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Abstract. We investigate the impact of ambiguities coming from the choice of optical potentials
and nucleon-nucleon scattering cross sections on the spectroscopic factors extracted from the
12C(p,2p)11B reaction. These ambiguities are evaluated by analyzing the cross sections of the
12C(p,2p)11B reaction at 100 and 200 MeV within the framework of the distorted-wave impulse
approximation with realistic choices of nuclear inputs. The results show that the studied ambigui-
ties are considerably large in this energy region and careful choices of nuclear inputs used in the
reaction calculations are required to extract reliable structure information.
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I. INTRODUCTION

The proton-induced nucleon knockout reaction of the (p, pN) type is a powerful spectro-
scopic tool to probe the single-particle properties of the nucleus such as the separation energy,
angular momentum, and spectroscopic factor (SF) [1–4]. Although (e,e′p) reactions can be used
to study some of these properties with better precision, with current experimental capabilities they
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cannot be applied to investigating unstable nuclei or neutron single-particle states [5]. On the other
hand, such limitations have already been overcome with (p, pN) reactions [6]. It is well known
that under a proper kinematic condition usually with an incident energy > 200 MeV/nucleon,
the extracted quantities from proton-knockout (p,2p) reactions generally agree with those from
(e,e′p) reactions [3, 4]. Moreover, (p, pN) reactions with polarized beams can also be used to
identify the total angular momentum j of the struck nucleons. The proton-induced knockout reac-
tions can be reliably described within the framework of the distorted-wave impulse approximation
(DWIA) [1–4]. This method provides a consistent description of knockout reactions at forward
(normal) and inverse kinematics with flexibility in the inclusion of various nuclear inputs and
corrections.

In recent years, thanks to the latest technological improvements, (p, pN) experiments can
be performed with unstable beam in inverse kinematics at several rare isotope beam (RIB) facili-
ties [6–13]. These reactions have been applied to studying various problems from the quenching
of nucleon SFs [6, 10, 14] to the evolution of single-particle structures in a wide variety of exotic
nuclei from light [15–17] to medium ones [18–21]. Many of these applications of (p, pN) reac-
tions require an accurate theoretical description in order to extract reliable results [6]. Although
the validity of the DWIA model has been firmly confirmed in the past with normal kinematic
experiments, its reliability has been known to depend to some extent on the choice of various
nuclear inputs used in the reaction calculation, especially the nuclear interactions [3, 4], which
comprise the optical potential (OP) and nucleon-nucleon (NN) scattering cross section, are the
largest sources of ambiguity in almost all direct nuclear reactions.

With the increasingly demanding requirement of high accurate cross sections in modern
(p, pN) analyses [22, 23], several aspects of the calculation process have been reevaluated in re-
cent years [6, 22, 24–27]. However very few (p, pN) studies extensively investigate the impact of
nuclear interactions on the extracted SF, especially for reactions with light nuclei (see Ref. [4]).
Due to the limited availability of high-quality global phenomenological OPs and NN scattering
cross sections in the past, the ambiguities in (p, pN) reactions associated with these ingredients
were often studied using a restricted set of OP and NN interaction. This restricted nature of
the considered ingredients may lead to an underestimation of theoretical ambiguities in the final
results. Moreover, Ref. [22] has suggested a nonnegligible existence of high-order processes at
large recoil momentum pR > 150 MeV/c, which may significantly affect the extracted results from
(p, pN) reactions at several RIB facilities. An accurate estimation for these high-order processes
requires precise knowledge of ambiguities from the nuclear inputs, to which the distorting OP and
the NN scattering cross section contribute a large part.

