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ARTICLE INFO ABSTRACT

Editor: A. Schwenk One-nucleon spectroscopic overlaps, their strength or spectroscopic factors (SFs), and nucleon removal cross
sections for light nuclei in the mass range A< 12 were evaluated using the fully correlated Quantum Monte Carlo
(QMC) wave functions (WFs). Harder (AV18+UX) and softer (NV2+3) bare interactions were used providing
consistent results. The SFs were also taken from simple Shell Model (SM) calculations. This structure information
was incorporated in the standard three-body Faddeev/Alt-Grassberger-Sandhas reaction formalism to evaluate
the (p,pN) cross sections. The results further our understanding of the quenching of the quantum p-shell strength
obtained from structure and reactions. We have found the ratios of the total QMC sums of SFs to the SM ones
to be uniform and ~ 3/4. The corresponding ratios of the sums Below Particle Threshold (BPT) of SFs, as well
as of total cross sections, deviate strikingly from the uniform trend in some special cases. We find these ratios
to be close to unit for °Li —* Li +n and °C —* B + p. In contrast, they are strongly reduced for ''C —!° C+n
and ''B —'° Be + p mirror transitions, resulting from the quenching of the strength for low-lying 2* final state
transitions. The QMC theoretical cross section BPT for ' C(p,pn) is about two times smaller than the experimental
data.
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obtained from both state-of-the-art structure models and direct re-
actions with stable and rare-isotope beams and electron or nuclear
probes. In particular, it was found that the theoretical total cross sec-
tions calculated from simple shell model exceed the experimental data
[1-12,14,13,15-17]. Nevertheless, the origin and the behaviour of re-
duction patterns along the nuclear landscape remain a longstanding
puzzle. These analyses made use of different probes, energy regimes,

1. Introduction

The study of light systems is of prime importance for the understand-
ing of both primordial and stellar nucleosynthesis. During the nuclear
synthesis, nucleons (N) organize themselves and build a large variety of
complex nuclei with intriguing phenomena, such as the coexistence of
single-particle states and collective modes, and the occurrence of criti-

cally low thresholds for particle/cluster emission near the ground state,
in both heavy and light systems. This ultimately traces back to the com-
plexity of bare NN and NNN interactions that are responsible for the
evolution of the nuclear landscape. These bare interactions induce im-
portant correlations, in particular NN correlations in nuclear medium,
such as short-ranged and tensor.

Nuclear correlations have been interpreted as responsible for the
breakdown of simple independent shell model (SM) descriptions of nu-
clei, as seen for example in the quenching of single-particle strength

and a panoply of reaction and structure models. In particular some fo-
cus on observables that probe not only the nuclear surface but also its
interior, while others just sample the nuclear surface. Clearly, the fin-
gerprints and the driving mechanisms of nuclear correlations need to be
identified consistently and unambiguously as well as understood from
first principles, ultimately using full many-body approaches.

In this manuscript, we make a comprehensive analysis of the nucleon
knockout reactions, AP — A~!R +N, for a variety of light exotic systems
within the mass range A < 12 represented in Fig. 1. The detailed study
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Fig. 1. Mapping of the light-nuclei landscape through (p,pN) reactions where
the red arrows represent the knockout of a deficient species nucleon.

of these knockout reactions has been made possible by recent advances
in radioactive ion beam facilities and recent theoretical advances in the
many-body theory. It includes cases of current interest such as the re-
moval of a loosely bound and deficient (minority) species nucleon from
the parent nucleus.

We deduce the quenching of the quantum p-shell spectroscopic
strength obtained from ab initio structure calculations of the many-body
wave functions, and from merging these into state-of-the-art few-body
reaction theory for (p,pN) reactions, often coined as quasifree scatter-
ing.

We aim to answer two key questions: (i) Can the quenching of the
quantum p-shell spectroscopic strength obtained from both state-of-the-
art structure models and direct reactions with stable and rare-isotope
beams and electron or nuclear probes be conciliated? (ii) Can key ob-
servables from (p,pN) reactions provide unequivocal information about
nuclear spectroscopy, testing structure models and their underlying in-
teractions?

