustering in the many-body wave function. The ansatz for the
NCSMC initial and final state is a generalized cluster expansion [18]
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The first term on the right-hand side of the equation is an expansion
over translationally invariant eigenstates, |AA 4J7T), of the aggregate
system ("Be in this case) calculated within the no-core shell model
(NCSM) [24] where 1, specifies the eigenstate. The NCSM is an ab ini-
tio many-body method for the description of static wave functions that
allows for the use of both Jacobi relative coordinate [25] and single-
particle Slater determinant basis states [26-28]. The second term in
Eq. (3) is an expansion over fully antisymmetrized (due to the asym-
metrizer operator .A,) microscopic cluster basis channels which describe
the 3He and *He clusters in relative motion [29,30],
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Here, 4HeA4JZ4T 4> is an NCSM eigenstate of *He with energy label
A4, total angular momentum J, (s in Eq. (1)), parity x4, and isospin
Ty, |*Hel, 13” 3 T3> is analogously defined for 3He, s is the channel spin,
T34 = '35, is the relative radial coordinate between the centers of mass
of 3He and «, and v is a collective index of the relevant quantum num-
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bers. The projectile and target wave functions are once again described
within the NCSM approach.

The discrete coefficients, CI{ *T and continuous relative-motion am-

plitudes, yVJ "T(r), are obtained as solutions to the coupled equations
[19,20]

() (5) =2 )G

Here, (Hycsm)a = E; 6, is the expectation value of the Hamilto-
nian in the NCSM model space which evaluates to a diagonal ma-
trix consisting of NCSM eigenvalues; H,,, = (N "//2HN~1/2) , and
X = (./\f 1/ zy)v are the Hamiltonian kernel and relative wave functions,

respectively, where N,/ (r,r") = (tI’f,t,TlAV/Avl(D{:T) and H,,/(r,r') =
(@ T1A, HA,|®]T); g,,(r) and hy,(r) are the overlap and Hamil-
tonian form factors describing the coupling between the NCSM sector
and the cluster sector of the full basis, respectively, proportional to
(AAJ™T|A,;|®!"T) and (AAJ™T|HA,|®!"T). The bound states and
scattering matrix (and from it any scattering observable) are then ob-
tained by matching the solutions of Eq. (4) with the known asymptotic
behavior of the wave function at large distances by means of the micro-
scopic R-matrix method [19,31].

The microscopic A-nucleon Hamiltonian, H, adopted in the present
work is built on the nucleon-nucleon (N N) chiral interaction at next-to-
next-to-next-to leading order of Ref. [32], denoted as N N -N3LO, along
with a three-body interaction at next-to-next-to leading order (N’LO)
with simultaneous local and nonlocal regularization [33-36]. The whole
chiral interaction (two- plus three-body) will be referred to as N N-
N3LO+3 Ny, To accelerate the convergence of the NCSMC calculation,
we first soften the chiral interaction through the similarity renormaliza-
tion group (SRG) technique [37-40]. We include SRG induced forces up
to the three-body level. To minimize the influence of four- and higher-
body induced terms, we adopt the SRG momentum scale of Aggg=2.0
fm~! [41]. Further, we choose a harmonic oscillator (HO) frequency of
hQ =20 MeV that minimizes the ground-state energies of the investi-
gated nuclei [42].

The NCSMC model space for the present calculation consists of mi-
croscopic seven-body cluster states built from the 0% and 1/2% ground
states of “He and 3He, respectively, and the ten lowest positive and neg-
ative parity eigenstates of ’Be with total angular momentum J ranging
from 1/2 to 7/2. The 3He (and even *He) reactants can be deformed in
the reaction process, in principle requiring the inclusion of excited states
of the reactants to take this deformation into account in a microscopic
cluster expansion. In the NCSMC, we compensate for the omission of
these excited states by including eigenstates of the 7Be aggregate sys-
tem, which help to describe short range correlations [29]. Among the
twenty ’Be states, three 1/2* and 3/2~ states and two 1/2~ states are
the most relevant channels in this radiative-capture process. All projec-
tile, target, and aggregate states are calculated within the NCSM using
the same H that generates the Hamiltonian kernel in Eq. (4).