In this work, we perform an analysis of 12C(p,2p)11B reaction at 100 and 200 MeV us-
ing the partial-wave DWIA method. The initial analyses of the experimental data at these ener-
gies [28, 29] use less optimal choices of OPs and NN scattering cross sections in terms of variety
and quality. By analyzing these data with several consistent choices of these two inputs, we at-
tempt to study the ambiguities of the extracted p-state SFs coming from them. For this purpose,
we consider several global Schrödinger- and Dirac-based phenomenological OPs, as well as mi-
croscopic single-folding potentials, and three different sets of NN scattering cross sections. The
energy range in the lower limit of the quasifree impulse approximation considered in this study
allows direct comparisons of Schrödinger-based potentials with Dirac-based one. The differences
between those potentials are also expected to be enhanced due to the strong absorption in this
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energy region. The extracted SFs along with their uncertainties are compared with those from the
same 12C(p,2p)11B reaction measured at RCNP and using the same calculation ingredients.

II. THEORETICAL FORMALISM

II.1. Distorted-wave impulse approximation
In this section, we briefly introduce the partial-wave DWIA framework. Details of the

current DWIA formalism are presented in [4, 24, 30]. We label the incident proton as particle 0,
and the outgoing protons as particles 1 and 2. Quantities with the superscript L are evaluated in
the laboratory frame while those without the superscript are evaluated in the three-body center-of-
mass (c.m.) frame, or the G frame.

The triple differential cross section (TDX) of the A(p,2p)B reaction in the factorized form
of the DWIA framework is
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with S being the proton SF of A nucleus, µpp the reduced mass of the two-proton system, and
JG→L is the Jacobian for the transformation from the G frame to the L frame. Although the DWIA
framework in this study is nonrelativistic, we adopt the relativistic kinematics through the uses
of energy-momentum relation Ei=

√
(mic2)2 +(h̄cKi)2 and Lorentz transformation between the

asymptotic momenta KKKi.
The reduced transition amplitude, also called the distorted momentum distribution is given

by

T̄KKK0KKK1KKK2 =
∫

dRRR χ
(−)
1,KKK1

(RRR)χ(−)
2,KKK2

(RRR)χ(+)
0,KKK0

(RRR)ϕp(RRR)e−iKKK0·RRR/A, (4)

where χi,KKKi are the distorted scattering wave functions of the p-A (i = 0) and p-B (i = 1,2) sys-
tems, while the superscripts (+) and (−) characterize the outgoing and the incoming boundary
conditions of these scattering waves, respectively. One of the main subjects of our investigation
is the distorted OP used in the Schrödinger equation to generate these scattering wave functions.
The normalized bound state wave function of the struck proton is denoted as ϕp.

In the (p,2p) reaction, the pp scattering cross sections in Eq. (1) are in principle half-off-
the-energy-shell. However, we can relate this cross section with the measurable one by using a
specific on-the-energy-shell (or on-shell) approximation. The on-shell cross section in the G frame
is related to the t matrix for NN scattering via

dσpp

dΩpp
(Epp,θpp)≈

M2
pp
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2 |〈κκκ

′|tpp|κκκ〉|2, (5)
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where M2
pp is the reduced energy, κκκ and κκκ ′ are the pp relative momenta in the initial and final

channels, respectively. Depending on the type of on-shell approximation, the pp scattering energy
can be determined accordingly. Three commonly used on-shell approximations are the final-,
initial-, and average energy prescriptions [31].

The pp scattering cross section dσpp/dΩpp in Eqs. (1) and (5) is defined in the p-A
c.m. frame (G frame). By default, the NN scattering cross sections are defined in the two-nucleon
c.m. frame (t frame). The cross section in G frame is related to the one in the t frame through the
relativistic Møller factor η [32, 33]

dσpp

dΩpp
= η

2 dσ t
pp

dΩ t
pp
, (6)

where
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E t
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II.2. Nuclear inputs
It has been shown in Refs. [4, 34] that a reliable extraction of SF requires the proper uses

of bound state wave function constrained by (e,e′p) reaction and nonlocality corrections for both
bound and scattering wave functions. In this calculation, the bound state wave function of the
struck proton is generated with the well-depth prescription using Woods-Saxon potentials with
geometrical parameters taken from (e,e′p) analyses [34, 35].

