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 a b s t r a c t

A two-decade-old puzzle in heavy-ion one-nucleon knockout reactions is the strong correlation between the re-
duction factor 𝑅𝑠 = 𝜎exp∕𝜎th and the Fermi surface asymmetry Δ𝑆. Theoretical cross sections typically rely on 
spectroscopic factors (SFs) from shell model (SM) calculations, which neglect continuum coupling effects. Here, 
we employ the Gamow shell model (GSM), which explicitly incorporates continuum coupling, to compute SFs 
for 𝑝-shell nuclei and predict corresponding theoretical cross sections. Systematic calculations demonstrate that 
using GSM-derived SFs substantially reduces discrepancies between theoretical and experimental results. This 
improvement is particularly significant for deeply bound nucleon knockout in nuclei near the dripline, where 
traditional SM-based calculations fall short. As a result, using GSM SFs, the ratio 𝑅𝑠 exhibits no pronounced 
dependence on Δ𝑆. Furthermore, both the ratio of GSM SFs to SM SFs and their corresponding reaction cross 
sections ratios exhibit a strong Δ𝑆 dependence. We have also compared GSM SFs and cross sections with those 
from the no-core shell model calculations, giving a similar pronounced sensitivity to Δ𝑆. Detailed analysis at-
tributes these correlations to threshold effects for SFs in weakly bound systems. Overall, incorporating continuum 
coupling via GSM enhances the reliability of SF predictions for exotic, weakly bound nuclei and provides key 
insights toward resolving the enduring puzzle in heavy-ion knockout reactions from a nuclear structure perspec-
tive.

1.  Introduction

Single-nucleon knockout reactions have emerged as a powerful tool 
for investigating the single-particle (s.p.) structure of unstable nuclei by 
extracting spectroscopic factors (SFs). These studies provide valuable 
insights into nuclear shell evolution, nucleon correlations, and reaction 
mechanisms [1,2]. Importantly, SFs also play a critical role in shaping 
our understanding and prediction of nuclear reaction rates in stellar en-
vironments [3]. Systematic compilations of experimental single-nucleon 
removal cross sections for light and medium-mass nuclei on light targets 
(9Be, 12C) at intermediate energies have revealed that the reduction fac-
tor 𝑅𝑠, which is defined as the ratio of the measured cross section to its 
theoretical prediction, shows a strong dependence on the Fermi surface 
asymmetry Δ𝑆 of the projectile nucleus [4–6].

This behavior was first identified in experiments conducted at the 
National Superconducting Cyclotron Laboratory (NSCL), USA, in 2004, 
using inverse kinematics knockout on 9Be targets at 150 MeV/nu-
cleon [7]. Subsequent experiments confirmed these trends in single-
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nucleon knockout reactions for light and medium-mass nuclei on 9Be
or 12C targets, with beam energies around 100 MeV/nucleon [4,6,8,9]. 
In addition, similar results were observed in experiments carried out at 
the Lanzhou Heavy Ion Research Facility in China, with beam energies 
near 250 MeV/nucleon [10].

Despite these systematic observations, the underlying cause of the 
𝑅𝑠-Δ𝑆 dependence remains unresolved and continues to represent a 
long-standing puzzle in heavy-ion-induced knockout reactions. In con-
trast, other experimental methods, such as transfer reactions [11–13], 
quasifree scattering [14–16], and electron-induced (𝑒, 𝑒′𝑝) knockout re-
actions [17,18], have not shown any significant correlation with Δ𝑆, 
highlighting the complexity and the unresolved nature of this phe-
nomenon.

The reduction factor 𝑅𝑠 combines inputs from both nuclear struc-
ture and reaction calculations, with knockout reaction analyses typi-
cally relying on the eikonal reaction models [19–21] and SFs derived 
from traditional shell model (SM) calculations [1,4,6,9]. Although nu-
merous studies have focused on refining the eikonal reaction model, 
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the persistent puzzle of the 𝑅𝑠-Δ𝑆 dependence remains only partially 
addressed [4,16,22–30]. In particular, when SM SFs are used, nuclei 
with large Δ𝑆 values typically exhibit small 𝑅𝑠 values, often around 
30% [4,6,9]. These nuclei are usually located near the neutron or pro-
ton dripline, where the nuclear system is weakly bound, yet the removed 
nucleon is deeply bound inside the nucleus.

