
PHYSICAL REVIEW C 110, L061302 (2024)
Letter

Nuclear density dependence of polarization transfer in quasi-elastic A(�e, e′
�p) reactions
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The ratio of the transverse and longitudinal components of polarization transfer to protons in the quasielastic
(�e, e′ �p ) reaction, P′

x/P′
z , is sensitive to the proton’s electromagnetic form factor ratio, GE/GM . To explore density-

dependent in-medium modifications, a comparison of polarization transfer ratios involving protons from distinct
nuclear shells, each with different local nuclear densities, has been proposed. In this study, we present such
comparisons between four shells, 1s1/2, 1p3/2 in 12C and 1d3/2, 2s1/2 in 40Ca. In an effort to account for other
many-body effects that may differ between shells, we use a state-of-the-art relativistic distorted-wave impulse-
approximation (RDWIA) calculation and present the double ratios (P′

x/P′
z )Data/(P′

x/P′
z )RDWIA as well as the super-

ratios [(P′
x/P′

z )A/(P′
x/P′

z )B]Data/[(P′
x/P′

z )A/(P′
x/P′

z )B]RDWIA, for chosen shells A and B, as a function of effective
local nuclear densities. We find that double ratios for individual shells show a dependence on the probed effective
nuclear densities. Studying the super-ratios, we observed a systematic variation between pairs of higher- and
lower-density shells.

DOI: 10.1103/PhysRevC.110.L061302

Introduction. Polarization transfer to a proton bound in a
nucleus has been suggested as a tool to observe in-medium
modifications in the bound proton structure [1]. It is a part
of a wider effort to understand the role of quarks and gluons
in nuclei [2]. Some calculations introduce in-medium mod-
ifications and suggest nuclear-density-dependent changes of
the bound nucleon electromagnetic (EM) form factors (FFs)
[3–5]. We report on the first systematic search for nuclear
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density-dependent effects in the quasielastic A(�e, e′ �p) reac-
tion, which is sensitive to EM FFs.

For a free proton, the ratio of the transverse and longi-
tudinal polarization-transfer components, P′

x/P′
z , in polarized

elastic electron scattering, under the one-photon exchange
approximation, is proportional to the proton EM form-
factor ratio, GE/GM . Similarly, a polarization transfer in the
quasielastic A(�e, e′ �p ) reaction is sensitive to the effective

EM FFs, which are related to the charge and magnetization
distributions of the bound proton. However, quasielastic re-
actions are subject to other many-body effects, such as final
state interactions, isobar configurations, and meson-exchange
currents, which need to be well understood in order to iso-
late possible deviations due to modifications in the proton
structure.

It has been suggested to study the double ratios

[5], (P′
x/P′

z )Data/(P′
x/P′

z )Calc, thus dividing out the nuclear
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FIG. 1. Measured missing momentum distribution (left) and ef-
fective local nuclear densities (right) calculated in RDWIA for the
three kinematic settings from Table I.

many-body effects included in the calculation. Furthermore,
pairs of different shells (shell A and B), characterized by dif-
ferent nuclear densities, can be compared by the super-ratios

[(P′
x/P′

z )A/(P′
x/P′

z )B]Data/[(P′
x/P′

z )A/(P′
x/P′

z )B]Calc, looking for
density-dependent medium modifications. The super-ratios
account for those differences in many-body effects that are
included in the model, and reduce the sensitivity to systematic
discrepancies common to calculations for different shells.

Density-dependent modifications are expected to be at the
level of a few percent [5], which requires high statistical ac-
curacy. 12C was suggested as a good nucleus for such studies
since the effective local nuclear density experienced by the
protons bound in the 1s1/2 shell is about twice the density for
those in the 1p3/2 shell. Comparison of polarization ratios for
protons from 1s1/2 and 1p1/2 shells in 12C has shown that the
p to s double ratio was 1.15 ± 0.03 [6]. Relativistic distorted-
wave impulse-approximation (RDWIA) calculations only
partially accounted for this deviation from unity, while the rel-
ativistic plane-wave impulse-approximation (RPWIA) did not
predict this difference. However, once protons were compared
at the same virtuality, the results became consistent with unity,
1.05 ± 0.05, and so did RPWIA and RDWIA calculations [6].
We note that, as seen in Fig. 2 of Ref. [6], in the virtuality
overlap region, we are effectively comparing the low-pmiss

region of 1s1/2 to the high-pmiss region of 1p3/2. This reduces
the difference in the probed effective densities between the
two shells (see Fig. 1).

