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We present the first measurements of the double ratio of the polarization-transfer components
(P}/P})p/(P)/P))s for knock-out protons from the s and p shells in '2C measured by the 2C(€,e'p)
reaction in quasi-elastic kinematics. The data are compared to theoretical predictions in the relativistic
distorted-wave impulse approximation. Our results show that the differences between s- and p-shell
protons, observed when compared at the same initial momentum (missing momentum), largely disappear
when the comparison is done at the same proton virtuality. We observe no difference in medium

modifications between protons from the s and p shells with the same virtuality in spite of the large
differences in the respective nuclear densities.
© 2020 Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The effects of the nuclear medium on the structure of bound
nucleons and their dependence on the average nuclear density
have been subject to extensive theoretical and experimental in-
vestigations [1-24]. The '2C nucleus is a very appealing target to
study nuclear density-dependent differences in bound nucleons.
Its structure is well understood, and nuclear medium effects on
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the bound proton were studied by both unpolarized and polarized
(e, e’p) reactions [25,5,6]. The average local nuclear density in its
s and p shells differs by about a factor of two [1]. Hence, study-
ing quasi-elastic processes on protons, which are sensitive to the
proton form factors, should be a good approach to observe any
density dependence arising from the differences between the pro-
tons extracted from the two shells. Reliable theoretical calculations
for this nucleus [2,3] facilitate the interpretation of the experimen-
tal observations.

The free nucleon structure is characterized by its electromag-
netic form factors Gg and Gy. In the one-photon-exchange approx-
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imation, the ratio between the transverse (x) and longitudinal (z)
polarization-transfer components, P,/P}, measured by polarized
elastic electron scattering, is proportional to Gg/Gy [26]. In quasi-
elastic A(é,e’p) reactions, the sensitivity of P,/P), to the Gg/Gm
ratio persists and, hence, the measurement of polarization transfer
to the knocked-out proton has been suggested as a tool to investi-
gate nuclear-medium modifications of the bound proton [27].

Theoretical calculations suggest that comparing the polarization
transfer to protons knocked out from the s and p shells should
result in measurable differences in the ratio of the polarization-
transfer components [1]. We study the double ratio (Py/P,)p/(Py/
P))s, which is sensitive to the deviation of the form-factor ra-
tio, Gg/Gpm, in each shell. We note that this is equivalent to
(PZ/PP)/(PS/ Py where, based on calculations discussed below,
one may expect that the differences in final-state interactions (FSI)
for protons knocked out from the s and p shells (as well as be-
tween the longitudinal and transverse components) will largely
cancel.

Almost all theoretical calculations characterize the bound nu-
cleons by their initial internal momentum which, in the absence
of FSI, is equivalent to the measured missing momentum in the
reaction. However, it has been shown [5,23,4] that deviations of
the ratio P}/P, obtained through the quasi-free reaction from that
of the free nucleon, as a function of the bound-proton virtuality
(see Eq. (2)), are in good overall agreement between different nu-
clei, and at different momentum transfers and kinematics. This
suggests that the nucleon’s virtuality, which is a measure of its
“off-shellness”, might be a suitable variable to characterize the
bound nucleon. Since virtuality depends also on the nucleon bind-
ing energy, nucleons from different shells with the same missing
momentum do not have the exact same virtuality. However, we
chose the kinematics for the measurements so that there is an
overlap between s- and p-shell removal for both the missing mo-
mentum and the virtuality.

We present here the measurements of polarization transfer to
the protons extracted from s and p shells in '2C in search of
nuclear-density-dependent modifications of the bound protons. We
study the transverse-to-longitudinal components ratio, and com-
pare the results from the two shells by the aforementioned double
ratios. The data are also compared to calculations in the relativis-
tic distorted-wave impulse approximation (RDWIA) [2] which use
free-nucleon electromagnetic form factors. We present the com-
parison in both missing momentum and bound-proton virtuality,
and demonstrate the advantage of using the latter as a parameter
for such comparisons.