For the OPs, we consider in this work three main types: the Schrödinger-based micro-
scopic folding and phenomenological potentials, and the Dirac-based phenomenological one. The
complex microscopic single-folding potential (MOP) in Brieva-Rook localized form [36,37] is ob-
tained with the parameter-free Melbourne g matrix [38], which is constructed based on the Bonn-
B free NN interaction [39]. We use the densities calculated with the independent-particle model
parametrized by Bohr and Mottelson [40]. The same folding procedure has been successfully ap-
plied in numerous knockout reactions with neutron-rich nuclei in recent years [14, 15, 17–19, 21].

For the Schrödinger-based phenomenological optical potential, we adopt the well-known
global parametrization of Koning and Delaroche (KD) [41], which is valid for the energy range
from 1 keV to 200 MeV. We note that although the KD potential is originally parametrized for
the mass range 24 ≤ A ≤ 209, it has been shown to provide a good agreement with experimental
p+12C elastic scattering and reaction cross section data [42]. Many studies of (p, pN) reactions
in the considered energy region [28, 29, 43, 44] have indicated that the mass and energy system-
atics of the outgoing OPs affect the TDX significantly more than their detailed shape at a given
energy. Combined the above arguments with the small and monotonous mass dependence of the
KD potential [41], it is completely justified to use the KD OP in this study.

Finally, we consider the EDAD1 parametrization of the Dirac-phenomenology optical po-
tential in the Schrödinger-reduction form [45]. This complex potential is the mixture of the Lorentz
scalar and vector potentials, whose parameters are fitted in the energy range 20–1040 MeV. The
SFs extracted from extensive DWIA analyses of (p,2p) reactions with the EDAD1 potential are
in good agreement with those from (e,e′p) for a wide range of nuclei [4, 46].
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The nonlocality correction is applied to the bound state wave function and the distorted
wave functions generated by the Schödinger-based OPs through the Perey factor [47, 48]

FPR(R) =
[

1− µNB

2h̄2 β
2UpB(R)

]−1/2

, (8)

where UpB is the proton-nucleus binding or optical potential and β = 0.85 fm the nonlocality
range [49]. The Perey correction for the bound state wave function contains a factor to ensure
normalization.

For the distorted wave functions obtained from the Dirac-based OPs, the nonlocality cor-
rection is achieved with the Darwin factor [50, 51]

FDW(R) =
[

Ei +US(R)−UV (R)−VC(R)
Ei

]1/2

, (9)

where US, UV , and VC are the Lorentz scalar, vector, and Coulomb potentials in the Dirac equation,
respectively. The physical origin of the Darwin factor and its similar role with the Perey factor
were discussed in Ref. [51].

The NN scattering cross section is obtained from three different parametrizations of the
scattering process. The first one is the t matrix of Franey and Love [52], which is based on
the SP84 partial-wave analysis [53]. Next we consider the cross sections calculated with the
Reid93 realistic NN interaction [54] based on the Nijmegen partial-wave analysis [55], which is
also used in the CDCC-style transfer-to-the-continuum description of (p, pN) reactions [56]. We
note that the same analysis result by the Nijmegen group [55] is also used to construct two other
well-known NN interactions, the Argonne v18 [57] and CD-Bonn [58], which are used in the
Faddeev/Alt-Grassberger-Sandhas description of (p, pN) reactions [26, 59]. The last NN cross
section set considered is directly taken from the SP07 partial-wave analysis [60], which is fitted
with pp and np data at energy up to 3 GeV. All calculations in this work use the final energy
prescription for the on-shell approximation of the NN cross section. We remark that all the three
parametrizations of the NN cross section have been used extensively in modern (p, pN) analyses
with various reaction models.

III. RESULTS AND DISCUSSION

III.1. Energy-sharing data at 200 MeV
In this part, we investigate the 12C(p,2p)11B reaction at the incident energy of 200 MeV.