In this work we reanalyze recent data obtained for protons
from the 1d3/2 and 2s1/2 shells in 40Ca [7] and 1s1/2 and
1p1/2 shells in 12C under two different kinematic settings
[6,8]. We compare the experimentally obtained ratios of po-

TABLE I. Kinematic settings of the A(�e, e′ �p ) measurements
considered in this work. Following the beam energy, Ebeam, and the
square of the transferred four-momentum, Q2, we list the missing
momentum ranges covered and its average for each considered shell.
For pe and θe (pp and θp) we denote the scattered electron (knocked-
out proton) central momentum and angle settings, respectively.

Kinematic setting 12C-low 12C-high 40Ca

Ebeam (MeV) 600 600 600
Q2 [(GeV/c)2] 0.40 0.18 0.25
pmiss (MeV/c) [−150, 0] [−260, −100] [−210, −17]
〈pmiss〉 (MeV/c) 1p3/2: −82 1p3/2: −171 1d3/2: −123

1s1/2: −60 1s1/2: −161 2s1/2: −72
pe (MeV/c) 384 368 396
θe (deg) 82.4 52.9 61.8
pp (MeV/c) 668 665 630
θp (deg) 34.7 37.8 40.2

larization transfer components with corresponding RDWIA
calculations, and preform the first systematic search for nu-
clear density-dependent effects in A(�e, e′ �p).

Polarization transfer data. The polarization transfer com-
ponents from the quasielastic A(�e, e′ �p ) reaction on 12C and
40Ca were measured at the three-spectrometer facility of the
A1 Collaboration at the Mainz Microtron (MAMI), using
the 600 MeV polarized continuous-wave electron beam. The
scattered electrons and the knocked-out protons were detected
in coincidence using two magnetic spectrometers. The polar-
ization components were measured with a polarimeter located
near the focal plane of the proton spectrometer. These mea-
surements were reported in Refs. [6–8], and their kinematic
parameters are summarized in Table I. We follow [6] and de-
fine the scalar proton missing momentum pmiss ≡ ±| �pmiss| =
±|�q − �p′|, where �q and �p are the momentum transfer and the
outgoing proton momentum, respectively. The sign is taken to
be positive (negative) if the longitudinal component of �pmiss is
parallel (antiparallel) to �q.

The 12C data sets cover two ranges in pmiss: the low-pmiss

setting is centered around pmiss = 0 MeV/c and extends to
pmiss = ±140 MeV/c, while the high-pmiss data range from
−260 to −100 MeV/c. The data obtained for 40Ca span the
range of −200 < pmiss < −20 MeV/c. The shell from which
the proton was ejected was determined from the missing
energy of each event. The measured missing momentum spec-
trum for each data set is shown in the left column of Fig. 1.

Calculation of the polarization transfer. The polarization
transfer for each data set was calculated with the RDWIA
model of Ref. [9] using free-proton EM form factors. Our
previous analyses have shown that the calculated results are in
good agreement with the measured polarization transfer data
[6–8].

The calculations were performed on an event-by-event
basis. Using each event’s kinematics parameters ensures a
full match of the calculation to the experimental kinematics
acceptance. It also allowed us to extract per-bin averages
of the calculated observables. The original RDWIA program
[9] was modified to include all 18 hadronic structure func-
tions for the A(�e, e′ �p) reaction in the Born approximation
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[10]. The RDWIA calculations use the global democratic rel-
ativistic optical potential [11], relativistic bound-state wave
functions obtained with the NL-SH parametrization [12], and
free-proton EM FFs using the Bernauer parametrization [13].

