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A R T I C L E I N F O A B S T R A C T 

Editor: A. Schwenk The 3He(𝛼, 𝛾)7Be 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 3He(𝛼, 𝛾)7Be 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(𝛼, 𝛾)7Be 
probes aspects of the nuclear force that are not currently well-constrained.

The 3He(𝛼, 𝛾)7Be radiative capture reaction, where 3He nuclei com
bine with 𝛼 particles (4He 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 7Li 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 3He(𝛼, 𝛾)7Be reac
tion [1]. In addition to events far in the past, the 3He(𝛼, 𝛾)7Be 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(𝛼, 𝛾)7Be reaction is key to determining neutrino 
fluxes resulting from the decay of 7Be and 8B. In standard solar model 
(SSM) predictions of these neutrino fluxes, the 3He(𝛼, 𝛾)7Be 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 3He(𝛼, 𝛾)7Be 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(𝛼, 𝛾)7Be 𝑆 factor including 
external-capture models [8], halo-EFT approaches [9,10], microscopic 
approaches [11--14], 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 𝑆34(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 +𝛼 system 
and calculate the 3He(𝛼,𝛾)7Be 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, 
𝑆34(0), and hence reduce the uncertainty of SSM calculations.

The 3He(𝛼, 𝛾)7Be radiative-capture cross section at astrophysically 
relevant energies can be written as [23]
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bound state (7Be in this case) and the initial scattering state (3He+4He 
in this case), respectively, with corresponding quantum numbers 𝐽 , 𝓁, 𝑠, 
𝜋, and 𝑇 representing total angular momentum, orbital angular momen
tum, spin, parity, and isospin. 𝑠𝑃 and 𝑠𝑇 are the spin quantum numbers 
of the projectile (3He) and target (4He) nuclei, respectively, and 𝜆 is 
the multipolarity of the electric (𝜅 = 𝐸) and magnetic (𝜅 =𝑀) transi
tion operators, 𝜅𝜆, the expressions for which can be found in, e.g., 
Ref. [18]. We employ the notation where 𝑠̂ =

√
2𝑠+ 1. In our calcu

lations, we include electric transition operators up to 𝜆 = 2 (𝐸2) and 
magnetic transition operators up to 𝜆 = 1 (𝑀1). For the energy ranges 
considered in this radiative-capture calculation, the contribution from 
the 𝐸1 transition is dominant while those of 𝑀1 and 𝐸2 are almost neg
ligible [15] (and therefore higher order terms are ignored). The capture 
cross section can be factored as
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where 𝑆34(𝐸) isolates the nuclear component of 𝜎(𝐸) and 1∕𝐸 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 +𝛼 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, ||𝐴𝜆𝐴𝐽𝜋𝑇 ⟩, of the aggregate 
system (7Be in this case) calculated within the no-core shell model 
(NCSM) [24] where 𝜆𝐴 specfies 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 ̂𝜈 ) microscopic cluster basis channels which describe 
the 3He and 4He clusters in relative motion [29,30],
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Here, |||4He𝜆4𝐽𝜋44 𝑇4⟩ is an NCSM eigenstate of 4He with energy label 
𝜆4, total angular momentum 𝐽4 (𝑠𝑇 in Eq. (1)), parity 𝜋4, and isospin 
𝑇4, |||3He𝜆3𝐽𝜋33 𝑇3⟩ is analogously dfined for 3He, 𝑠 is the channel spin, 
𝒓34 = 𝑟34𝑟̂34 is the relative radial coordinate between the centers of mass 
of 3He and 𝛼, and 𝜈 is a collective index of the relevant quantum num

bers. The projectile and target wave functions are once again described 
within the NCSM approach.
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Here, (𝐻NCSM)𝜆𝜆′ = 𝐸𝜆𝛿𝜆𝜆′ is the expectation value of the Hamilto
nian in the NCSM model space which evaluates to a diagonal ma
trix consisting of NCSM eigenvalues; ̄𝜈𝜈′ = (−1∕2−1∕2)