The experimental data were measured at the National Accelerator Centre (now the iThemba
LABS) in several coplanar energy-sharing configurations [28], in which the emitted angles are
fixed and the outgoing proton energy is varied from 10–170 MeV (see Refs. [61, 62] for more
details on the experiment). The data measured in Ref. [28] are the main focus of this study due
to their high-resolution measurement of the outgoing proton energy. The two angle-pair config-
urations considered are (θ L

1 ,θ
L
2 ) = (45◦,35◦) and (20◦,20◦), with (φ L

1 ,φ
L
2 ) = (180◦,0◦). The first

configuration lies mostly within a so-called quasifree region with the recoil momentum of the
two peaks less than 100 MeV/c. The latter one is an example of a nonquasifree kinematic condi-
tion with the recoil momenta of the data points mostly around 150 MeV/c. At such an extreme
kinematic condition, it is expected that the differences between various choices of the nuclear
interactions are strongly manifested in the energy-sharing distribution (i.e. the TDX).
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Fig. 1. The TDX of 12C(p,2p)11B reaction at 200 MeV in the quasifree (upper figure)
and nonquasifree (lower figure) angle pairs calculated with the EDAD1 OP and several
NN cross sections. These cross sections are the FL (dashed line), Reid93 (dotted line),
and SP07 (solid line). All TDXs are calculated with the p-state SF = 1.82.

Due to the missing mass resolution of 4 MeV in the experimental apparatus [28], the TDXs
reported in this experiment contain both the 3/2− ground and 1/2− 2.13 MeV first excited states
of 11B. For the DWIA analysis of this data, we extracted the p-state SF of 12C by comparing the
experimental TDX with the calculated one assuming the transition to the ground state of 11B. This
p-state SF is the sum of the proton SFs of 12C for transitions to two lowest states of 11B. The use
of the single-particle TDX with 11B in the ground state is justified due to the similarity in shapes
of the lowest states TDXs [4,29]. We estimated an uncertainty of 3% for this extraction procedure
of the p-state SF. We note that a single SF is used for both scattering geometries, which puts a
more severe test on the validity of the DWIA than the analysis in Ref. [28].

First, we explore the sensitivity of the TDX on three different empirical NN cross sections
in Fig. 1. Due to the small differences in both the shape and magnitude of the calculated TDXs,
we did not show the experimental data for the sake of clarity. All three results are calculated with
the same EDAD1 OP using the p-state SF = 1.82. For the quasifree (45◦,35◦) case, the differences
are less than 3% at the peak region. At the (20◦,20◦) geometry, the differences in some region of
the TDX is larger than those in the previous case. However, since we use the experimental data of
both angle pairs to constrain the SF, it is not affected by the differences in the nonquasifree case.
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Fig. 2. The TDX of 12C(p,2p)11B reaction at 200 MeV in angle pairs calculated with the
SP07 cross sections. The experimental data [28] are compared with the DWIA calculation
using the g-matrix (dashed line) and t-matrix (dotted-dashed line) folding potentials, and
the KD (dotted line) and EDAD1 (solid line) phenomenology OPs. The calculation with
each OP use a different p-state SF as described in the figure and the text.

Nevertheless, Fig. 1 suggests that the TDX at some extreme geometries are strongly sensitive to
the subtle feature of the NN interaction. It is noted that besides the final energy prescription, we
have tested the initial and average energy prescriptions for the on-shell approximation and found
that the magnitudes of the TDXs in the (20◦,20◦) case are too small to give a realistic SF. Our
finding is similar to the one reported in Ref. [28]. Moreover, the final energy prescription is more
physically motivated for (p, pN) reactions since the asymptotic momenta of the two outgoing
nucleons are well determined by the measurement. Thus the final energy prescription is used in
all calculations in this work.