2. Experimental setup and kinematics

The experiment was carried out in the A1 Hall at the Mainz
Microtron (MAMI) using a 600 MeV continuous-wave (CW) po-
larized electron beam of about 10 pA. The measurements were
performed at Q2 =0.175 GeV%/c2. The beam polarization, P., was
measured periodically using the standard Meller [28,29] and Mott
[30] polarimeters. The polarization range was 80.5% < P, < 88.7%.
The polarization was increasing at the beginning of the exper-
iment with the decrease of the quantum efficiency towards the
end-of-life of the strained GaAs crystal used as the beam source. It
dropped after the annealing process of the crystal. To account for
the variations in P, we used a rolling average of the measurements
(resetting it after the refreshing process), which was applied in the
analysis of the data.

We used a '2C target consisting of three 0.8 mm-thick foils,
which were rotated 40° relative to the beam. This way we min-
imized the path of the outgoing proton through the target and,
thus, reduced the energy loss and the probability of multiple scat-
tering. The two high-resolution spectrometers of the A1 Hall [31]
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Fig. 1. Kinematics of the measured A(,e’p) reaction. The scattering plane is
spanned by the ingoing and outgoing electron momentum, k and k’, respectively.
The reaction plane is spanned by the transferred momentum, g, and the outgoing
proton momentum, p’. We choose to represent the polarization components in the
scattering plane by using a right-handed coordinate system with its axes being: z
parallel to the momentum transfer f] y along the cross product of the ingoing and
outgoing-electron momentum, k x k’, and X = y x z. Another often-used reference
frame is LNS where [ points along the outgoing proton momentum, p’, Nis along
p’ x ¢, and S =N x L. There are three important angles that help to characterize
the reaction above. The electron scattering angle, 6, together with the energy of
an ingoing electron, k%, determines the momentum transfer. The azimuthal angle
between ¢ and p’, ¢pq, represents the angle between the scattering and reaction
plane, whereas 6,4 is the corresponding polar angle.

Table 1
Central kinematics of the '2C(é,e’p) data pre-
sented in this work.

Epeam  [MeV] 600

Q? [GeVZ/c?] 0.175

Pe [MeV/c] 368

Oe [°] —52.9

Pp [MeV/c] 665

Op [°1 378

Pmiss [MeV/c] —270 to —100
v [MeV?/c?] —160 to —40

were used to analyze the scattered electrons (Spectrometer C) and
the knock-out protons (Spectrometer A). In Spectrometer A we in-
stalled a focal-plane polarimeter (FPP) [32] in which the polarized
protons experience secondary scattering on a carbon analyzer, re-
sulting in an angular asymmetry due to the spin-orbit part of the
nuclear force. Its angular distribution is given by

o@.¢)

00(?)
where o(¢) is the polarization-independent part, A¢ is the ana-
lyzing power of the carbon scatterer, ¢ is the polar angle of sec-
ondary scattering, ¢ is the azimuthal angle, and P;** and P}* are
the transverse polarization components of the proton at the focal
plane. The analyzing power depends on the energy of the outgoing
proton E, and was adopted from [33,34]. To measure this distri-
bution, horizontal drift chambers (HDCs) [35] were placed behind
the scatterer.

Table 1 and Fig. 1 show the kinematic setting we used and the
relevant kinematic variables. We use a convention where the sign
of the magnitude of the missing momentum, Pmiss =q — p’, is de-
termined by the sign of Pmiss - . We define the virtuality of the
embedded nucleon as:

2

where mp, my, and my_1 = \/(a)—Ep/—}—mA)z—pfmss are the

=14 Ac(, Ep/)(P§PPcos¢—P£PPsin¢), (1)

masses of the proton, target nucleus (12C) and residual nucleus
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Fig. 2. Upper panel: the missing-momentum-versus-virtuality phase space covered
by '2C(e,e’p) data from this experiment. Lower panel: projection of the phase-
space on the virtuality axis. The gray band shows the virtuality-overlap region for
protons extracted from the s and p shells.

(1B, not necessarily in its ground state), respectively. Here, @ =
k® — k0 is the energy transfer and E, is the total energy of the
outgoing proton.

We chose the kinematic setting shown in Table 1 to access pro-
tons with high missing momentum from both s and p shells. This
corresponds to Setting B in previous measurements reported in
[5,6]. In those measurements we explored regions of positive and
negative missing momenta to study the general behavior of po-
larization transfer and compared it between different nuclei. We
now present a dedicated measurement performed in 2017 with
improved statistics and a focus on a missing-momentum range
where there is an overlap between the protons knocked out from
the s and p shells in both missing momentum and virtuality. The
present results were obtained from the combined data sets.