𝜈𝜈′ and 
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are the Hamiltonian kernel and relative wave functions, 
respectively, where 𝜈𝜈′ (𝑟, 𝑟′) = ⟨Φ𝐽𝜋𝑇
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|̂𝜈′𝐻̂̂𝜈|Φ𝐽𝜋𝑇𝜈𝑟 ⟩; 𝑔̄𝜆𝜈(𝑟) and ℎ̄𝜆𝜈(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 ⟨𝐴𝜆𝐽𝜋𝑇 |̂𝜆|Φ𝐽𝜋𝑇𝜈𝑟 ⟩ and ⟨𝐴𝜆𝐽𝜋𝑇 |𝐻̂̂𝜆|Φ𝐽𝜋𝑇𝜈𝑟 ⟩. 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, 𝐻̂ , adopted in the present 
work is built on the nucleon-nucleon (𝑁𝑁) chiral interaction at next-to
next-to-next-to leading order of Ref. [32], denoted as 𝑁𝑁 -N3LO, along 
with a three-body interaction at next-to-next-to leading order (N2LO) 
with simultaneous local and nonlocal regularization [33--36]. The whole 
chiral interaction (two- plus three-body) will be referred to as 𝑁𝑁
N3LO+3𝑁lnl. 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 ifluence of four- and higher
body induced terms, we adopt the SRG momentum scale of 𝜆SRG=2.0
fm−1 [41]. Further, we choose a harmonic oscillator (HO) frequency of 
ℏΩ = 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 4He and 3He, respectively, and the ten lowest positive and neg
ative parity eigenstates of 7Be with total angular momentum 𝐽 ranging 
from 1∕2 to 7∕2. The 3He (and even 4He) 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 7Be 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 𝐻̂ that generates the Hamiltonian kernel in Eq. (4).

The HO model space used to compute the NCSMC kernels is 𝑁max =
10 for 3He, 4He, and negative-parity 7Be states and 𝑁max = 11 for 
positive-parity 7Be 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 𝐸3max = 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 3He and 4He are close to experiment 
(𝐸expt.(3He) − 𝐸NCSM(3He) = −0.10 MeV, 𝐸expt.(4He) − 𝐸NCSM(4He) =
−0.016 MeV) while the bound states of 7Be are within 1.5 MeV of ex
periment. Taking advantage of the convergence behavior in 𝑁max , we 
extrapolate our NCSM levels to 𝑁max →∞ by using an exponential de
cay function 𝐸(𝑁) = 𝐴𝑒−𝑏𝑁 + 𝐸∞ [43]. The resulting levels (labeled 
“∞'' in Fig. 1) are closer to experiment and demonstrate that 𝑁max = 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 7Be for increasing basis size 
𝑁max compared to experiment [44]. The horizontal dotted lines correspond to 
the 3He+𝛼 threshold at each 𝑁max. The left-half of the figure (partitioned by the 
vertical dashed line) contains the NCSM levels at each 𝑁max . The column labeled 
as ``∞'' 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 7Be generated by the NCSM 
and NCSMC at 𝑁max = 10 compared to empirical 
data [45--47] where 𝐸3∕2− and 𝐸1∕2− are in MeV with 
respect to the 3He+𝛼 threshold, 3∕2− and 3∕2− are in 
fm−1∕2 and the empirical numbers are inferred from the 
𝑅-matrix fit in Ref [48], 𝑟𝑐ℎ is in fm, 𝑄 is in 𝑒⋅fm2, and 
𝜇 is in 𝜇𝑁 (the nuclear magneton). The column labeled 
“NCSMCpheno'' is the result obtained by phenomenolog
ically adjusting the NCSM eigenvalues employed in the 
NCSMC to reproduce experimental binding energies (see 
text).

7Be NCSM NCSMC NCSMCpheno Empirical 
𝐸3∕2− 0.261 -0.660 -1.587 -1.587 
3∕2− - 2.87 3.91 3.7 
𝐸1∕2− 0.563 -0.485 -1.16 -1.16 
1∕2− - 2.93 3.53 3.6 
𝑟ch 2.44 2.75 2.59 2.647(17) 
𝑄 -4.90 -7.24 -6.31 -
𝜇 -1.13 -1.17 -1.13 -1.3995(5) 

Concerning the NCSMC kernels in Eq. (4), the couplings between the 
microscopic cluster states, 𝜈𝜈′ (𝑟, 𝑟′) and 𝜈𝜈′ (𝑟, 𝑟′), are calculated us
ing the cofiguration 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, 𝑔̄𝜆𝜈 (𝑟) and ℎ̄𝜆𝜈(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 3He+𝛼 (see Fig. 1 and Table 1). Especially 
noteworthy are the 3∕2− and 1∕2− states which are now bound in the 
NCSMC. The bound levels calculated in the NCSMC change by less than 
4% between 𝑁max = 8 and 𝑁max = 10, demonstrating that the calcu
lation is well-converged. This convergence is further cofirmed by the 
good agreement between the 𝑁max = 10 NCSMC energy levels and the 
corresponding NCSM values extrapolated to 𝑁max → ∞. 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 𝑁max = 8 to 𝑁max = 10.