In this analysis, ab initio wave functions are generated by solving
the Schrédinger equation for the many-body system of protons and neu-
trons using quantum Monte Carlo (QMC) techniques for nuclear physics
with full account of the complexity of the many-body spin- and isospin-
dependent correlations induced by nuclear interactions. Among these
are the variational Monte Carlo (VMC) and the Green’s function Monte
Carlo (GFMC). We make use of the Argonne v18 two-nucleon and Ur-
bana X three-nucleon potentials (AV18+UX) designed and fine-tuned
so that they are able to reproduce two-, three-, and four-nucleon data
with high accuracy [19-21]. Additionally, we use the Norfolk NV2+3
A-full local chiral effective field theory (yEFT) interactions (NV2+3-Ia,
-Ia*, and -IIb*) that use low-energy constants constrained to reproduce
NN scattering data and trinucleon properties [26-28]. These potentials
range from a version with a fairly ‘hard’ repulsive core (AV18+UX) to
a version with a fairly ‘soft’ core (NV2+3-Ia). The calculated QMC one-
body momentum distributions have a maximum at or near k = 0 fm~!,
a rapid fall off at k~ 2 fm~!, followed by a high-momentum tail that is
more prominent for hard interactions, and less so for softer ones [28].
The use of multiple microscopic potentials begins to give an idea of the
theoretical uncertainty associated with choice of interaction. Although
the chiral potentials are derived from more fundamental grounds, only
the very short-range repulsive core shows significant differences with
the AV18+UX interaction; the less repulsive core of the NV2+3-Ia in-
duces softer short-range correlations in the QMC wave functions. It is
well known that the repulsive core, and its corresponding correlations,
is indeed one of the major uncertainties of the nuclear interaction, so
attempts to improve our understanding are important and timely. Our
results show, however, that the observables in the type of reaction un-
der study here are not very sensitive to these differences in the QMC
wave functions.
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The QMC methods have been used to study a wide mass range of
nuclear systems. The VMC and GFMC methods have been used exten-
sively for A<12 nuclei, while a cluster VMC (CVMC) has been used for
A =16,40 calculations. Another variant, auxiliary field diffusion Monte
Carlo (AFDMC) has been used for dense nuclear and neutron matter for
astrophysics applications such as neutron stars [21,25]. These methods
have successfully described fundamental nuclear properties of light nu-
clei such as the energy levels, level ordering, and radii of nuclei in the
mass range A=4-12 in very satisfactory agreement with experimental
data [26], as well as the relative stability of light nuclei, including the
absence of particle-stable A=5,8 nuclei. The QMC WFs are also able
to predict the appearance of clusterization phenomena [19,21,22]. In
other words, the QMC methods have the ability to capture simulta-
neously single-particle-like and highly-correlated states. This feature is
completely absent in standard shell model approaches as for example
the one proposed by Cohen and Kurath [23].

The one-nucleon knockout reactions, from a parent nucleus, 4P,
leading to the daughter or residue, 4~!R, in the ground or any excited
state, have been widely used to explore the single-particle components
of a nucleus [6-17]. At intermediate and high-energy regimes, it is stan-
dardly assumed that the probe knocks a single nucleon without large
momentum transfer to the residual nucleus which participates as a spec-
tator during the reaction process. Then, under this crucial assumption,
the two-body partition for the vertex between the initial and residual
nucleus selects a particular core-valence component in the initial nu-
cleus. As a result, the one-nucleon spectroscopic overlap (SO) defined
as a projection of a parent state onto an antisymmetrized core-valence
form becomes a key structure input for the reaction formalism [15,18].
This overlap takes into account all the possible many-body partitions
of the parent nucleus beyond the 4~!R + N configuration. For a given
state of the residual nucleus, the one-nucleon spectroscopic overlap is
a superposition of different nucleon angular momentum channels, 7,
satisfying the appropriate triangular relations [18]. The strength of the
overlap, or the so called spectroscopic factor (SF), for a given transi-
tion is obtained from the integral of the one-nucleon overlap function
in each angular momentum channel.