The HO model space used to compute the NCSMC kernels is N, =
10 for 3He, “He, and negative-parity 'Be states and N, = 11 for
positive-parity ’Be states. To compute the RGM part of the NCSMC
kernels, we include matrix elements of the 3N force up to a total num-
ber of single-particle quanta for the three-body basis of Ej . = 18.
Beyond this mode-space size, the NCSMC calculations become com-
putationally intractable when including 3N forces. In such a model
space, the ground-state energies of >He and *He are close to experiment
(Eexp. CHe) — Excsm(He) = —0.10 MeV, E,, (‘He) — Excsm(*He) =
—0.016 MeV) while the bound states of "Be are within 1.5 MeV of ex-
periment. Taking advantage of the convergence behavior in N, , we
extrapolate our NCSM levels to N, — oo by using an exponential de-
cay function E(N) = Ae™®N + E_ [43]. The resulting levels (labeled
“00” in Fig. 1) are closer to experiment and demonstrate that N, = 10
NCSM eigenstates employed in the following NCSMC calculations are
converged within 4% of their extrapolated values.
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Fig. 1. Convergence of calculated energy levels in Be for increasing basis size
N,..x compared to experiment [44]. The horizontal dotted lines correspond to
the *He+a threshold at each N, . The left-half of the figure (partitioned by the
vertical dashed line) contains the NCSM levels at each N,,.. The column labeled
as “oco0” corresponds to extrapolated energy levels (see text). The right-half of
the figure contains NCSMC levels and resonances from solving the scattering

equations. Widths of resonant states are represented by shaded regions.

Table 1

Bound-state properties of 'Be generated by the NCSM
and NCSMC at N,_, = 10 compared to empirical
data [45-47] where E;/,- and E,/,- are in MeV with
respect to the *He+a threshold, C; - and Cs,- are in
fm~'/2 and the empirical numbers are inferred from the
R-matrix fit in Ref [48], r_, is in fm, Q is in e-fm?, and
p is in py (the nuclear magneton). The column labeled
“NCSMCyp,ep,” is the result obtained by phenomenolog-
ically adjusting the NCSM eigenvalues employed in the
NCSMC to reproduce experimental binding energies (see

text).
"Be NCSM  NCSMC  NCSMCp,,,  Empirical
Ey,- 0261 -0.660 -1.587 -1.587
Cypp- - 2.87 3.91 3.7
E, 0563  -0.485 -1.16 -1.16
Cipp- - 2.93 3.53 3.6
Fen 2.44 2.75 2.59 2.647(17)
0 -4.90 -7.24 -6.31 -
u -1.13 -1.17 -1.13 -1.3995(5)

Concerning the NCSMC kernels in Eq. (4), the couplings between the
microscopic cluster states, N, (r,r") and M, (r,r"), are calculated us-
ing the configuration interaction framework for scattering and reactions
induced by light projectiles developed in Ref. [49,50]. The couplings
between the NCSM sector and the cluster sector, g,,(+) and h,,(r), are
calculated in a similar way and details will be described in a future pub-
lication. We calculate the full NCSMC wave function by solving Eq. (4)
using these computed kernels. The energies computed in the NCSMC
are an improvement over the NCSM thanks to the inclusion of the mi-
croscopic cluster states of *He+a (see Fig. 1 and Table 1). Especially
noteworthy are the 3/27 and 1/2~ states which are now bound in the
NCSMC. The bound levels calculated in the NCSMC change by less than
4% between N, =8 and N, =10, demonstrating that the calcu-
lation is well-converged. This convergence is further confirmed by the
good agreement between the N, =10 NCSMC energy levels and the
corresponding NCSM values extrapolated to N, — oo. Furthermore,
the correct description of the wave function at long range allows us to
calculate the position and width of the 5/2~ and 7/2~ resonances which
are also changing by less than 4% from N, =8 to N, = 10.