In dripline nuclei, explicitly coupling to the continuum reduces the 
SFs of deeply bound nucleons compared to results obtained from cal-
culations that neglect these effects [31–36]. Neglecting continuum cou-
pling therefore leads to a systematic overestimate of SFs in SM near the 
dripline, which in turn causes large discrepancies between theoretical 
and experimental one-nucleon removal cross sections and drives the ob-
served 𝑅𝑠 − Δ𝑆 dependence.

Here, we employ the Gamow shell model (GSM), which explicitly 
accounts for continuum coupling, to systematically calculate SFs for 𝑝-
shell nuclei spanning a wide range of separation energies and backed by 
extensive experimental data. These GSM SFs are then used as nuclear 
structure inputs in single-nucleon removal cross section calculations. 
Furthermore, we explore the correlation between Δ𝑆 and the ratio of 
GSM-derived SFs to those obtained from SM calculations. This analy-
sis provides new insight into the underlying mechanism responsible for 
the observed 𝑅𝑠-Δ𝑆 dependence when using traditional SM SFs at the 
nuclear structure level.

2.  Method

2.1.  Cross section calculation

Theoretical one-nucleon removal cross section for a final state 𝐼𝜋 at 
excitation energy 𝐸𝑥 is given by:
𝜎th(𝐼𝜋 ) = 𝑓CoM 𝐶2𝑆(𝐼𝜋 , 𝑗) 𝜎sp(𝑗𝜋 , 𝑆𝑛 + 𝐸𝑥), (1)

where 𝑓CoM is the center-of-mass motion correction, taken as (𝐴∕(𝐴 −
1))𝑁  in traditional SM calculations [21,37], and equal to 1 in GSM and 
no-core shell model (NCSM) calculations. The term 𝐶2𝑆 represents the 
SF, which includes isospin coupling [37], while 𝜎sp denotes the s.p. 
cross sections, calculated using the CNOK code based on the Glauber 
model [38].

In the calculation of 𝜎sp, nuclear densities (target and residual nuclei) 
and root-mean-square (rms) radii of the removed single nucleon used 
for the reaction calculations are obtained from Hartree-Fock-Bogoliubov 
(HFB) calculations employing four Skyrme interactions: SLY4, SLY5, 
SIII, and SKM* [39]. The final cross sections are averaged over the re-
sults from these interactions. Detailed results of the s.p. cross sections 
and other relevant information are provided in the Supplementary Ma-
terial.

For a single final state 𝐼𝜋 , corresponding to the ground state of 
the residual nucleus, the asymmetry parameter Δ𝑆 is defined as Δ𝑆 =
𝑆𝑛 − 𝑆𝑝 for neutron removal, and Δ𝑆 = 𝑆𝑝 − 𝑆𝑛 for proton removal, 
where 𝑆𝑝 and 𝑆𝑛 are the proton and neutron separation energies, re-
spectively [4,6]. When multiple final states of the residue are popu-
lated, Δ𝑆 is replaced by a weighted average of the effective separation 
energies, where the weights are given by the calculated partial cross 
sections 𝜎th(𝐼𝜋 ) [6], based on the GSM results presented in this work. In 
such cases, the total theoretical cross section is obtained by summing the 
partial cross sections of all populated final states: 𝜎th, total =

∑

𝐼𝜋 𝜎th(𝐼𝜋 ).