In Fig. 2, we compared the TDX from DWIA calculation using the g-matrix folding (g-
MOP), KD, and EDAD1 OPs with the experimental data [28]. To explore the medium effect in
the TDX, we also investigate the microscopic folding calculation using the Franey-Love t matrix
[38, 52] (t-MOP). All calculations in this figure use the SP07 NN cross section. Our purpose for
this figure is to compare the agreements between various OPs and the data in terms of the TDX
shape while simultaneously extract the corresponding p-state SF through the normalization with
the data. The relative differences in terms of magnitude between the TDXs of the considered OPs
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can be directly inferred from these SFs, which are discussed extensively below. From Fig. 2, one
can clearly see that the shapes of the energy-sharing distributions calculated with the g-MOP, KD,
and EDAD1 OPs are almost identical in the (45◦,35◦) case and are in very good agreement with
the measured data. We note that, although not shown here, the more recent version of the Dirac
phenomenology OP [63] give similar results to those obtained with the EDAD1 potential. On the
other hand, the energy-sharing distribution calculated with the t-MOP is much different from the
rest and it also does not agree with the (45◦,35◦) experimental data. This result is not unexpected
since the t-MOP cannot reproduce the elastic scattering data with the same agreement as the g-
MOP for incident energies lower than 200 MeV [37, 64]. Given that the difference between the g
matrix and the t matrix is mostly due to the lack of density dependence in the latter one, one can
conclude that a proper treatment of medium effect in the distorting OP is critical to reproduce the
observed TDX.

For the (20◦,20◦) angle pair, there is some deviations in the TDX shape around the T1 = 80–
100 MeV region but the calculated results are in overall good agreement with the data. This agree-
ment is especially significant for the nonquasifree (20◦,20◦) pair since several key assumptions in
the DWIA are expected to be valid only with the quasifree kinematics [3,4]. Within the uncertainty
of the data for the (20◦,20◦) pair, it is not feasible to determine which OP provides the best TDX
shape. Nevertheless, these results indicate that, similar to the NN cross section comparison, small
differences in the OP for distorted waves can be observed with this kinematic configuration. Such
sensitivities of the TDX at this angle pair suggest that it is a suitable experimental configuration to
test the validity of various choices of nuclear interaction in the DWIA framework.

While the shape of the TDX can provide information about the angular momentum of the
struck nucleon, its SF can be extracted from the magnitude of the TDX. Each calculated TDX in
Fig. 2 corresponding to an OP has been multiplied with a specific p-state SF for both angle pairs.
The SFs were chosen to provide the best fit between the calculated TDX and the measured one at
the T1 ≈ 100 MeV peak in the (45◦,35◦) kinematics, where the quasifree condition is fulfilled and
the experimental data are measured with good statistics. In this section, we only discuss the best
fit SF for the sake of comparison between the OPs. A more careful analysis of the extracted SFs
along with their uncertainties is discussed in Sec. III.

The extracted p-state SF of both the KD and g-MOP is 1.60 while the one of the EDAD1
is 1.82. For the considered incident energy of 200 MeV, The EDAD1 SF is in better agreement
with the 1.98(11) value from (e,e′p) [34, 35]. Since the TDXs corresponding to these three OPs
agree well with the data, the extracted SFs can be regarded as the lower and upper limit of the
possible SF with an uncertainty of 6% coming from the choice of OP. As discussed in Ref. [4],
the difference between the TDX magnitude, or equivalently the SF, calculated by the EDAD1
and those of the Schrödinger-based OPs is mainly due to the different impacts of the Darwin and
Perey correction factors on the scattering wave functions. Finally, we note that the SF = 2.45 value
corresponding to the DWIA calculation with t-MOP is unrealistically too large. Therefore, we
conclude that the folding potential generated from the free scattering t matrix without any form
of medium correction is not advisable to be used in DWIA analysis of proton-induced knockout
reaction at the energy below 200 MeV.
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Fig. 3. The TDX of 12C(p,2p)11B reaction at 100 MeV leading to the ground and first
excited states of 11B calculated with the EDAD1 OP and several NN cross sections. These
cross sections are the FL (dashed line), Reid93 (dotted line), and SP07 (solid line). All
TDXs are calculated with the SF = 1.00 and 0.15 for the ground and excited state transi-
tions, respectively.