To probe the radial shape of our 7Be ground-state wave function, 
we calculate the charge radius (𝑟𝑐ℎ), electric quadrupole moment (𝑄), 
and magnetic moment (𝜇) of the 7Be 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 

Fig. 2. NCSMC calculations of 𝑆34(𝐸) at 𝑁max = 10. The dashed line is the un
shifted NCSMC result. The solid line is the NCSMCpheno result after adjusting 
to experimental bound-state data. The dot-dashed line is the NCSMC∗

pheno 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] (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 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 𝛼+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, |||Φ𝐽𝜋𝑇𝜈𝑟 ⟩

, in Eq. (3) [51,52].

Using the bound- and scattering-state wave functions calculated in 
the NCSMC, we employ Eqs. (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 7Be 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 4He and 3He 
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 𝑆34(𝐸). The 𝑆 factor obtained 
after these phenomenological shifts, dubbed NCSMCpheno, is shown by 
the solid line in Fig. 2. The NCSMCpheno 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 3He+4He 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 𝐸lab = 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 𝜃c.m. = 104◦ due to added repulsion. The 
triangle points represent data measured at 𝜃c.m. = 104◦ [57]. The square points represent data measured at 𝜃c.m. = 106.4◦ [58]. (c)-(f) Increased strength in the elastic
scattering angular distributions (with respect to the Rutherford cross section) at 𝐸c.m. = 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 𝜃c.m. = 104◦ and 𝜃c.m. = 106.4◦ [57,58] (solid line in panel 
(b) of Fig. 3).

We note the differences are amplfied at large angles owing to the 
divergence of the Rutherford cross section at 𝜃c.m. = 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+𝛼 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, 𝑎0 = 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, 𝑎SONIK0 = 33.10 ± 0.13(stat)+7.5−3 (analysis) fm [56]. This further 
cofirms 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 𝑁max = 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+ 𝑎0 between 𝑁max = 10 and 𝑁max = 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 𝑁max = 12∕13 HO 
model space size using the two-nucleon component of the SRG-evolved 
𝑁𝑁 interaction (𝑁𝑁 -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 3He(𝛼, 𝛾)7Be at zero energy, 𝑆34(0). 
The NCSMCpheno result is after adjusting to ex
perimental bound-state data. The NCSMC∗

pheno
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 𝑆34(0) [keV b] 
NCSMCpheno 0.545 ± 0.001
NCSMC∗

pheno 0.505
halo EFT [9] 0.577+0.015−0.016
halo EFT [10] 0.558 ± 0.008(f it) ± 0.056(EFT)
𝑅-matrix [60] 0.539+0.011−0.012
SF III [2] 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

1∕2+
𝜈𝜈′

(𝑟, 𝑟′)→1∕2+
𝜈𝜈′

(𝑟, 𝑟′) + 𝑉 (𝑟, 𝑟′),

where

𝑉 (𝑟, 𝑟′) =
𝑉𝑤𝑠

1 + 𝑒(𝑅−𝑟𝑤𝑠)∕𝑎𝑤𝑠
× 𝑒(𝑟−𝑟′)2∕𝑎2𝑤𝑠 . (5)