These calculations were compared to the measured
polarization transfer data. More details are available in
Refs. [6–8,14,15]. The impact of deficiencies in the calcu-
lations can be further reduced by studying the ratios, P′

x/P′
z ,

rather than the individual components, P′
x and P′

z . The double
ratio, (P′

x/P′
z )Data/(P′

x/P′
z )RDWIA, factors out the many-body ef-

fects in the quasielastic process which are accounted for in the
calculation. We note that in parallel/antiparallel kinematics
the calculations depend linearly on the proton EM FFs ratio
[7].

Effective nuclear densities. The effective local densities
for protons removed from different shells in 12C and 40Ca
have been obtained by following the procedure described
in Refs. [5,16] but in RDWIA using the same model dis-
cussed above. In RDWIA the (e, e′ p) cross section is not
factorized and the distorted momentum distribution from [16]
corresponds to the so-called reduced cross section [9,10].
The reduced cross section is obtained by dividing the cross
section by a kinematical factor and the elementary off-shell
electron-proton scattering cross section, for which we used
the cc2 prescription of de Forest [17]. This way we ob-
tain a spectral-function-like dependence solely on Emiss and
pmiss, but with included FSI and other many-body effects.
We note that in the nonrelativistic PWIA the reduced cross
section gives the momentum distribution of the bound proton
wave function and, in a factorized DWIA, the so-called dis-
torted momentum distribution.

The calculated effective densities are shown in Fig. 1
(right). We note the large differences between the effective
densities of the s and p shells in 12C. Similar differences
were predicted in Ref. [5] and suggested for studies of in-
medium effects on the bound proton structure. The effective
local densities in the s and d shells of 40Ca are similar, thus
differences between these shells are expected to be smaller. A
comparison of a shell in 12C with a shell in 40Ca can serve as a
cross-check to density-dependent modifications, but it is more
susceptible to systematic uncertainties and deficiencies in the
calculations.

Density dependence of the polarization transfer: Single-

shell comparison with RDWIA. In parallel and antiparallel
quasielastic kinematics and in the one-photon exchange ap-
proximation, the calculated P′

x/P′
z ratios depend linearly on

GE/GM , which is the case for the data used in this work. The
single-shell double ratios between the measured polarization
transfer and those calculated in RDWIA with free-proton form
factors, (P′

x/P′
z )Data/(P′

x/P′
z )RDWIA, are shown in Fig. 2 as a

function of the effective local nuclear density (Fig. 1). These
values were obtained as a weighted average over several pmiss

bins for a better comparison between experimental and theo-
retical results over the kinematic phase space.

The double-ratio results indicate a statistically significant
linear decrease as a function of the effective nuclear density
with a slope of (−0.59 ± 0.16) fm3. At ρ = 0, the fit has a
value of 1.066 ± 0.015, where it is expected to be unity. This
can be explained by the 2% systematic uncertainties of the

FIG. 2. Single-shell double ratios between the measured polar-
ization transfer components and the ones calculated with the RDWIA
model from [9] as a function of the effective local nuclear density.
From the fitted linear function and its 95% confidence level band, a
clear signature of a density-dependent effect with a negative slope
can be seen.

data [6–8], and possible deficiencies in the models which may
systematically underestimate the data. We check the consis-
tency of these data with a proposed reduction of the effective
GE/GM ratio [5] in the last section of this paper. Nevertheless,
discrepancies at the level of a few percent are not necessarily
a consequence of in-medium modifications. We cannot rule
out RDWIA deficiencies (non-density-dependent) that might
contribute to the observed slope. To reduce effects of such
possible deficiencies we study also the super-ratios presented
bellow.