2.2.  Spectroscopic factors and overlap function

The theoretical SF is defined as the norm of the overlap function:

𝐶2𝑆𝓁𝑗 = ∫

+∞

0
𝑂2
𝓁𝑗 (𝑟) 𝑑𝑟, (2)

where the overlap functions are given by:

𝑂𝓁𝑗 (𝑟) =
1

√

2𝐽𝐴 + 1

∑

𝑛
⟨Ψ𝐽𝐴

𝐴 ‖𝑎+𝑛𝓁𝑗‖Ψ
𝐽𝐴−1
𝐴−1 ⟩𝑢

(𝓁𝑗)
𝑛 (𝑟), (3)

with 𝓁 and 𝑗 representing orbital and total angular momentum of the 
partial wave, respectively. Here, 𝐽𝐴 and 𝐽𝐴−1 are the total angular mo-
menta of the nuclear wave functions ∣ Ψ𝐽𝐴

𝐴 ⟩ and ∣ Ψ𝐽𝐴−1
𝐴−1 ⟩, corresponding 

to the 𝐴 and 𝐴 − 1 nucleon systems. The functions 𝑢(𝓁𝑗)𝑛 (𝑟) are the radial 
components of the one-body harmonic oscillator (HO) basis in SM and 
NCSM, while the one-body Berggren basis in GSM.

2.3.  Gamow shell model

The GSM extends the traditional SM into the complex momentum (𝑘) 
plane [40,41], utilizing the Berggren basis [40–42]. For the Berggren 
basis, each partial wave 𝓁, 𝑗 spans as:
∑

𝑛
𝑢(𝓁𝑗)𝑛 (𝑟)𝑢(𝓁𝑗)𝑛 (𝑟′) + ∫𝐿+

𝑢(𝓁𝑗)𝑘 (𝑟)𝑢(𝓁𝑗)𝑘 (𝑟′) 𝑑𝑘 = 𝛿(𝑟 − 𝑟′), (4)

where 𝑛 enumerates the bound and resonance states of the considered 
partial wave, while 𝐿+ is the complex contour of scattering states, which 
encompasses the resonance states present in the discrete sum. This 
framework makes GSM particularly powerful for studying weakly bound 
nuclei and their continuum coupling. In practical calculations, contin-
uous states on the contour 𝐿+ are discretized by the Gauss-Legendre 
quadrature [43] with sufficient points in each partial wave to ensure 
the reliability of the results.

In the GSM framework, SFs are independent of the choice of the s.p. 
Berggren basis [41]. Although SFs calculated within the GSM framework 
are inherently complex quantities [31,44,45], this study focuses solely 
on their real parts. The nucleus is described as a system of valence nucle-
ons interacting outside an inert closed core (4He in this work), following 
the Cluster Orbital Shell Model (COSM) framework [46].

In the GSM calculations, the core-valence interaction is modeled us-
ing a finite-depth Woods-Saxon potential, while the residual two-body 
interaction is described by the Furutani-Horiuchi-Tamagaki (FHT) ef-
fective nucleon-nucleon force [47]. The parameters of these interactions 
and the details of the model space used for the 𝑝-shell nuclei calculations 
are provided in Refs. [31,45,48].

To enhance computational efficiency and improve the convergence 
of SF calculations, particularly for nuclei with mass numbers 𝐴 = 9 and 
𝐴 = 10, natural orbitals are employed in our model space. These orbitals 
are obtained as eigenstates of the scalar density matrix of the many-body 
GSM wave function constructed in the Berggren basis, thereby effec-
tively capturing a significant portion of the correlation and interaction 
strength in these systems. As a concrete example, consider the GSM cal-
culations for 9Be. First, calculations are carried out using the Berggren 
basis, allowing at most two particles in the continuum, to generate the 
natural orbital basis. The dimension is on the order of 108. Subsequently, 
GSM calculations are performed within the constructed natural orbital 
basis, now allowing up to three particles in the continuum, with the 
dimension again being on the order of 108. For comparison, the corre-
sponding traditional SM calculation for 9Be within the 𝑝-shell valence 
space involves only about 102 basis states.

2.4.  Shell model

SM calculations are typically performed using a HO basis, with an 
inert core–usually a doubly magic nucleus–assumed to remain inactive. 
The many-body correlations among nucleons are incorporated through 
configuration mixing within a truncated model space, which restricts ac-
tive nucleons to occupy one or two major shells, known as the valence 
space. The effective interaction in the valence space is generally phe-
nomenological, constructed by fitting experimental data such as energy 
levels and transition rates.