We distinguished between the protons extracted from the s and
p shells based on their measured missing energy defined as

Emiss=w — Tp — Tuig, (3)
where Tp is the kinetic energy of the detected proton and Tuig
is the calculated kinetic energy of the recoiling ''B nucleus. Fol-
lowing [5] and [36], protons with 15 < Epjss < 25 MeV correspond
primarily to proton removal from the p3/> shell, while those with
30 < Epjss < 60 MeV originate from the sq/; shell. The two step
processes in the (e, e’p) reaction at this kinematics are expected to
be small [37]. The measured missing-momentum-versus-virtuality
phase space for protons from both shells obtained in our experi-
ment is shown in Fig. 2. The shaded area indicates the virtuality
range common to both shells, and the distribution obtained from
each shell is projected in the bottom panel of Fig. 2.

3. Determination of the transferred polarization and
uncertainties

We follow the convention of [7] to express individual compo-
nents of the outgoing polarization in the scattering plane, P. The
coordinate system convention is shown in Fig. 1.

To obtain the polarization components we utilized the max-
imume-likelihood estimation where we optimized the outgoing-
proton polarization components, treated as parameters. Because
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Table 2

The sources contributing to the systematic uncertainties of the individual compo-
nents, P}, P}, single ratios, (Py/P})sp, and the double ratio, (Py/P})s/(Py/P})p.
All values are in percent.

P P P/PDsy
Beam pol. 2.0 2.0 ~0.0 ~0.0
Analyzing power 1.0 1.0 ~0.0 ~0.0
Beam energy 0.2 0.6 0.8 <0.1
Central kinematics 0.6 0.8 0.9 0.1
Alignment <0.1 0.1 0.1 0.3
Software cuts 17 2.1 1.9 0.8
s shell <0.1 <0.1 <0.1

Emiss cut p shell 0.2 05 0.6 06
Precession (STM fit) 0.3 0.3 <0.1 <0.1
Precession (trajectory) 0.2 0.3 <0.1 <0.1
Total 34 3.7 23 1.1

our kinematics are close to parallel, we assumed only one induced
component, Py, [38] and two transferred components, P, and P},
to be non-zero. Therefore, the total polarization of the outgoing
proton at the target is

P = (hP.P}, Py, hP.P})", (4)

where h is the electron helicity. The contributions from other com-
ponents are either very small in (anti)parallel kinematics or cancel
because of their anti-symmetric dependence on the angle between
the scattering and reaction planes, ¢pq [3].

The protons travel through the magnetic fields of the spectrom-
eter before reaching the FPP, where we measure their polarization
components, PP and PP. Therefore, before evaluating the like-
lihood function, we propagate the proposed estimates of target
components from Eq. (4) through the spectrometer with the spin-
transfer matrix § which was calculated with the QSPIN program
[39]. To determine the target polarization components that best
fit the measured distribution from Eq. (1), we maximize the log-
likelihood function

log L = Z log(1 + Ac(®, Ep)L- P), (5)

events

where
SyxCOS @ — SxxSing

A= Syycosp — Sxysing (6)
Syz€OSQ — Sxzsing

is determined per-event. It includes trajectory-dependent spin-
transfer coefficients, S;j, and the measured azimuthal angle ¢ of
the secondary scattering of the proton.

The uncertainties of the extracted components and their ratios
were estimated through the numerical second-order partial deriva-
tive of the log-likelihood function and, besides the numerical error,
include a part of the systematic spin-transfer error as well. As
can be seen in Table 2, the beam polarization and the analyzing
power are the largest contributors to the uncertainty in the polar-
ization components P} and P/, while their effect largely cancels
when we form either a single or a double ratio. The uncertain-
ties in the beam energy and the central kinematics affect the basis
vectors of the scattering-plane coordinate system and influence the
binning of the events. Another important contributor to the uncer-
tainty when determining the secondary-scattering distribution is
the quality of the alignment between the tracks extrapolated from
the vertical drift chambers to the HDC plane and those measured
by the HDCs themselves.