Two-shell comparison with RDWIA. Kinematic variations
may affect the double ratio between two shells, A and B,
(P′

x/P′
z )A/(P′

x/P′
z )B. In addition, many-body effects like FSI

may be different for different shells. Those considered in the
model can be largely factored out by dividing the experimental
double ratio by the calculated one. Furthermore, any theoreti-
cal discrepancies common to various shells would also cancel.
Thus, the super-ratio,

RD =
[(P′

x/P′
z )A/(P′

x/P′
z )B]Data

[(P′
x/P′

z )A/(P′
x/P′

z )B]RDWIA
, (1)

is expected to have an improved sensitivity to the bound pro-
ton properties over other many-body effects. It allows a better
comparison between a free and a bound proton. Because the
calculations are performed using the elastic proton FFs, the
super-ratio provides a measure of the relative deviation of the
effective FF ratio in the two shells.

Since medium modifications are expected to be small, at a
few percent level [5], a measurement in a single configuration
may not have sufficient statistical precision to observe such
effects. However, the various measurements carried over dif-
ferent regions of pmiss and nuclei, probing different effective
local nuclear densities, allow us to do a systematic study
of the super-ratios. Each measurement is characterized by
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FIG. 3. The super-ratio from Eq. (1) as a function of density difference between the two shells. The ratios are constructed with denser shell
being always in the numerator of measured and calculated double ratios. Ratios between shells of the same nucleus are shown in color, while
those formed for shells across the two nuclei are shown in gray. Subscripts H and L next to 12C shells denote high- and low-pmiss settings,
respectively.

different effective nuclear densities (see Fig. 1). In Fig. 3(a)
we show super-ratios comparison of higher- to lower-density
shells as a function of the difference in the probed density.
The super-ratios are shown for two measurements on 1s1/2

and 1p3/2 protons in 12C, covering low- and high-pmiss ranges,
and for a measurement of 2s1/2 and 1d3/2 protons in 40Ca
(see Table I).

As inferred from the negative slope of the linear density
dependence of the ratios shown in Fig. 2, the super-ratios are
on average below unity and tend to decrease with increasing
density difference. We observe in Fig. 1 that between the
1s1/2 and 1p3/2 shells in 12C the density differs progressively
with increase of pmiss. The densities of the 2s1/2 and 1d3/2

shells in 40Ca stay much closer over the measured pmiss range.
Accordingly, we observed deviations in the ratios between 12C
shells being larger at high pmiss than at low pmiss and almost no
effect present in the ratio between the s and d shells in 40Ca,
where densities are comparable. This suggests the presence
of a density-dependent effect not yet included in RDWIA
calculations.

We also present super-ratios from specific shells for differ-
ent nuclei: the 1s1/2 (1p3/2) protons in 12C to those from 2s1/2

(1d3/2) in 40Ca to probe the high (low) density difference.
These cross-nuclei ratios shown in Fig. 3 are more likely to be
influenced by systematic uncertainties in either measurements
or calculations. Nevertheless, we see that almost all of them
fall below unity and are consistent with ratios between shells
of the same nucleus.

In Fig. 3(b) we present the same super-ratios as in Fig. 3(a),
but we consider only data from overlapping regions of pmiss

distributions of the compared shells. The overlap region was
first subdivided into several bins before obtaining the super-
ratios and subsequently taking their weighted average. This
differs from data shown in Fig. 3(a), where the super-ratio was
formed from weighted averages of the double ratio over the

entire pmiss range of each shell.1 The fact that pmiss-matched
super-ratios are consistent with those of Fig. 3(a), and the
observed linear trend in Fig. 2 despite the points not being or-
dered by pmiss, further suggest that this is a density-dependent
phenomenon.

In-medium proton modifications. The first investigation
of polarization transfer sensitivity to possible density de-
pendent in-medium modification of nucleon form factors
was carried out by Kelly [1]. This was followed by sev-
eral polarization-transfer experiments. Measurements of the
4He(�e, e′ �p ) reaction, performed both at MAMI [18] and at
JLab [19,20], favored the calculations that included medium
modifications models [21]. Two models were considered: the
chiral quark soliton (CQS) model [3,22] that mainly modifies
valence quark contributions and the quark-meson coupling
(QMC) model [4,23]. However, the same data were later
described by different calculations using free-proton EM FFs
[24].