When a p-orbital spin-1/2 nucleon is removed from an A-body
nucleus, the spectroscopic overlaps are controlled by three simple
rules that apply to the spin-space symmetry components of a state:
(ZS“)L[st pyp.] where S is the total spin of the nucleons, L is the orbital
angular momentum, and [sp,p,p.] is the Young label for the spatial
symmetry, with a maximum value of 4 spin-isospin states in each of
the 8, Dxs Pys and p, orbitals [22]. The dominant spin-space symmetry
components for the ground and excited states of selected light nuclei
considered here are shown in Fig. 2. The simple rules are that S changes
by one unit, L can change by 0,+1, and [sp,p,p.] decreases by one unit,
e.g., a [43] space component can reduce to [42] but not to [411]. This
is illustrated in Fig. 2, where the !B ground state with [443] symmetry
has significant overlap with the °Be 0% ground state and first two 2+
excited states that have [442] symmetry, as well as some higher-lying
[433] states, but not to intermediate [4411] states.

The QMC one-nucleon spectroscopic overlaps are incorporated in the
state-of-the-art Faddeev/Alt-Grassberger-Sandhas (F/AGS) approach to
solve the resulting three-body scattering problem [37,38]. The F/AGS
allows a consistent and simultaneous treatment of all open channels,
providing an exact solution of the three body scattering problem for an
assumed three-body Hamiltonian. This formalism includes all multiple
scattering terms, contrary to other scattering frameworks that rely on
assumed exact cancellations between multiple scattering terms [14]. It
has been used recently in several exploratory studies of (p,pN) reactions
[8,13-15].

2. Results and discussion

The root-mean-square (rms) charge radius of a nucleus is a cru-
cial observable [29] that reflects important nuclear structure changes,
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Fig. 2. Energy spectrum of selected nuclei including the low-lying particle thresholds and the dominant spin-space symmetry components of the ground and excited

states.

Fig. 3. Isotopic and isotonic distribution of the QMC point proton (left) and neutron (right) rms radii.

for example, the occurrence of new/disappearance of traditional magic
numbers or the change in correlations due to neutron excess [30]. It
has been used to benchmark structure models in comparison with accu-
rate measurements [31]. We have found quite a reasonable agreement
of the VMC point proton rms radii of the studied nuclei with the very
accurately calculated GFMC values and the experimental [32,33] ones
(shown in Table 2 of Supplemental material), validating the VMC ap-
proach. The experimental values for point proton rms radii are obtained
from measured charge radii by making standard adjustments for finite
proton and neutron size effects and relativistic and spin-orbit correc-
tions, as discussed in [33].

The isotopic and isotonic distributions of the point proton and neu-
tron rms radii are shown in Fig. 3. The helium isotopes have an a-like
core that changes relatively little going from A=4 to 6 and 8 (as in-
dicated by two-proton density distributions), while the loosely-bound
p-shell neutrons are correlated to one side, thus altering the center of
mass and significantly increasing the single-proton radii from “He. For
the case of the neutron-rich lithium chain, the one p-shell proton in-
creases the single-proton distribution significantly compared to helium,
but gradually becomes more compact as neutrons are added, while the
neutron distribution increases slowly. For the carbon chain, the inverse
happens, i.e., as neutrons are removed and binding decreases, the pro-
tons become slightly more diffuse.

We have obtained improved one-nucleon spectroscopic overlaps and
theoretical SFs, with associated i transition quantum numbers, repre-
senting the final state spin of the residue, the nucleon orbital angular
and total angular momenta (7, j). We consider p-wave nucleon chan-
nels. These SFs were calculated from the fully correlated QMC WFs for
the AV18+UX and NV2+3 interactions. The SFs from the simple SM of
Cohen and Kurath (CK) were taken from Ref. [23]. For each model M
we have obtained the total sum of SFs, X(M)=X,Z i(M) as shown in

Table 3 of the Supplemental material. Tabulations and figures of the SOs
and SFs are also available online [24].