III.2. Angular-correlation data at 100 MeV
Due to the strong nuclear absorption at certain energies [4, 65], the ideal incident energy

range of the (p, pN) reaction is 400–600 MeV based on the energy dependence of the NN total
cross section. However, the lower energy limit for the validity of the DWIA formalism is not
clearly defined with some suggest it should not be below 200 MeV due to the strong distortion [3].
In this part, we carried out a reanalysis of the 100 MeV 12C(p,2p)11B data measured at the Indiana
University Cyclotron Facility in an asymmetric coplanar configuration [29] to explore the lower
energy limit of the current DWIA model. The nuclear inputs used in this calculation as described
in Sec. II.2. are considerably more up to date and well constrained than those used in the initial
study [29]. The TDX in this measurement is also known as the angular correlation distribution
since the scattering angle and kinetic energy of the initial proton after the collision are fixed at
(θ L

1 ,T
L

1 )=(25◦,59.5 MeV) and the scattering angle of the knocked-out proton is varied from θ L
2 =

30◦ – 90◦. Since the transitions to the ground and first excited states of 11B can be distinguished in
these experimental data, the SFs corresponding to these transitions can be separately determined,
and the reported p-state SF is the sum of these SFs.

Figure 3 represents the TDXs calculated with the EDAD1 OP and three different empirical
NN cross sections. The same SF values of 1.00 and 0.15 are used for the transitions to the ground
and excited states of 11B, respectively. Except for the most forward angles, the shape of these
TDXs are very similar to each other. In terms of magnitude, a maximum deviation of 12% is
observed for the TDX calculated with Franey-Love NN cross section from the one of SP07 in
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Fig. 4. The TDX of 12C(p,2p)11B reaction at 100 MeV leading to the ground and first ex-
cited states of 11B calculated with the EDAD1 OP and several NN cross sections. The ex-
perimental data [29] are compared with the DWIA calculation using the g-MOP (dashed
line), KD (dotted line), and EDAD1 (solid line) OPs. The calculation with each OP at
each final state use a different SF and the summed p-state SFs for each OP are described
in the figure and the text.

most of the angular region. The difference is much larger compared to the one observed at 200
MeV. This reminds us about the high-demanding nature of the kinematic phase space at the low
incident energy.

In Fig. 4, we compare the TDX calculated using the g-MOP, KD, and EDAD1 OPs with
the experimental one [29]. Similar to the analysis at 200 MeV, the SP07 NN cross section is used
in the DWIA calculation. For the considered kinematics, the experimental data at θ L

2 = 45◦ are
closest to the recoilless momentum condition. Therefore, the SFs were chosen to provide the best
fit with the data at this angle. One can see that for the angular region θ L

2 < 70◦, the shape of the
TDXs calculated with the three OPs are mostly the same. They are also in agreement with the
data in the θ L

2 = 45◦ – 75◦ range. The further outside this region, the more extreme the kinematics
becomes and the calculated result no longer agrees with the data. These deviations from the data
can be regarded as the limit of the DWIA formalism at this low incident energy.

The extracted p-state SF are 1.61, 1.69, 1.32 for the calculations with the g-MOP, KD, and
EDAD1 potentials, respectively. This gives an uncertainty of 12% from the choice of OP for this
energy. For the considered energy, the SF obtained with the KD OP is closest to the one from
(e,e′p). It is interesting to note that in contrast to the 12C(p,2p)11B reaction at 200 MeV, for this
low incident energy the TDX obtained with the EDAD1 potential is larger than those calculated
with Schrödinger-based OPs, thus giving the smallest SF value. This indicates a stronger energy
dependence of the EDAD1 potential compared to those of the KD and g-MOP.
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III.3. Comparison of p-state spectroscopic factors
In this final part of the analysis, we compare the extracted p-state SFs in this work from

the 12C(p,2p)11B data at 100 [29] and 200 MeV [28] with those from other reaction and structure
studies. Since the (e,e′p) is widely considered to be the best experimental probe for the SF [6],
we use the SF of this method [34, 35] as the reference value to discuss our results. First, we
compare our results with those from similar DWIA analyses of the RCNP data at 197 [4, 66]
and 392 MeV [46]. We note that the DWIA analyses in Refs. [4, 46] of the RCNP data use the
same nuclear ingredients as our calculation, namely the EDAD1 OP, SP07 parametrization for NN
scattering, and binding potential geometries for the struck proton wave function constrained from
the (e,e′p) reaction [34, 35]. The Perey and Darwin nonlocality corrections are also applied for
the bound state and scattering wave functions in the same way as our calculation.