We compare our results with the calculations using QMC
and CQS models within the relativistic multiple scattering
Glauber approximation (RMSGA) [5,25]. As suggested in
Ref. [5], density-dependent in-medium modifications of the
bound proton should be reflected in the super-ratio of shells A

1Even when considering only overlapping regions, because of vary-
ing per-bin statistical uncertainties, taking the ratio of two weighted
double-ratio averages does not give the same result as a direct
weighted average of the super-ratio binned in pmiss. This is due to
the sensitivity to underlying variable changing when adding uncer-
tainties for each bin, i.e., taking whole overlap region as one bin will
produce different result than if you bin it into 6 bins because of the
differences in individual shell pmiss distributions
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FIG. 4. The super-ratios as a function of pmiss. The data points show the super-ratio from Eq. (1). The lines show the super-ratios from
Eq. (2) using two different models (QMC, CQS) for in-medium density-dependent modification of proton EM form factors.

and B,

RC =
[(P′

x/P′
z )A/(P′

x/P′
z )B]QMC,CQS

[(P′
x/P′

z )A/(P′
x/P′

z )B]Free
. (2)

We refer to Fig. 2 in Ref. [5] and related discussion to illustrate
the magnitude and density dependence of the form factor
modification effects in these two models. In Fig. 3 of the same
reference, it is shown how this modification is reflected in the
super-ratios as a function of pmiss. The predictions are that
the electric form factor, GE , decreases with increasing nuclear
density regardless of the model. This is unlike the magnetic
form factor, GM , which increases in the QMS model or is
hardly affected within the CQS model. Combined, this results
in a decrease of the form factor ratio with increasing density
for both models [5]. To cover all of our kinematic settings and
target nuclei we extended the original RMSGA calculations.
To ensure self-consistency, the effective local nuclear density
experienced by the proton from each event was also obtained
in RMSGA through the procedure described in Refs. [16,26],
analogous to the one that was used for calculation of RDWIA
densities in previous sections.

The predicted super-ratios as a function of pmiss are shown
for three kinematic settings of this work in Fig. 4. The
super-ratio, RC, from Eq. (2) is calculated in RMSGA. The
numerator is calculated using density-dependent EM FFs pre-
dicted by either QMC or CQS. The denominator is obtained
by using free proton EM FFs from Ref. [27]. We compare
these predictions to our super-ratios using Eq. (1), where data
are divided by our RDWIA calculations. These super-ratios
are consistent with the ones predicted by the calculations
using modified density-dependent form factor. The deviations
from unity are more prominent in high-pmiss region of 12C
shown in central panel of Fig. 4, where density differences
between shells are the largest. The super-ratios for 40Ca are
about unity as the density of the shells are about equal. This
observation is in line with previous analyses [20,21,28].

Conclusions. Polarization transfer to bound protons pro-
vides a sensitive tool to probe the bound proton electro-

magnetic form factors. However, a direct comparison of the
measurements to calculations does not allow us to determine
if deviations are due to many-body or in-medium modifica-
tions in the bound proton structure [6,7]. Discrepancies due
to many-body effects are expected to be largely mitigated in
super-ratios by comparing the double ratios of polarization-
transfer data to those calculated in RDWIA for individual
shells in 12C (1p3/2 and 1s1/2) and 40Ca (1d3/2 and 2s1/2).

In our present study of double and super-ratios for shells
with different effective nuclear densities, we observed a sys-
tematic density-dependent deviation. We further found it to
be consistent with a reduction of the EM FF ratio, GE/GM ,
for protons bound in higher density shells compared to those
in lower density shells, as predicted in CQS amd QMC mod-
els. While we cannot fully exclude other density-dependent
effects, past and future analyses of other polarization observ-
ables [14,15] might provide more stringent limits on FSI and
other many-body effects included in various calculations.

Unlike the ratio of the transverse to the longitudinal com-
ponents, which is linearly dependent on the FF ratio GE/GM ,
the transverse and longitudinal components, individually,
have different dependencies on the electric and magnetic FFs.
Additional high statistics data of the transfer components may
yield information on the individual behavior of the EM FFs of
the bound proton.
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