In the present work, SM calculations are carried out using the 
KSHELL code [49]. We choose 4He as the inert core and take the 
0𝑝3∕2 and 0𝑝1∕2 orbitals as the valence space for both protons and 
neutrons. The effective interaction employed is the phenomenological
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Fig. 1. The reduction factor 𝑅𝑠 as a function of the asymmetry parameter Δ𝑆. 
Experimental inclusive nucleon removal cross sections, 𝜎exp, are taken from 
Refs. [5,20,53–57]. The theoretical cross sections, 𝜎th, are computed by com-
bining reaction model calculations with nuclear structure inputs derived from 
both GSM and SM SFs.

Cohen-Kurath interaction [50], which has been widely used and vali-
dated in 𝑝-shell nuclei.

2.5.  No-core shell model

The ab initio NCSM has achieved significant success in describing 
light nuclei and ranks among the most microscopic many-body ap-
proaches currently available for studying light nuclear systems. Unlike 
traditional SM, NCSM starts from realistic nuclear interactions and does 
not assume an inert core. The NCSM calculation is formulated in an HO 
basis and truncated by a maximum total excitation quantum number 
𝑁max [51] to control the rapid growth in model space dimension. In this 
work, we use the realistic Daejeon16 nuclear interaction [52], which is 
derived from the chiral two-nucleon interaction at next-to-next-to-next-
to-leading order through the similarity renormalization group evolution 
and unitary transformation techniques. It provides an excellent descrip-
tion of the properties of light nuclei without the need to include three-
body forces. Due to computational constraints, we apply a truncation of 
𝑁max = 10 for nuclei with 𝐴 ≤ 6, and 𝑁max = 8 for heavier 𝑝-shell nuclei. 
At the same time, we adopt an oscillator frequency of ℏ𝑤 = 15 MeV.

3.  Results

SFs obtained from GSM calculations are used to compute theoret-
ical single-nucleon removal cross sections 𝜎th for those 𝑝-shell nuclei 
with available experimental data. For comparison, cross section calcu-
lations are also performed using SFs derived from traditional SM calcula-
tions. The reduction factor, defined as 𝑅𝑠 = 𝜎exp∕𝜎th, quantifies the dis-
crepancy between theoretical calculations and measured inclusive cross 
sections, as shown in Fig. 1. The uncertainties presented include both
experimental uncertainties and the theoretical spread in 𝜎th, the latter 
arising from the use of HFB calculations with different Skyrme interac-
tions. Among these two sources, the experimental uncertainties domi-
nate.

For knockout reaction calculations using SFs derived from the SM, 
a significant overestimation of theoretical cross sections compared to 
experimental data is observed, resulting in systematically small values 
of 𝑅𝑠. This overestimation is particularly pronounced for reactions with 
large Δ𝑆 values, underscoring the strong correlation between 𝑅𝑠 and 
Δ𝑆. Such cases typically involve projectile nuclei that are either bound 
or weakly bound (e.g., 7,10Be, 10C), and residual nuclei that are either 
weakly bound (e.g., 6He, 9Li, 9C) or unbound states (e.g., 6Be, 8C) lo-
cated near or beyond the dripline. For proton removal from 7Li and 

Fig. 2. Panels (a) and (b) show the ratios SFGSM∕SFSM and 𝜎GSM∕𝜎SM plotted 
as functions of the asymmetry parameter Δ𝑆, respectively. The shaded region 
indicates the 1𝜎 uncertainty from the linear fit.

10Be, the calculated cross sections exceed experimental measurements 
by factors of approximately 3.86 and 3.99, respectively. Similarly, neu-
tron knockout cross sections from 9,10C and 7Be are also significantly 
overestimated.