To probe the radial shape of our Be ground-state wave function,
we calculate the charge radius (r.;,), electric quadrupole moment (Q),
and magnetic moment () of the "Be ground state and compare to ex-
periment (where available) in Table 1. Also included in Table 1 are the
7Be 3/2” and 1/2~ bound-state energies along with their corresponding
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Fig. 2. NCSMC calculations of Ss,(E) at N, = 10. The dashed line is the un-
shifted NCSMC result. The solid line is the NCSMC,,, result after adjusting
to experimental bound-state data. The dot-dashed line is the NCSMC”, " re-
sult after adjusting to both experimental bound-state and scattering data. The
measurements are from Refs. [3] (triangles), [4] (squares), [53] (filled dia-
monds), [5] (open circles), [6] (upside-down triangles), [54] (open diamonds),
[7]1 (stars), and the filled circle at the Gamow peak is deduced from solar-
neutrino data [55]. The shaded region represents the current evaluation from
SF 111, the form of which is reported as a polynomial fit to halo-EFT results. The
widths of the regions are based on the reported uncertainties of S(0) (with dif-
ferent shades representing uncertainty from theory or experiment) [2].

asymptotic normalization coefficients (ANCs). Just as with the energy
levels in Fig. 1, the inclusion of the a+3He cluster state improves the
predictions of the NCSMC over the NCSM. The charge radius, in partic-
ular, increases by more than 10% from the NCSM prediction, leaving
the NCSMC prediction less than 4% from the measured values. This
improved charge radius calculation is a natural consequence of repre-
senting the correct asymptotics through the inclusion of the microscopic
cluster states, |<D{:T>, in Eq. (3) [51,52].

Using the bound- and scattering-state wave functions calculated in
the NCSMC, we employ Egs. (1) and (2) to calculate S34(E), yielding the
dashed line in Fig. 2, which is in qualitative agreement with the exper-
imental data. While our prediction is below the experimental data, the
shape matches that of the data except at higher energies where we miss
the peak induced by the 7/2~ resonance (which lies at higher energy in
our calculation). To understand the origin of the difference between our
prediction and the latest evaluation, we consider a series of adjustments
to the NCSMC Hamiltonian kernels.

We apply phenomenological shifts to the "Be 1/2~, 3/2~, and 7/2"
NCSM energy eigenvalues in the upper left quadrant of the NCSMC
Hamiltonian kernel (left-hand side of Eq. (3)) to exactly reproduce the
corresponding experimental energies. We also adjust the “*He and *He
energies entering the definition of the total energy in the right-hand
side of Eq. (4) to match experiment even though these minor shifts (see
Fig. 1) result in almost negligible changes to the NCSMC results. These
phenomenological corrections improve not only the energies but also
the radial shape of the 3/2~ and 1/2~ bound states, yielding more quan-
titative predictions for the observables in Table 1 and resulting in an
increase of the overall normalization of S54(E). The S factor obtained
after these phenomenological shifts, dubbed NCSMCcp,, is shown by
the solid line in Fig. 2. The NCSMCy,,,, prediction quantitatively repro-
duces the experimental data and agrees with the SF III evaluation over
the entire range of energies between threshold and 4.5 MeV.

We also probe our predictions of the scattering wave functions by
calculating He+*He elastic-scattering differential cross sections and
comparing them with measurements from Refs. [56-58]. Of particular
interest is the experiment performed by the SONIK collaboration in 2022
that reaches 3He beam energies as low as E,,, = 721 keV [56] and pro-
vides better angular range than previous measurements. The NCSMC
is in good agreement with the lower-energy SONIK data (solid line in
panel (c) of Fig. 3), but the agreement declines at higher-energy back-
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Fig. 3. This figure illustrates the effect of adding repulsion to the NCSMC Hamiltonian kernel (see Eq. (5)). Each panel contains 4 lines representing NCSMCPheno, and
starting from the solid line, each line has increasing magnitudes of added repulsion. The solid line has no added repulsion, the dotted line has 13 MeV repulsion added,
the dashed line has 23 MeV repulsion added, and the dashed line has 33 MeV repulsion added. (a) Reduction of the 1/2* phase shift due to added repulsion. The
circle points are phase shifts extracted from the elastic-scattering experiment in Ref. [59], and the square points are extracted from the elastic-scattering experiment
in Ref. [58]. (b) Increased strength in the NCSMC-calculated differential cross section as a function of energy for a fixed 6, = 104° due to added repulsion. The
triangle points represent data measured at _,, = 104° [57]. The square points represent data measured at 6, ,, = 106.4° [58]. (¢)-(f) Increased strength in the elastic-
scattering angular distributions (with respect to the Rutherford cross section) at E_,, =0.394,0.997,2.05,3.125 MeV due to added repulsion. Data from Ref. [56].

ward angles (solid line in panels (d) and (e) of Fig. 3). The discrepancy
at backward angle is also present when comparing to older experimental
data sets at 6, ,, =104° and 6, =106.4° [57,58] (solid line in panel
(b) of Fig. 3).