- 20%

SF

T0 (MeV)

3/2-
1 + 1/2-

1 states

+ 20%

12C(p,2p)11B

(e,e'p)

Fig. 5. The p-state SFs obtained using 12C(p,2p)11B data at various incident energies.
The SFs from this work at 100 and 200 MeV are shown as dots while those from the anal-
yses at 197 and 392 MeV are represented by squares. The red solid lines and surrounding
shaded areas represent the p-state SF value and its uncertainty ranges from the (e,e′p)
analysis [34,35]. The±20% deviations from the (e,e′p) results are also shown as dashed
lines. The SF values are presented in the text and Table 1.

Such similarities in the calculation allow a direct comparison in Fig. 5 of the p-state SFs ex-
tracted from the 12C(p,2p)11B reaction at four incident energies. In Fig. 5 we also show the value
from the (e,e′p) reaction along with its uncertainty [34, 35] and ±20% deviation values. The ex-
tracted p-state SFs with estimated uncertainties in the present works are 1.50(27) and 1.71(16) at
100 and 200 MeV, respectively. The uncertainties are estimated by taking into account deviations
corresponding to different OPs and NN cross section mentioned in the previous section. The 3%
uncertainty from the p-state normalization procedure for 200 MeV case and the 5% uncertainty
coming from the treatment of effective polarization and spin-orbit effect are also included [28].
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The total uncertainties as shown in Fig. 5 are approximately 18% and 9% for the 100 and 200
MeV energies, respectively. We also list the SFs and their estimated uncertainties in Table 1.

One can see that within the uncertainty range, the SF value at 392 MeV is in complete
agreement with the (e,e′p) one while those at lower energies are only consistent with the 20%
deviation of the (e,e′p) SF. Figure 5 also shows that the agreement with the (e,e′p) SF slightly
deteriorates with the decrease of energy. This can be explained by the increased influences of
several effects, which are not explicitly taken into account in the DWIA model, at energies below
200 MeV. These are the coupled-channel effect [29,67] as well as the off-the-energy-shell [31,67]
and medium-dependent nature [4] of the NN interaction. These sources of ambiguity are scarcely
investigated in the past for the (p, pN) reaction but further studies to tackle them are currently
underway. The result in Fig. 5 clearly shows that although the 12C(p,2p)11B reaction analyzed
with DWIA framework can provide a reasonable SF down to 100 MeV incident energy, an optimal
analysis for this reaction should be done at around 400–600 MeV in a well-chosen quasifree
kinematics. From the present analysis and those reported in Ref. [4], the 100 MeV energy could
be considered as the lowest limit of validity for the partial-wave DWIA formalism [4].

Table 1. The nucleon SFs of 12C given by the present study compared with those from
other reactions and structure calculations. Details are given in the main text.

12C(p,2p)11B
Refs. Energy (MeV) g.s. (3/2−) 2.13 MeV (1/2−) Sum

This work 100 1.31(26) 0.19(3) 1.50(27)
This work 200 1.71(16)

[4, 66] 197 1.30(7) 0.23(3) 1.53(8)
[46] 392 1.77(18) 0.30(3) 2.07(18)

Other reactions
Refs. Reaction g.s. (3/2−) 2.13 MeV (1/2−) Sum

[34, 35] 12C(e,e′p)11B 1.72(11) 0.26(2) 1.98(11)
[34] 12C(d,3He)11B 1.72 0.27 1.99
[68] 12C(p,d)11C 2.16(25)
[69] 12C(p,d)11C 2.13(25) 0.48(1) 2.61(25)
[70] 11B(12C,11B)12C 2.15(23)