In contrast, the use of GSM-derived SFs significantly improves the 
agreement between calculated and experimental cross sections, particu-
larly for nuclei with large Δ𝑆. For instance, GSM-based calculations for 
proton knockout from 7Li and neutron knockout from 7Be and 10C show 
𝑅𝑠 values increasing from around 0.3 (in SM calculations) to approx-
imately 0.6, demonstrating a clear improvement. Furthermore, GSM-
based calculations substantially reduce and flatten the 𝑅𝑠-Δ𝑆 depen-
dence, in stark contrast to the pronounced trend observed in SM-based 
results. Although the GSM-based calculations show significant improve-
ments over the traditional SM, a sizable dispersion in 𝑅𝑠 ≈ 0.3 − 0.7 per-
sists in the region of large Δ𝑆.

These discrepancies are driven by differences in the SFs obtained 
from the two models. For the (10C, 9C) reaction, GSM predicts an SF of 
0.973, compared to the SM value of 1.735, resulting in a much more 
accurate prediction of the experimental cross section. Similarly, for the 
(9C, 8C) reaction at 66.8 MeV/nucleon, GSM yields an SF of 0.374, which 
is much closer to the experimental cross section [5], in contrast to the 
SM calculation of 0.886.

Within the GSM framework, the weakly bound or unbound nature 
of residual nuclei is explicitly treated, resulting in consistently smaller 
SFs for deeply bound nucleons. In contrast, SM calculations, which rely 
on an HO basis with an infinitely deep potential well, are unable to 
adequately describe the properties of these nuclei near the dripline
[31,45].
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Fig. 3. Similar to Fig. 2, but with SFNCSM and σNCSM rather than SFSM and σSM.

The enhanced accuracy of knockout cross section predictions us-
ing GSM SFs, compared to those obtained from SM calculations and
experimental measurements, highlights the strong sensitivity of knock-
out reactions to underlying nuclear structure effects. This motivates a 
direct comparison between SFs from GSM and SM, focusing in partic-
ular on the 𝑝3∕2 partial wave, which dominates the ground state of the 
studied 𝑝-shell isotopes.

Fig. 2 (a) presents the ratio SFGSM∕SFSM as a function of Δ𝑆, with the 
shaded band representing the 1𝜎 uncertainty of linear regression. The 
observed trend follows the relation: SFGSM∕SFSM = 0.7536 − 0.0120Δ𝑆. 
This behavior closely resembles the experimentally observed trend for 
the ratio SFexp∕SFSM in neutron knockout reactions within the argon 
isotope chain, given by: SFexp∕SFSM = 0.55 − 0.0175Δ𝑆 [58]. Similar re-
sults are also obtained in the shell model embedded in the continuum 
calculations [35] and in SFs derived from overlap functions calculated 
via solving the inhomogeneous equation [36]. By embedding the con-
tinuum coupling at the single-particle level, the GSM propagates it con-
sistently to the many-body space and thereby captures more long-range 
correlations beyond the reach of bound-state bases in the traditional SM. 
The obtained SFGSM∕SFSM suggests that continuum-induced long-range 
correlations may play a significant role in shaping the observed 𝑅𝑠-Δ𝑆
systematics. Moreover, at Δ𝑆 = 0, SFGSM∕SFSM ≈ 0.730, demonstrating 
significant improvement in describing SF quenching. This result explains 
why cross section calculations based on GSM SFs are in much closer 
agreement with experimental data than those using SM SFs and why 
GSM-based calculations substantially reduce the 𝑅𝑠-Δ𝑆 dependence.

Based on the calculated SFs, we have calculated the inclusive cross 
sections for 𝑝-shell knockout reactions, including all particle-bound final 
states associated with the 𝑝3∕2 and 𝑝1∕2 partial waves, using both SM 
and GSM SFs. For consistency, the analysis is focused on reactions at 
an incident energy of 100 MeV/nucleon with a 9Be target. However, 

it is worth noting that these conclusions remain robust under varying 
experimental conditions, as demonstrated in single-proton removal from 
the carbon isotope chain at 240 MeV/nucleon on a carbon target [10].