Here 𝑅 = 𝑟+𝑟′
2 , the width and radius 𝑟𝑤𝑠 and 𝑎𝑤𝑠 of the Woods-Saxon 

potential are fixed at 0.6 fm to resemble the nonlocality and range of 
1∕2+
𝜈𝜈′

(𝑟, 𝑟′) (though the following behavior is independent of the val
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ues chosen for the radius and nonlocality), and 𝑉𝑤𝑠 is the strength of 
the repulsion which we varied. As expected, the computed phase shift 
becomes closer to the empirical data as we increase 𝑉𝑤𝑠 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 NCSMC∗

pheno) 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∗

pheno prediction in Fig. 2 (again, similar to 
what is observed in Ref. [60]). Even among the 𝑆 factor data, the NC
SMC∗

pheno 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 NCSMCpheno results match at lower ener
gies and favor a slightly larger 𝑆(𝐸) at higher energies. As shown by 
the difference between the 𝑁𝑁 -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 NCSMCpheno yields 𝑆34(0) = 0.545(1) keV b (see 
Table 2), where the uncertainty is estimated as the difference between 
the NCSMCpheno 𝑁max = 8 and 𝑁max = 10 𝑆34(0) predictions. The NC
SMCpheno and NCSMC∗

pheno results in Table 2 provide a lower and upper 
bound for our 𝑆34(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(𝛼, 𝛾)7Be 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 ifinitely 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 +4He 
elastic scattering and 3He(𝛼, 𝛾)7Be capture cross sections simultane
ously. Barring the existence of a broad 1∕2+ resonance which could 
manifest with the inclusion of the 𝑝+6Li 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+6Li 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 

Fig. 4. The 𝑆 factor for the radiative capture process 3He(𝛼, 𝛾)7Be. The solid 
line is the present NCSMCpheno result after adjusting to the bound-state data (see 
text). The dot-dashed line is the previous NCSMC result employing 𝑁𝑁 -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].

The authors would like to thank Gautam Rupak for sharing his halo
EFT 𝑆 factor results. We also thank Chloë Hebborn for helpful dis
cussions. Computing support for this work came from the Lawrence 
Livermore National Laboratory (LLNL) institutional Computing Grand 
Challenge program and from an INCITE Award on the Summit and Fron
tier supercomputers of the Oak Ridge Leadership Computing Facility 
(OLCF) at ORNL. This material is based upon work supported by the 
U.S. Department of Energy, Office of Science, Office of Nuclear Physics, 
under Work Proposal No. SCW0498. This work was performed under 
the auspices of the U.S. Department of Energy by LLNL under contract 
DE-AC52-07NA27344. PN acknowledges support from the NSERC Grant 
No. SAPIN-2022-00019. TRIUMF receives federal funding via a contri
bution agreement with the National Research Council of Canada.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to ifluence 
the work reported in this paper.

Data availability

Data will be made available on request.

References

[1] S. Burles, K.M. Nollett, J.W. Truran, M.S. Turner, Phys. Rev. Lett. 82 (1999) 4176.
[2] B. Acharya, et al., Solar fusion iii: new data and theory for hydrogen-burning stars, 

arXiv:2405.06470 [astro-ph.SR], 2024.
[3] B.S.N. Singh, M. Hass, Y. Nir-El, G. Haquin, Phys. Rev. Lett. 93 (2004) 262503.
[4] F. Confortola, et al., LUNA Collaboration, Phys. Rev. C 75 (2007) 065803.
[5] A. Di Leva, et al., Phys. Rev. Lett. 102 (2009) 232502.
[6] M. Carmona-Gallardo, et al., JPS Conf. Proc. 6 (2015) 020028.
[7] C. Bordeanu, G. Gyürky, Z. Halász, T. Szücs, G.G. Kiss, Z. Elekes, J. Farkas, Z. Fülöp, 

E. Somorjai, Nucl. Phys. A 908 (2013) 1, arXiv:1304.4740 [nucl-ex].
[8] T.A. Tombrello, P.D. Parker, Phys. Rev. 131 (1963) 2582.

Physics Letters B 860 (2025) 139189 

5 

http://refhub.elsevier.com/S0370-2693(24)00747-0/bib36587CC3A5AE9A2DD82D6A55FC97F998s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib8BD23EBBCEEB7FFA1CA3D59210105E4Bs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib8BD23EBBCEEB7FFA1CA3D59210105E4Bs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib57E84034835EFD2F2FECCEC8DD68E172s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib98BD298EB81946C22FF96C36CE4AC062s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib98A1A8C7E285FC849FFB1325B1336C3Bs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib120A8543355A003DB1A08B90CBC365DBs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib14E9BAFF92D97872325C9E5B3E6A3176s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib14E9BAFF92D97872325C9E5B3E6A3176s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibACB4F0927E2B6F106E18ACC6A9764EB6s1


M.C. Atkinson, K. Kravvaris, S. Quaglioni et al. 