We note the differences are amplified at large angles owing to the
divergence of the Rutherford cross section at 6, ,, =0°. In fact, we find
that the difference between the NCSMC results and the SONIK data is
a constant (angle-independent) shift of about 10 mb. A constant shift
such as this must be rooted in the s-wave channel of the scattering wave
function corresponding to the 1/2% 3He+a phase shift. Indeed, the NC-
SMC phase shift is less-repulsive than the data of Refs. [58,8] (see the
solid line in panel (a) of Fig. 3), indicating that the 1/2% channel of
the NCSMC Hamiltonian kernel lacks sufficient repulsion. Similarly, we
find that the 1/2% scattering length, a, = 11.2 fm, calculated by fitting
the effective range expansion to our corresponding phase shift, is much
smaller than the one derived from an R-matrix fit to the SONIK elas-
tic data, a(S)ONIK =33.10+ 0.13(stat)f;‘5 (analysis) fm [56]. This further
confirms the lack of repulsion in our 1/2* channel.

It is unlikely that the missing repulsion in the computed 1/2% chan-
nel could be fully explained by a NCSMC calculation at the next largest
HO model space dimension of N = 12/13 (currently computation-
ally out of reach). As discussed, we obtain well-converged bound state
energies as well as resonance centroids and widths (see Fig. 1). Further-
more, the difference in the 1/2% a, between N, =10 and N, =8
is 1.7 fm as opposed to the difference of over 15 fm when compared to
the R matrix fit of the SONIK data [56]. Additionally, the NCSMC in-
vestigation of S34(E) in Ref. [15], which reached the N, = 12/13 HO
model space size using the two-nucleon component of the SRG-evolved
N N interaction (N N -only), manifests a similar lack of repulsion in the
1/2* channel. This was originally attributed to the lack of explicit 3N
forces in the calculation (see Fig. (3) of Ref. [15]). While the present

Table 2

S factor of *He(a, y)"Be at zero energy, S;,(0).
The NCSMCy;,, result is after adjusting to ex-
perimental bound-state data. The NCSMC;‘hem
result is after adjusting to both experimental
bound-state and scattering data. The quoted
R-matrix value is specifically excluding the
Barnard data set (see Ref. [60] for detail).

Model §34(0) [keV b]
NCSMC,peno 0.545 +0.001
NGCSMC?, 0.505

‘pheno
halo EFT [9]

halo EFT [10]
R-matrix [60]
SF IIT [2]

0015
0.577:1016
0.558 + 0.008(fit) + 0.056(EFT)
0011
0.539%0 012
0.561 +0.018(exp) = 0.022(th)

study shows that the inclusion of 3N forces does introduce additional
repulsion, it is not sufficient to reproduce experimental data.

For the time being, we emulate the effect of a more repulsive nuclear
force in the 1/2*% channel by including a nonlocal Woods-Saxon po-
tential, V'(r,r), in the microscopic-cluster quadrant of the Hamiltonian
kernel (in the bottom-right element of the matrix on the left-hand-side
of Eq. (4)) such that

M) = 1T e V),
where
V)= Vivs x ="/l (5)

1+ e(R_rwx)/awx

Here R = ﬂ, the width and radius r,,, and g, of the Woods-Saxon
potential are fixed at 0.6 fm to resemble the nonlocality and range of

5\
v

V!

(r,r") (though the following behavior is independent of the val-
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ues chosen for the radius and nonlocality), and V, is the strength of
the repulsion which we varied. As expected, the computed phase shift
becomes closer to the empirical data as we increase V,,; from 13 to 33
MeV (see the progression from solid to dot-dashed lines in Fig. 3(a).
Correspondingly, we observe progressively improved agreement with
experiment in the elastic-scattering differential cross sections (see pan-
els (b)-(f) of Fig. 3). This indicates that, with suitable repulsion in the
1/2% channel, our prediction of the scattering wave function is realistic
and can reproduce experimental elastic data.