The results for the ratio 𝜎GSM∕𝜎SM are shown in Fig. 2 (b). A clear 
dependence of 𝜎GSM∕𝜎SM on Δ𝑆 is observed. A linear fit yields the rela-
tion: 𝜎GSM∕𝜎SM = 0.7086 − 0.0136Δ𝑆. This trend closely mirrors the sys-
tematic analysis of intermediate-energy single-nucleon removal cross 
sections, where the experimental ratio is given by: 𝜎exp∕𝜎SM = 0.61 −
0.016Δ𝑆 [9]. Notably, the slope of 𝜎GSM∕𝜎SM (−0.0136) is slightly smaller 
than that of 𝜎exp∕𝜎SM (−0.0160) reported in Ref. [9], indicating a reduced 
dependence on Δ𝑆 when GSM SFs are employed in knockout reaction 
calculations, as illustrated in Fig. 1.

Furthermore, comparing the intercepts of 𝜎exp∕𝜎SM and 𝜎GSM∕𝜎SM
yields a ratio of approximately 0.861. This suggests that replacing SM 
SFs with GSM SFs can significantly improve the description of cross 
section quenching. A similar improvement may also be achievable for 
cross section quenching observed in transfer reactions [12] by employ-
ing GSM SFs.

We also performed the SFs calculations using the state-of-the-art ab 
initio NCSM, and carried out parallel cross section calculations within 
the same reaction framework. Compared to the SM, NCSM incorporates 
a broader configuration space [59], but without including the contin-
uum effects. Fig. 3 (a) and (b) display the ratios of GSM to NCSM 
SFs and cross sections plotted as functions of the asymmetry parame-
ter Δ𝑆, respectively. While NCSM-based calculations significantly im-
prove the absolute cross sections, both the calculated SFGSM∕SFNCSM
and 𝜎GSM∕𝜎NCSM still exhibit a pronounced sensitivity to the Fermi sur-
face asymmetry Δ𝑆. The results further strengthen the reliability of the 
above conclusion, in which continuum coupling plays a crucial role in 
the SF calculations at the nuclear structure level. Furthermore, consis-
tent with the theoretical SFs for 15C reported in Ref. [60], the results 
show that at large negative Δ𝑆 the GSM SFs are systematically larger 
than their NCSM counterparts. A natural interpretation is that GSM un-
derrepresents short-range correlations, leading to larger SFs, whereas 
NCSM, with extensive multi-configuration mixing in a large no-core 
space, partially incorporates these correlations responsible for quench-
ing.

To explore the mechanisms responsible for the reduction of SFs as-
sociated with deeply bound nucleons in projectile isotopes near the 
dripline, we performed GSM calculations for 𝐴 = 7 (7Li and 7Be) and 
𝐴 = 8 (8Li and 8B) isotopes. In these calculations, the Hamiltonian was 
adjusted by varying the depth of the Woods-Saxon potential within the 
GSM framework, allowing us to tune the nucleon separation energies 
of the residual isotopes from deeply bound to unbound states. This ap-
proach enabled us to investigate the impact of threshold effects in the 
residual nuclei (6,7He, 6Be and 7B) on the SFs of deeply bound nucleons 
in the projectile nuclei, thereby enhancing our understanding of their 
structural evolution near the dripline.

Fig. 4 (a) presents GSM results for SFs of deeply bound protons 
in the 𝑝3∕2 partial wave for the ground state of 7Li, plotted as a 
function of the two-neutron separation energy 𝑆2𝑛 of 6He. The corre-
sponding mirror case, involving neutron SFs in 7Be versus the two-
proton separation energy 𝑆2𝑝 of 6Be, is also shown. As 𝑆2𝑛∕2𝑝 de-
creases, the residual nucleus transitions from a bound to a weakly 
bound state, resulting in a pronounced reduction of the SF. In par-
ticular, the SF values decrease sharply as the system approaches the 
particle emission threshold. Beyond this threshold, the SFs reach a 
minimum and display an inflection point. Interestingly, the inflection 
point occurs at a larger value of 𝑆2𝑝 in 7Be neutron SF compared to 
𝑆2𝑛 in 7Li proton SF, a shift attributed to the higher Coulomb bar-
rier present in proton-rich nuclei relative to their mirror neutron-rich
counterparts.