[9] X. Zhang, K.M. Nollett, D.R. Phillips, J. Phys. G, Nucl. Part. Phys. 47 (2020) 054002.
[10] R. Higa, G. Rupak, A. Vaghani, Eur. Phys. J. A 54 (2018) 89.
[11] K.M. Nollett, Phys. Rev. C 63 (2001) 054002.
[12] T. Neff, Phys. Rev. Lett. 106 (2011) 042502.
[13] T. Kajino, Nucl. Phys. A 460 (1986) 559.
[14] A. Csótó, K. Langanke, Few-Body Syst. 29 (2000) 121.
[15] J. Dohet-Eraly, P. Navrátil, S. Quaglioni, W. Horiuchi, G. Hupin, F. Raimondi, Phys. 

Lett. B 757 (2016) 430.
[16] E.G. Adelberger, et al., Rev. Mod. Phys. 83 (2011) 195.
[17] K.M. Nollett, S.C. Pieper, R.B. Wiringa, J. Carlson, G.M. Hale, Phys. Rev. Lett. 99 

(2007) 022502.
[18] P. Navrátil, S. Quaglioni, G. Hupin, C. Romero-Redondo, A. Calci, Phys. Scr. 91 

(2016) 053002.
[19] S. Baroni, P. Navrátil, S. Quaglioni, Phys. Rev. C 87 (2013) 034326.
[20] S. Baroni, P. Navrátil, S. Quaglioni, Phys. Rev. Lett. 110 (2013) 022505.
[21] C. Hebborn, G. Hupin, K. Kravvaris, S. Quaglioni, P. Navrátil, P. Gysbers, Phys. Rev. 

Lett. 129 (2022) 042503.
[22] K. Kravvaris, P. Navrátil, S. Quaglioni, C. Hebborn, G. Hupin, Phys. Lett. B 845 

(2023) 138156.
[23] P. Descouvemont, Theoretical Models for Nuclear Astrophysics, World Scientific, 

New Jersey, 2005.
[24] B.R. Barrett, P. Navrátil, J.P. Vary, Prog. Part. Nucl. Phys. 69 (2013) 131.
[25] P. Navrátil, G.P. Kamuntavičius, B.R. Barrett, Phys. Rev. C 61 (2000) 044001.
[26] P. Navrátil, B.R. Barrett, Phys. Rev. C 57 (1998) 3119.
[27] P. Navrátil, J.P. Vary, B.R. Barrett, Phys. Rev. C 62 (2000) 054311.
[28] P. Navrátil, J.P. Vary, B.R. Barrett, Phys. Rev. Lett. 84 (2000) 5728.
[29] S. Quaglioni, P. Navrátil, Phys. Rev. C 79 (2009) 044606.
[30] S. Quaglioni, P. Navrátil, Phys. Rev. Lett. 101 (2008) 092501.
[31] P. Descouvemont, D. Baye, Rep. Prog. Phys. 73 (2010) 036301.
[32] D.R. Entem, R. Machleidt, Phys. Rev. C 68 (2003) 041001.
[33] P. Navratil, Few-Body Syst. 41 (2007) 117.
[34] M. Gennari, M. Vorabbi, A. Calci, P. Navrátil, Phys. Rev. C 97 (2018) 034619.
[35] P. Gysbers, G. Hagen, J.D. Holt, G.R. Jansen, T.D. Morris, P. Navrátil, T. Papenbrock, 

S. Quaglioni, A. Schwenk, S.R. Stroberg, K.A. Wendt, Nat. Phys. 15 (2019) 428.
[36] V. Somà, P. Navrátil, F. Raimondi, C. Barbieri, T. Duguet, Phys. Rev. C 101 (2020) 

014318.