The above three sources of uncertainty (beam energy, central
kinematics, and detector alignment) were studied through the rep-
etition of the analysis with modified values. We modified each
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Fig. 3. The measured polarization components P} (top), P, (middle), and their ratio P;/P] (bottom) as a function of missing momentum (left) and virtuality (right). Shown
are statistical uncertainties only. The lines represent RDWIA and PWIA calculations for the corresponding shell obtained using a slightly modified program from [2] (see text).
The shaded colored regions correspond to RDWIA calculations with the form-factor ratio, Gg/Gy, modified by +5%.

contributor separately by its uncertainty value, and determined
how much this affected the extracted polarizations. Similarly, we
determined the contributions from various software cuts employed
in the analysis, by placing each of them slightly tighter and look-
ing for the average effect of the modified cut over all of the bins.
Because a modification of the cut always impacts the number of
considered events, we performed a parallel re-analysis, where we
left the chosen cut unchanged but reduced the number of events
by a random selection.

Another possible source of the systematic uncertainty is the
separation of the protons from the s and p shells by the missing-
energy cut. Although the neighboring boundaries of the two Episs
ranges are 5 MeV apart, each of them contains a small amount of
protons coming from the other shell. To estimate the magnitude of
this cross-contamination, we evaluated the amount of overlap by
performing separate fits over the s- and p-shell peaks in the avail-
able 12C structure function. We found that for our ppiss range, the
p-shell cut includes around 5% of protons coming from the s shell,
whereas the amount of protons coming from the p shell that are
included in the s-shell cut is negligible. To obtain the correspond-
ing uncertainty, we multiplied these cross-contamination estimates
by the relative differences between the individual components for
the two shells. Since the difference is positive for one component
and negative for the other, we added the uncertainties in quadra-
ture for the single ratio, whereas the uncertainty on the double

ratio, although in principle vanishing, is dominated by the p-shell
single-ratio uncertainty.

The last two items from Table 2 correspond to the quality of the
spin-precession evaluation in our maximum-likelihood algorithm.
We started by comparing the results obtained from employing the
spin-transfer matrix to those calculated using the QSPIN program
which is more precise but considerably slower. The second con-
tribution arises from the finite resolution of the proton trajectory
parameters (e.g. vertex position). Here we used again QSPIN to
evaluate the average dispersion from the analysis of 100 trajecto-
ries with normally distributed variations in each parameter, where
its spread was used as the standard deviation of the sampling
function. Finally, we obtain the total estimated systematic uncer-
tainty by adding contributions from each source in quadrature. The
systematic uncertainties of the polarization components are com-
parable to the statistical uncertainties.

4. Results and discussion

In the top two panels of Fig. 3 we show the polarization-
transfer components P, and P} to protons knocked out from the
s and p shells, as a function of the missing momentum and vir-
tuality. Only statistical uncertainties are shown. As in Fig. 2, the
gray band in the right-column plots indicates the virtuality-overlap
region between the protons extracted from the s and p shells.
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one of them.

The solid lines represent calculations in the relativistic distorted-
wave impulse approximation (RDWIA), where we use the aver-
age democratic optical potential from [40], relativistic bound-state
wave functions obtained with the NL-SH parametrization [41], and
free-proton electromagnetic form factors from [42]. Because the
original RDWIA program from [2] was written for use with copla-
nar kinematics only, we modified it to include the remainder of
the 18 hadronic structure functions present in the A(e, e’p) reac-
tion under the one-photon-exchange approximation [43,8].

The effects of FSI can be appreciated by comparing the RDWIA
(solid lines) and PWIA (dashed lines) calculations showing the dif-
ferent contributions to the transverse and longitudinal components
in the two shells. To explore the sensitivity of the polarization
components to the ratio Gg/Gy we repeated the calculation with
the form-factor ratio modified by +5%. The impact of this varia-
tion on the results of the calculation is shown as a band around
the respective calculation with no modification. We note that in
this kinematic region, varying the form-factor ratio has a very
small effect on the transverse component, P;, while the longitu-
dinal component, P}, shows a linear dependence on the Gg/Gw,
as can be seen in Fig. 3. The behavior of the individual compo-
nents is translated to the linear dependence of their ratio, Pj/P},
on the form-factor ratio.