Fig. 4 (b) displays proton SF of the 8Li ground state and neutron SFs 
of its mirror nucleus 8B for the 𝑝3∕2 partial waves, while Fig. 4 (c) shows 
the corresponding 𝑝1∕2 partial wave results, both plotted as functions of 
the single-nucleon separation energies (𝑆1𝑛). In the case of 8Li, SF shows 
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Fig. 4. SFs as functions of separation energy. (a) Proton SF of the ground state 
of 7Li and neutron SF of its mirror nucleus 7Be, plotted against the two-nucleon 
separation energy 𝑆2𝑛∕2𝑝. (b) Proton SF of the ground state of 8Li and neutron 
SF of its mirror nucleus 8B with 𝑝3∕2 partial waves and (c) corresponding results 
with 𝑝1∕2 partial waves, shown as functions of the single-nucleon separation 
energy 𝑆1𝑛∕1𝑝.

a pronounced threshold effect as the GSM Hamiltonian is adjusted to 
approach 𝑆1𝑛 = 0.

In contrast, for proton-rich nucleus 8B, the threshold effect is less 
pronounced. This is consistent with the fact that the Wigner-cusp phe-
nomenon is strongest for low-angular-momentum waves in neutron
systems without a Coulomb barrier, while the presence of a Coulomb 
barrier in proton-rich systems suppresses this effect. Similarly, the in-
flection point observed near the single-neutron threshold 𝑆1𝑛 of 6He in 
7Li proton SF calculation also follows the Wigner threshold behavior.

These results demonstrate the ability of many-body open quantum 
system calculations to accurately capture Wigner-cusp behavior and 
threshold effects arising from continuum coupling, thus validating the 
GSM framework. As discussed earlier, the improved agreement of deeply 
bound nucleon knockout cross section calculations near the dripline can 
be attributed to the lower SF values obtained from GSM compared to 
those from traditional SM. In the GSM approach, SFs exhibit strong, 
nonlinear variations near particle emission thresholds, emphasizing the 
critical importance of including threshold effects when extracting SFs 
in dripline nuclei. In contrast, traditional SM calculations lack these dy-
namic features, as their SF values remain fixed and do not account for 
the dramatic structural variations observed near thresholds.

4.  Summary

This study addresses the long-standing puzzle of heavy-ion-induced 
knockout reactions by employing SFs derived from the GSM as nuclear 
structure inputs for cross section calculations. Our results demonstrate 

that SM-based calculations systematically overestimate experimental 
cross sections for nuclei with large Δ𝑆, leading to a strong and per-
sistent correlation between the reduction factor 𝑅𝑠 and Δ𝑆. In contrast, 
the GSM, which incorporates continuum coupling through the Berggren 
basis, significantly improves agreement with experimental data, partic-
ularly for weakly bound nuclei near the dripline, thereby greatly re-
ducing the 𝑅𝑠 − Δ𝑆 dependence. Moreover, the ratio SFGSM∕SFSM and 
SFGSM∕SFNCSM revealing a strong dependence on Δ𝑆, which further un-
derscores the role of continuum effects. Detailed GSM analyses attribute 
this behavior to threshold effects in dripline nuclei, which are not cap-
tured by traditional SM and NCSM. These findings suggest that GSM-
based calculations provide a potential resolution to the observed 𝑅𝑠-Δ𝑆
dependence from a nuclear structure perspective.

Nevertheless, a residual weak 𝑅𝑠-Δ𝑆 dependence remains, indicating 
that complementary refinements to reaction models–beyond structural 
corrections–are necessary to resolve this discrepancy fully. Moreover, 
SM SFs are used as nuclear structure inputs in transfer reactions [58,61] 
and (𝑝, 𝑝𝑁) reaction [14,15] calculations similarly exhibit weak 𝑅𝑠-Δ𝑆
correlation. Replacing SM SFs with GSM SFs in these reaction models 
could further reduce, or potentially eliminate, the 𝑅𝑠-Δ𝑆 dependence.
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