The simple SM of CK makes use of a truncated nuclear state space,
which assigns to one the probability of finding all valence nucleons in
p-shells in the parent and residual nuclei and the (A — 1) + N con-
figuration in the parent nucleus. As a result, the SFs (before the c.m.
correction) for all the transitions here presented exhaust the sum rule
(with the exception of °C —8 B + p). The ab initio QMC wave functions
are constructed starting from a complete p-shell single-particle basis, so
there is a one-to-one correspondence between the CK and QMC states.
For example, 'Li with one valence proton in the p-shell, has p-wave
spectroscopic overlaps with five spin-parity levels (0%,2%,2%,1%,0%) in
SHe. With CK the SFs add up to 1.00, while the correlated QMC wave
functions for the same set of states give 0.73 for the ‘hard’ AV18+UX
phenomenological interaction and 0.81 for the ‘soft’ NV2+3-Ia chiral in-
teraction. We attribute this quenching of SF strength to the microscopic
correlations in the QMC wave functions that include the equivalent of
extensive multi-particle, multi-shell excitations in a harmonic oscillator
framework, effectively pushing particles out of the p-shell. Thus with
these correlated wave functions, the sum of p-shell strength for the same
states as CK does not exhaust the sum rule.

Additionally, we have evaluated the partial sums for which the
experimental energy of the daughter nucleus resides Below Particle
Threshold (BPT), Zgpr (collected in Table 3 of the Supplemental ma-
terial), i.e., states below particle emission of the daughter nucleus. Al-
though the coupling to the continuum is not considered explicitly, the
physics information contained in these sums includes the effect of many-
body configurations that shift strength from BPT to higher excited states
above threshold and in the continuum. This missing strength could in-
clude, e.g., fragmentation of the daughter into multiple clusters, which
would have an overlap with the parent ground state wave function.
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(PT) of the residue is indicated.

In Figs. 4 - 5 we represent the SFs and their sums (BPT and total) for
selected transitions taken from Table 3. Overall, we find that the total
SF sums evaluated from the SM follow the expected trend of being rela-
tively larger than the QMC ones. Nevertheless, the relative distribution
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of the strength might vary between the ground, excited and continuum
final states.

The cases where VMC predicts the greatest quenching relative to
the CK SM are the mirror transitions !!C—!C +n and ''B — 1°Be +p
with a (2p)/(1n) PT of the residue respectively. As seen in Table 3 (and
depicted in Figs. 4 - 5), the parent to daughter ground state SFs are
very similar, but SFs to the daughter low-lying excited states (which
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Fig. 6. Theoretical (QMC/SM) ratios as functions of the nucleon separation en-
ergy: total sums of SFs (upper panel), sums of SFs restricted to final states BPT of
the residual nucleus (middle panel), and total (p,pN) cross sections BPT (lower
panel). Results are calculated using the AV18+UX (filled symbols) and NV2+3-
Ia (dotted symbols) interactions. The transitions to the ground state are depicted
in orange for the cases that significantly differ from those BPT.

have a much bigger SF) are highly quenched. These 2% excited states
are strongly clustered in VMC, with a deformed ®Be core, which may
be very hard for a spherical SM to represent. This relative quenching is
also in agreement with the SM obtained from the OXBASH code using
the WBT interaction in the spsdpf model space restricted to (0 + 1)hw
[11]. This reduction of the 2% strength is redistributed to higher excited
states above threshold and in the continuum. For the 'B — 1°Be 4+ p
transition, we find the ratio of the VMC to the simple SM of the total 2+
strength to be Ry+ =0.8.

The cases with the least quenching relative to CK SM are the mir-
ror transitions °Li — 8Li + n and °C — 3B + p, where the ratio is near
unity. The VMC wave functions for °Li and ?C show the least clustering
of all the nuclei studied in this work, and thus may be closer to a spher-
ical SM representation. In fact, the VMC amplitudes for different spatial
symmetries in °Li are remarkably close to those of the SM calculation
by Kumar [43].

Despite the very different nature of the NV2+3 local chiral potentials
and AV18+UX bare interactions, the total SF sums for the p-shell are
fairly similar, usually within 5% for overlaps with the daughter ground
states, although some of those with the daughter excited states can vary
up to 10%.