Nuclear effects can not only differ for protons from the s and
p shells, but may also have different effects on the transverse (x)
and longitudinal (z) polarization components when we consider
the protons from a single shell. This can be seen as a devia-
tion from unity in the bottom panel of Fig. 3, where we show
P}/P} for each shell separately, as well as in Fig. 4, which in-
cludes component ratios, P;S/P;p (i =x, z) for the two shells. Such
differences are also foreseen by the theoretical calculations. Fur-
thermore, the deviations between the calculations and the data
do not exclude medium modifications like those observed in the
unpolarized (e, e’p) [25] and polarization transfer measurements
[6], which are not accounted for in the calculations. Searching for
the density-dependent in-medium modifications we examine the
double ratio (Py/P}),/(Py/P,)s to minimize the contributions of
those effects. The double ratio is shown for the measured compo-
nents as a function of the missing momentum in the top panel of
Fig. 5 along with the calculated double ratio under RDWIA (solid
line) and PWIA (dashed line). One expects this double ratio to be
unity if nuclear effects cancel and there are no modifications in
the form-factor ratios. The measured double ratio is not unity but
it is almost constant with a weighted average of 1.15 4 0.03, indi-
cating that FSI contributions do not cancel in the double ratio. This
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Fig. 5. The polarization transfer double ratio as a function of missing momentum
(top) and virtuality (bottom). The solid and dashed gray lines represent the RDWIA
and the PWIA calculation, respectively, whereas the colored line and band corre-
spond to the weighted average of the measurements and its uncertainty.

deviation from unity is predicted by the RDWIA calculations (solid
line), while the PWIA (dashed line) is consistent with unity. This
indicates that the deviation is due to nuclear effects, which do not
cancel in this comparison.

It has been shown [23,24,4] that virtuality is a useful parameter
to compare the polarization transfer to protons bound in different
nuclei. The data from the two shells in the overlap region (where
the knockout protons from the two shells can be compared at the
same v) are shown as a function of the proton virtuality in the
bottom panel of Fig. 5. The weighted average of 1.05 4 0.05 is
consistent with unity, as predicted by both RDWIA and PWIA cal-
culations. We note that the nuclear effects are much reduced in
the RDWIA-calculated double ratio (close to the PWIA prediction),
supporting the comparison at the same virtuality. Even though
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the polarization transfer observables are modified by the medium,
the measured double ratio for the s- and p-shell protons being
consistent with unity suggests that no density-dependent differ-
ences in medium modification of the proton (e.g. its form-factor
ratio) are observed. The small deviation of the double ratio from
unity can already be accounted for with the unmodified electro-
magnetic form-factor ratio and simple PWIA calculations, while
the measurements are also in agreement with the RDWIA calcu-
lations (reduced x2 =0.48, p = 0.89). Thus, we found no evidence
of density-dependent modifications.

The ratios P,/P, of components of polarization transfer to
deeply bound protons were measured for several nuclei. It was
shown [23,5,4] that a comparison of this ratio to that of a free
proton, (Py/P})a/(Py/P})H, at given v shows the same deviations
for 2H, “He, and '2C despite different kinematic conditions. The
agreement of the results when the proton is bound in 2H, which
is a slightly-bound two-body system and often used as an effective
neutron target, with those obtained in nuclei with a high average
nuclear density (like “He and '2C) also supports our observation.
While FSI and the local nuclear density may differ between these
nuclei, their effect on the polarization transfer is similar, and no
nuclear-density-dependent modifications are observed.

5. Conclusions

We presented measurements of the polarization transfer to
deeply bound protons in the s and p shells of '2C by polarized
electrons with the 12C(e, e’p) reaction. To investigate the nuclear-
density dependence and possible in-medium modification of the
proton electromagnetic form factors, we exploited the fact that the
ratio of the transverse to longitudinal components is sensitive to
the electromagnetic form-factor ratio. The measured polarization
ratios for protons extracted from the two shells were studied and
compared as a function of either the missing momentum or the
bound-proton virtuality. Although according to some theories there
is a large difference in the nuclear density between the two shells
in 12C, the measurements show no significant differences between
the s- and p-shell protons to the level of 5% when compared
at the same virtuality, as expected from both PWIA and RDWIA
calculations. One cannot exclude density-dependent effects, which
may conspire to cancel and hide a density-dependent medium
modification of the form factors. However, the straightforward ex-
planation of the measurement reported here is that there are no
differences in medium modifications of the proton form-factor ra-
tio when comparing s- and p-shell protons in 12C.
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