[37] F. Wegner, Ann. Phys. 506 (1994) 77.
[38] S.K. Bogner, R.J. Furnstahl, R.J. Perry, Phys. Rev. C 75 (2007) 061001.
[39] R. Roth, S. Reinhardt, H. Hergert, Phys. Rev. C 77 (2008) 064003.
[40] E.D. Jurgenson, P. Navrátil, R.J. Furnstahl, Phys. Rev. Lett. 103 (2009) 082501.
[41] C. McCracken, P. Navrátil, A. McCoy, S. Quaglioni, G. Hupin, Phys. Rev. C 103 (2021) 

035801.
[42] P. Navrátil, R. Roth, S. Quaglioni, Phys. Lett. B 704 (2011) 379.
[43] S.N. More, A. Ekström, R.J. Furnstahl, G. Hagen, T. Papenbrock, Phys. Rev. C 87 

(2013) 044326.
[44] D. Tilley, C. Cheves, J. Godwin, G. Hale, H. Hofmann, J. Kelley, C. Sheu, H. Weller, 

Nucl. Phys. A 708 (2002) 3.
[45] W. Nörtershäuser, D. Tiedemann, M. Žáková, Z. Andjelkovic, K. Blaum, M.L. Bissell, 

R. Cazan, G.W.F. Drake, C. Geppert, M. Kowalska, J. Krämer, A. Krieger, R. Neugart, 
R. Sánchez, F. Schmidt-Kaler, Z.-C. Yan, D.T. Yordanov, C. Zimmermann, Phys. Rev. 
Lett. 102 (2009) 062503.

[46] W. Huang, M. Wang, F. Kondev, G. Audi, S. Naimi, Chin. Phys. C 45 (2021) 030002.
[47] P. Raghavan, At. Data Nucl. Data Tables 42 (1989) 189.
[48] R.J. deBoer, J. Görres, K. Smith, E. Uberseder, M. Wiescher, A. Kontos, G. Imbriani, 

A. Di Leva, F. Strieder, Phys. Rev. C 90 (2014) 035804.
[49] K. Kravvaris, A. Volya, Phys. Rev. Lett. 119 (2017) 062501.
[50] K. Kravvaris, S. Quaglioni, G. Hupin, P. Navrátil, Phys. Lett. B 856 (2024) 138930.
[51] S. Quaglioni, C. Romero-Redondo, P. Navrátil, G. Hupin, Phys. Rev. C 97 (2018) 

034332.
[52] C. Romero-Redondo, S. Quaglioni, P. Navrátil, G. Hupin, Phys. Rev. Lett. 117 (2016) 

222501.
[53] T.A.D. Brown, C. Bordeanu, K.A. Snover, D.W. Storm, D. Melconian, A.L. Sallaska, 

S.K.L. Sjue, S. Triambak, Phys. Rev. C 76 (2007) 055801.
[54] A. Kontos, E. Uberseder, R. deBoer, J. Görres, C. Akers, A. Best, M. Couder, M. Wi

escher, Phys. Rev. C 87 (2013) 065804.
[55] M.P. Takács, D. Bemmerer, T. Szücs, K. Zuber, Phys. Rev. D 91 (2015) 123526.
[56] S.N. Paneru, et al., Phys. Rev. C 109 (2024) 015802.
[57] A. Barnard, C. Jones, G. Phillips, Nucl. Phys. 50 (1964) 629.
[58] R.J. Spiger, T.A. Tombrello, Phys. Rev. 163 (1967) 964.
[59] D. Hardy, R. Spiger, S. Baker, Y. Chen, T. Tomberllo, Nucl. Phys. A 195 (1972) 250.
[60] D. Odell, C.R. Brune, D.R. Phillips, R.J. deBoer, S.N. Paneru, Front. Phys. 10 (2022), 

https://doi.org/10.3389/fphy.2022.888476.