The S factor obtained after this series of adjustments to the NC-
SMC Hamiltonian kernel (dubbed NCSMCShenO) still quantitatively re-
produces the majority of the experimental data at the bottom of their
uncertainties over the entire range of energies, yet it lies below the SF
III evaluation for most of the energy range (dot-dashed line in Fig. 2). It
is curious that reproducing the elastic-scattering data from the SONIK
collaboration causes our S factor to decrease away from the SF III eval-
uation. This discrepancy seems to reveal a mild tension between some of
the .S factor measurements (along with the SF III evaluation) and elastic-
scattering measurements, similar to what is observed in Ref. [60]. In-
deed, adding more repulsion to match the Barnard elastic scattering data
would not only result in overestimating the SONIK data, but it would
further reduce the NCSMC;henO prediction in Fig. 2 (again, similar to
what is observed in Ref. [60]). Even among the .S factor data, the NC-
SMczheno result points to a mild tension between the Weizmann [3] and
Seattle [53] data sets.

When compared to the halo-EFT results in Fig. 4 (which the SF III
evaluation is based on), our NCSMCy,,, results match at lower ener-
gies and favor a slightly larger S(E) at higher energies. As shown by
the difference between the N N-only calculation (dash-dotted line) and
the present result, the inclusion of 3N forces lowers the absolute nor-
malization of the S factor and molds its shape to be more consistent
with the trend of the experimental data. The present results differ in
both normalization and shape from those obtained in Ref. [12] (dotted
line) using the fermionic molecular dynamics (FMD) approach over the
entire energy range.

At zero energy, the NCSMCy,.,, yields S34(0) = 0.545(1) keV b (see
Table 2), where the uncertainty is estimated as the difference between
the NCSMCjcno Npax =8 and Ny, = 10 S34(0) predictions. The NC-
SMCyj,eno and NCSMC?,  “results in Table 2 provide a lower and upper
bound for our .S54(0) prediction of 0.505 and 0.545 keV b, respectively,
that acknowledges the lack of repulsion in our 1/2% channel and the
mild tension between elastic-scattering and S factor measurements. The
halo-EFT values quoted in Table 2 are obtained using the experimental
data sets detailed in Ref. [9,10], while the SF III value is obtained using
the same halo-EFT model of Ref. [10] but employing an adjusted data
set as detailed in Ref. [2].

In conclusion, we have presented the first ab initio calculation of the
3He(a, y)"Be S factor including the 3N force. We demonstrated that the
ab initio calculations of capture reactions obtained with the NCSMC can
be improved through the incorporation of the information provided by
bound-state and scattering measurements and still maintain predictive
capability. While the phenomenological shift applied to reproduce the
observed energy levels in 7Be can be interpreted as emulating the ef-
fect of an infinitely large NCSM model space (see Fig. 1), the repulsive
interaction added in the 1/2% channel has no analogous explanation.

Understanding the origin of this lack of repulsion in the 1/2% partial
wave will play an important role in accurately describing the 3He+“He
elastic scattering and 3He(a,y)"Be capture cross sections simultane-
ously. Barring the existence of a broad 1/2% resonance which could
manifest with the inclusion of the p+°Li channel in our model, we hy-
pothesize that the present A = 7 reaction observables probe aspects
of chiral interactions that are currently not well-constrained. Looking
ahead, we plan to include the p+°Li channel as well as conduct a sys-
tematic analysis of additional chiral interaction models to explore this
puzzle in the 1/2% channel. The present calculation also sets the stage
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Fig. 4. The S factor for the radiative capture process *He(«,y) Be. The solid
line is the present NCSMC,;,,, result after adjusting to the bound-state data (see
text). The dot-dashed line is the previous NCSMC result employing N N -only
forces [15]. The dashed line is the result of the microscopic FMD calculation
from Ref. [12]. The dotted line is a halo-EFT calculation with the updated data-
constraints detailed in SF III [2]. The measurements are from Refs. [3](trian-
gles), [4] (squares), [53] (filled diamonds), [5] (open circles), [6] (upside-down
triangles), [54] (open diamonds), [7] (stars), and the filled circle at the Gamow
peak is deduced from solar-neutrino data [55]. The shaded region represents
the current evaluation from SF III, the form of which is reported as a polyno-
mial fit to halo-EFT results. The widths of the regions are based on the reported
uncertainties of S(0) (with different shades representing uncertainty from the-
ory or experiment) [2].

for a more extensive study with different chiral interactions (at several
orders) and exploiting correlations among the measured S factor data to
arrive at an accurate evaluation with reduced uncertainty in a manner
similar to that of Ref. [22].
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