Structure calculations
Refs. Model g.s. (3/2−) 2.13 MeV (1/2−) Sum
[71] p-SM 2.85 0.75 3.60
[72] spsdpf -SM 3.16 0.58 3.74
[73] STA 1.540 0.484 2.024
[59] VMC 2.357(12) 0.868(4) 3.225(13)

Finally, to provide a broader perspective on the nucleon SF of 12C, we mention in Table 1
some SF values from several structure and reaction analyses. For the (p,2p) reaction in the upper
part of Table 1, in the following discussion we mostly consider the 392 MeV case, which gives
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the best agreement with the (e,e′p) results. In the middle part of Table 1, we present the SFs from
recent analyses of transfer reactions. For the nucleon SF of 12C, the isospin is a good symmetry
and thus one can consider the proton and neutron SFs of 12C are the same. This allows us to include
in our comparison the neutron SFs from two systematic (p,d) reactions analyses of Refs. [68,69].
The mean values of the g.s. SFs from transfer reactions [68–70] are larger than those of (p,2p) at
392 MeV and (e,e′p) by approximately 22%. However, we note that within the total uncertainty,
the g.s. SF of (p,2p) reaction at 392 MeV are completely consistent with those obtained from
other reactions. The seminal work of Kramer et al. [34] has shown that by using a consistent
treatment of the bound state wave function, nonlocality corrections, and optical potentials, the SFs
extracted from transfer and (e,e′p) reactions agree with each other. Therefore, the discrepancies
observed in SFs of 12C between various reactions in Table 1 are mainly due to the differences in
model inputs.

In the lower part of Table 1, we present some SFs from several structure model calculations
such as the shell model in p space (p-SM) [71] and in much larger spsdpf space (spsdpf -SM) [72],
the source term approach (STA) [73], and the ab initio Variational Monte Carlo (VMC) model [59].
The p-state SFs of (p,2p) and (e,e′p) reaction are about 55% of those from standard shell model
calculations [71, 72]. This is the well-discussed quenching of SF problem, which is due to the
missing of several correlations in the structure calculation (see, e.g. Ref. [6] for a recent review).
It is known that even the VMC calculation does not include all of the correlation required to fully
reconcile with the experimentally obtained SF [26,59]. Some contribution from the missing model
space can be effectively included in the STA method [73], which solve an inhomogeneous equation
of the overlap function with a suitable effective interaction, thus giving a better agreement with
the SFs from (p,2p) [46] and (e,e′p) [34, 35] reactions. We note that the study of SF quenching
and its proton-neutron asymmetry dependence is still a very active field of research with many
questions yet to be answered [6].

IV. SUMMARY

In this work, we have performed a DWIA analysis of 12C(p,2p)11B data at 100 and 200
MeV. By comparing various well constrained nuclear inputs including the OP and NN scattering
cross section, we have estimated the possible ambiguities associated with these components and
how they affect the TDX and the extracted SF. Our calculations well reproduce the shape of the
TDX for most kinematics at the considered energies.

A consistent comparison of the extracted p-state SFs at several incident energies shows that
with carefully chosen kinematics, the SFs obtained with DWIA analyses of 12C(p,2p)11B reaction
with energy down to 100 MeV agree within 20% of deviation from the one given by (e,e′p)
reaction. An optimal analysis is suggested to be in the higher energy range of 400–600 MeV
with the quasifree kinematic condition. This study further reaffirms the validity of the (p, pN)
as a powerful spectroscopic tool. Our results also suggest that some of the keys to improve the
(p, pN) analysis at low energy are the OPs specifically optimized for the target and residue nuclei
constrained with elastic scattering data in a wide energy region and the NN cross section strictly
determined in the considered phase space by the latest data. With the capability of accurately
probing the proton and neutron single-particle properties for a wide range of nuclei, including
exotic ones, the (p, pN) reaction at intermediate energy is a valuable tool to be used in various
existing and upcoming accelerator facilities.
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