Physics Letters B 860 (2025) 139189 

6 

http://refhub.elsevier.com/S0370-2693(24)00747-0/bibCADD7F9A02B13FC42F17A184EFA769C9s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibE802ED9006A612E81ABD8E7871919F83s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib5F870AE49F53D5E97ACE200230ED2A7As1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibF925F317BC43DFA4E8E6423F9A4D4473s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib471040896FD4FFD124B05F102AF56987s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibDD9B400061FADF9FEBE9718000DDD85Es1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib02E5EF98749B99C85BC098404D7A02AFs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib02E5EF98749B99C85BC098404D7A02AFs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib33DF87E4B146D3351850840108DD5F04s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibF38DDB2033CBD9115ACF7396B9FA5A42s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibF38DDB2033CBD9115ACF7396B9FA5A42s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibCBD164BB93B2837752B9E8B0C42067E6s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibCBD164BB93B2837752B9E8B0C42067E6s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibB6F3FE535E83E768EC472DD0F86266CCs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib4918D2B86EBC65BA0D795E8F0DC1A446s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib30BF9059CFA7224F46F62938D7951D72s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib30BF9059CFA7224F46F62938D7951D72s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib403CABA0D0F7EFF43936353527EB4217s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib403CABA0D0F7EFF43936353527EB4217s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibD06647A4228C4BFCF4DD34E9FB80BF7Cs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibD06647A4228C4BFCF4DD34E9FB80BF7Cs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib9F5F7AFB8BE77731B8835BB6928A9848s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib69C7CA40485AE483E9F06248B7CE8AD7s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib1CD7BC89520FE61CE0385F31C7314F3Es1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib9F5F7A4382D8860D628F3BC62F16D060s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibF63A4CE14965DB07DA08B93AA9A6D265s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibA8DDBB7BB91DA05D283A9EDE994DB9DCs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib1A5DF60C2EE2E1FA5ABD43E4248CD5FEs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibDFE0F4E73DF87D24023CF3698B2BFB42s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib16F1ACBD462219E3DEC6C7C882A1B5D6s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibDC2C56A71380E50D450196A5CA725419s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibD637AB3B4FB398800110F91E7C78E6A4s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibC893BF917DC3EAEC28F6703FB64174F0s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibC893BF917DC3EAEC28F6703FB64174F0s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib972191FA0CECCDA7DC06DFE127C7B9C1s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib972191FA0CECCDA7DC06DFE127C7B9C1s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib3CADCC9D33D8ACFC4EE95F3E9AFE6B0Ds1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibED00B642E7BB6632E54172A685E8E5D3s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib6FF8869AD2B08F902B3EA53868452AE7s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib71DA27414E3F06CA25C700637A816634s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib3E506699614491DF0CF38C3A79E78A11s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib3E506699614491DF0CF38C3A79E78A11s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib3B50328169ED43F94A86D8872F86CA28s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibE6237CC270A3C58FA28A212AECDD598Bs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibE6237CC270A3C58FA28A212AECDD598Bs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib06F222D9DC5C883D6E300363E3E9B1E8s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib06F222D9DC5C883D6E300363E3E9B1E8s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibB53AA981AC9D46ADBA9CA1A944CD4ACCs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibB53AA981AC9D46ADBA9CA1A944CD4ACCs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibB53AA981AC9D46ADBA9CA1A944CD4ACCs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibB53AA981AC9D46ADBA9CA1A944CD4ACCs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib827C0892C153FD8A3EC50D5B4DBB9DA2s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib757591384D591DD3DBB9ABF075043F72s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib0733B497463FFF23CAEABB1B0CA413D3s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib0733B497463FFF23CAEABB1B0CA413D3s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib8823F8F4554DA3B315E53F2726E709FAs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib5D639F26D44EE79557D2795B0BA33D7Fs1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib83842E1BEB3BA9D78258CF0A5232B3F7s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib83842E1BEB3BA9D78258CF0A5232B3F7s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibA0688E3F7AF32D87A2D3E0086876624Ds1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibA0688E3F7AF32D87A2D3E0086876624Ds1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib4EFDC263A53512A7D7BB8AD898D22960s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib4EFDC263A53512A7D7BB8AD898D22960s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib91B0476F0F8C11833A36F88515A80942s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib91B0476F0F8C11833A36F88515A80942s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib617088095CAA9386CA3061499CF10572s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib6880F8C91FDBC9CA4FF5161A8253CE54s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibF3CC1611E03D2C1D74174E39B0152138s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bibFD4C2B9978771E28103EFE2A92FD7710s1
http://refhub.elsevier.com/S0370-2693(24)00747-0/bib9C50F83CAB44DA79D845A461FFB10B1Ds1
https://doi.org/10.3389/fphy.2022.888476

	Ab initio calculation of the 3He(α,γ)7Be astrophysical S factor with chiral two- and three-nucleon forces
	Declaration of competing interest
	Data availability
	References