The ratios of the total QMC sums of SFs, to the SM (CK) ones, (in-
cluding c.m. correction for the SM) [44], Ry = Z(QMC)/Z(SMT), are
represented in the upper panel of Fig. 6 as a function of the nucleon
separation energy, Sy of the parent nucleus which determines the fall
of the overlap tail. For transitions to the ground state, the overlaps and
consequently the SFs, were found to be determined by the interplay of
this asymptotic behaviour with the difference between the removed nu-
cleon rms radii, Ary =ry(A) — ry(A — 1) [15]. However, the results
shown here are independent of the representation.

These ratios are roughly constant, ranging in the interval [0.65,
0.85], that is, about ~ 3/4 consistently with Refs. [39,40]. The results
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are similar to those obtained from (e,e/p) experiments across the nuclear
chart and for stable nuclei, and transitions to the ground-state, show-
ing a uniform quenching to 60-70% of the Independent Particle Model
[1,2]. As mentioned above, the quenching of the total sum of SFs is fairly
independent of the underlying bare interaction, harder (AV18+UX), rep-
resented by filled symbols, or a softer (NV2+3) one, represented by
dotted symbols.

The ratios of SFs summed BPT, Ry (BPT), are represented in the mid-
dle panel of Fig. 6. These follow a fairly similar trend like Ry. However,
as a result of SF quenching it deviates strongly in some special cases.
While the ratios for transitions to the ground state resulting from N-
removal from the mirror nuclei 'C and !'B follow the same trend,
the mirror transitions ''C — 1°C + n and ''B — '°Be + p are strongly
quenched BPT due to the contribution of the transitions to the excited
states. Moreover, these ratios BPT are close to unity for the mirror tran-
sitions °Li =8 Li + n and °C —8 B + p. In the works of Refs. [34-36] it
was also found, for other nuclei transitions, a departure from a constant
trend.

The reaction observables for the (p,pN) reaction are calculated un-
der the assumption that the residual nucleus is a spectator during the
scattering process. In this case, the structure information for the reac-
tion formalism is provided by the SOs, here deduced from QMC WFs.
For each given state of the residual nucleus we have performed a con-
venient Woods-Saxon parametrization of these SOs that incorporates
the adequate asymptotic behaviour, using the procedure described in
Ref. [4,15,18]. This parametrization does not contain the Coulomb inter-
action, and considers a standard radius, diffuseness and depth adjusted
to the separation energy of the removed nucleon. We use a standard dif-
fuseness of a=0.65 fm in all cases, except for °C in which case we take
a=0.40 fm, closer to a realistic description of the nucleus. After normal-
ization to unity, the SOs are then incorporated in the three-body Fad-
deev/Alt-Grassberger-Sandhas (F/AGS) to get the single-particle cross
sections.

For the three pair interactions required in the F/AGS reaction for-
malism, we take the realistic NN AV18 for the proton-nucleon pair
and for the interactions between nucleons and the residual nucleus
the non-relativistic reduction of the Cooper interaction [13,42] Kon-
ing and Delaroche (KD) OP parametrization [41] for the case of the
Lithium isotopes. The uncertainty of the cross sections associated with
optical parametrizations is estimated to be about 15% [14]. This is ex-
pected to be cancelled in the evaluation of theoretical ratios of cross
sections. The theoretical inclusive cross section ¢, (M) is then ob-
tained from the weighted sum of the theoretical SFs for a given struc-
ture model, Z/(M), and the single-particle cross sections, aép(M),

cpM)=Y iz i(M)O’ép(M), where the sum contains the states BPT. The
calculated single particle cross sections are collected for representative
examples in Table 4 of the Supplemental material. The relative differ-
ence corresponding to QMC overlaps calculated with softer and harder
bare interactions was found to be less than ~10%. These results indi-
cate that cross sections probe essentially the on-shell behaviour of the
NN transition amplitude and thus are fairly independent of the under-
lying NN interaction [15].

We have found that the single particle cross sections probe mod-
erately the SO. Nevertheless, the theoretical ratios of the total cross
sections BPT, R (BPT) = ¢,;,(QMC)/ oth(SM+), shown in the lower panel
of Fig. 6 follow an identical dependence like Ry (BPT). They range in
most cases in the interval [0.6 -0.85] compatible with the spectroscopic
quenching obtained from (p,pN) reactions [7,8,10]. However, they are
close to unit for °Li =8 Li +n and °C =8 B + p, and strongly quenched
for ''C »19C+n and "B —!0 Be + p mirror transitions.

Lastly, we display in Table 1, the ratio of the partial sums of the
cross sections taken from experimental data [11] to the theoretical
results BPT, Rg(M). The theoretical cross sections predict very well
the experimental data for '2C(p,pN), for both bare interactions. As ex-
pected, both SM calculations, performed with a truncated Hamiltonian,
do over-estimate the data. On the other hand, for 11*10C(p,pN) the QMC
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Table 1
Ratio of the experimental partial sums of the cross sections [11] to the theoret-
ical results BPT, Rg(M), for different structure models and interactions.

Reaction QMC SM
AV18-UX  NV2+3da  NV2+3da*/  CK OXBASH
ITb* [6,11]

2¢@p,2p)!'B 0.90 0.79 0.99/0.84 072 0.60(6)(4)
2¢p,pn)''Cc  1.08 — — 090  0.80(9)(7)
Heep2p)'®B 134 1.52 — 092 0.86(4)(5)
e, pn)'°c  1.81 2.08 — 096  1.06(9)(12)
10C(p, pn)’C 1.43 1.23 - 108 0.99(13)(9)

underestimate the data while the SM results are fairly close to the data.
This discrepancy is largest for the case of ! C(p,pn)!°C, for which the
QMC theoretical calculations underestimate the data by about a factor
of two. This result, can be traced to the half predicted reduced p-shell
strength BPT as compared to SM one. Contrary, the theoretical predic-
tions based on the VMC wave functions overestimate the data by around
a factor of two for the (“Li, ®He) and (1°Be, ?Li) removal reactions of
Ref. [4].

3. Summary and conclusions

The results obtained in this work represent progress toward a so-
lution of the longstanding puzzle of reduction patterns obtained from
structure and reactions along the nuclear landscape.

For light nuclei in the mass range A< 12 improved one-nucleon spec-
troscopic overlaps and their strengths or spectroscopic factors were eval-
uated from the fully correlated Quantum Monte Carlo wave functions
with harder AV18+UX and softer NV2+3 interactions. The SFs were
also taken from simple Shell Model calculations. This structure informa-
tion was incorporated in the standard Faddeev/Alt-Grassberger-Sandhas
reaction formalism to evaluate the (p,pN) cross sections assuming the
residue to be inert during the scattering process.

The ratios of the total QMC sums of SFs, to the SM (CK) ones, are
found to be essentially uniform, ranging in the interval [0.65, 0.85]
that is ~ 3/4. Noticeably, the ratios of the sums of SFs Below Particle
Threshold deviate from this trend in special cases, being close to unit
for °Li—3Li+n and °C—3B + p, and strongly reduced for ''C—1°C+n
and 'B— "Be + p mirror transitions. In the former, the VMC wave func-
tions for °Li and °C show the least clustering of all the nuclei studied
in this work, and are thus expected to be well described by a spherical
SM representation. In the latter, while the parent to daughter ground
state overlaps are very similar, the overlaps to the daughter low-lying
2% excited states (which have a much bigger SF) are highly quenched.
The VMC predicts that these excited states are strongly clustered, with
a deformed 8Be core, and therefore expected to be poorly represented
from spherical SM representation. Moreover, the quenching 2% strength
is redistributed to higher excited states and into the continuum. The
theoretical ratios of the total cross sections BPT probe moderately the
SO, and thus exhibit a similar trend like the corresponding ratios of
SFs.

The QMC theoretical cross section BPT for 1‘C(p,pn) underestimates
the data. The ratio of the cross sections taken from experimental data to
the theoretical results BPT, R¢(QMC), is found to be about a factor of
two. This discrepancy, not understood from the structure point of view,
needs to be further investigated.

The above results are largely independent of the harder of softer
character of the underlying bare interactions used in the QMC ab initio
calculations.

For the understanding of nuclear correlations and its driving mecha-
nisms, it would be very desirable to have a comprehensive N-knockout
theoretical program, including the full merging of reactions and struc-
ture, and an experimental one with identification of the energy spectrum
with high accuracy in the mass range A<12.
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