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ARTICLE INFO ABSTRACT

Editor: Betram Blank

Polarization transfer to a bound proton in polarized electron knock-out reactions, A(¢,¢’'p), is a powerful tool to

look for an in-medium modification of the bound proton. It requires comparison to calculations that consider
the many-body effects accompanying the quasi-free process. We report here measured components P, P/, and
their ratio P!/ P/, of polarization transfer to protons bound in “’Ca, which is described well by the shell model
and for which reliable calculations are available. While the calculations capture the essence of the data, our
statistical precision allows us to observe deviations that cannot be explained by simple scaling, including by
varying the proton electromagnetic form factor ratio G /G,,. We further explore the deviations of the ratio of
the polarization transfer components from that of a free proton, (P//P.),/(P./P!)y, and its dependence on the

bound-proton virtuality.

1. Introduction

The effect of the nuclear medium on its constituent nucleons is a
long-standing question which triggered many hypotheses [1-6] and was
followed by experiments which tried to observe differences between
free and bound nucleons, mainly protons. Obviously, a straightforward
way is to compare a reaction on a free nucleon to that of quasi-elastic
scattering on a single bound nucleon. Quasi-elastic scattering is an in-
valuable tool that gives us insight into the properties of the single bound
nucleon, proton wave functions, spectroscopic factors, and more.

In quasi-elastic kinematics, we are also sensitive to other many body
effects, such as final state interactions, meson-exchange currents (MEC),
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and isobar configurations. The data obtained in many experiments over
the years were confronted with calculations which resulted in a better
understanding of these effects. However, the question of medium mod-
ifications of the nucleon structure when embedded in the nucleus was
not resolved. The electromagnetic properties of the nucleon, its charge
and magnetization densities, are derived directly from its electromag-
netic form factors (EM FFs). A measurement of effective EM FFs of a
bound nucleon, and comparing it to that of a free one, may point to
changes in the EM distributions in the bound nucleons.

Polarized electron beams opened up new possibilities to measure
nucleon electromagnetic properties. The ratio of the transverse to longi-
tudinal polarization transfer components in elastic 'H(Z, ¢/p) is directly
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related (in the one photon exchange approximation) to the ratio of
the electric and magnetic form factors of the proton G/G,, [7]. De-
spite richer nuclear response, measurements of polarization transfer to
a bound proton are also sensitive to the proton EM FFs, and thus, can
reveal nuclear medium modifications in the bound nucleon [8,9]. How-
ever, distinguishing between the aforementioned many-body effects and
in-medium modifications of the proton is not trivial and requires a com-
parison of the measurements with theoretical calculations that consider
the contribution of such many body effects to the quasi-elastic process.
Deviations from such calculations (whose input are the free-proton FFs)
may be then attributed to changes in the proton electromagnetic struc-
ture.

Polarization-transfer in quasi-free proton knock-out has been mea-
sured on light nuclei (*°H [10-14], “He [15-17], '>C [18-20], and
160 [21]), and compared to that on a free proton. The deviations from
the free proton ratio for these nuclei, evaluated through the double
ratio of the polarization transfer components, (P./P!),/(P./P))iy, ob-
tained at different kinematics, was shown to be in good agreement
when compared at the same virtuality of the struck proton. The analy-
sis comparing the data on protons from the s- and p-shells in '2C to the
relativistic distorted-wave impulse approximation (RDWIA) calculation
did not show a consistent deviation to suggest in-medium effects [20].

We present here first measurements of the polarization transfer to
a bound proton in *°Ca, extending previous measurements on light nu-
clei to a medium size nucleus, which has been studied extensively both
experimentally and theoretically [22-24]. The nuclear structure of *°Ca
allows us to cleanly separate protons knocked out of 1d;/, and 2s;/,
shells and evaluate corresponding polarization transfer components and
their ratio. We also study the behavior of the polarization double ratio
which, in light nuclei, was shown to have a similar dependence on the
struck nucleon virtuality independent of the target atomic number. The
relatively large range of the proton initial momentum probed in this
measurement, and data obtained for protons of different shells in “°Ca,
are compared to RDWIA calculations to search for possible medium
modifications of the FFs.

2. Experimental setup and kinematics

The data were acquired at the Mainz Microtron (MAMI) by using
two spectrometers of the Al experimental setup [25]. Spectrometer C
was used for the detection of the scattered electron, while spectrometer
A was used for protons. The standard detector package of both spec-
trometers consists of vertical drift chambers (VDCs), followed by two
layers of scintillation counters and the Cerenkov radiation detector. In
spectrometer A a Cerenkov radiation detector was replaced by a 7cm
thick carbon analyzer and horizontal drift chambers (HDCs) which, to-
gether with VDCs, serve as a focal plane polarimeter (FPP) [26] used to
measure the polarization of knocked-out protons.

The 600MeV longitudinally polarized beam was guided on to the
40Ca target consisting of three 0.41 mm thick foils positioned at an angle
of 45° (facing spectrometer A) and 15.0mm from each other (along the
beamline). This gives us the maximum luminosity while minimizing the
in-target path of the outgoing protons and hence reducing energy losses
as well as possible depolarization effects on the knock-out protons. To
determine the incident beam polarization and ensure its longitudinal
orientation, a Mgller polarimeter was used. As a cross-check Mott po-
larimetry was performed at the beginning of the experiment and later
when the source cathode was replaced. It is a known effect to see po-
larization increase while the quantum efficiency of the cathode drops,
hence we have seen polarization ranging from 79.6% to 88.0%. We ac-
counted for having two distinct periods and the variation within each
with two independent linear fits of all relevant measurements. The rele-
vant reaction kinematics is shown in Fig. 1. We obtained data in parallel
kinematics (p; || §) summarized in Table 1.
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Table 1

Central kinematic settings of the “’Ca(é, ¢’p) reaction measure-
ment of this work. The number of events passing the event
pre-selection for particular E,; range are also given.

miss

Kinematic setting

Eieam [MeV] 600
0? [(GeV/e)?] 0.25

Prniss [MeV/e] —-200to 17
Pe [MeV/c] 396

A [deg] -61.8

P, [MeV/c] 630

0, [deg] 40.2

# of events passing cuts (x10°)

All 2.43

1ds 0.18

28y, 0.23

Cont. 1.10

Fig. 1. Kinematics of the (¢, ¢’p) reaction with the definitions of the kinematic
variables.

3. Analysis

The polarization-transfer at the reaction point is presented in the
%,9,2 coordinate system shown in Fig. 1 following the convention
of [16]. Both PZ’ and P/ were determined in the scattering plane, de-
fined by the incident and scattered electron momenta, where P, is along
and P, is perpendicular to the momentum transfer vector.

We used the FPP to measure the angular asymmetry in secondary
scattering of polarized protons due to the spin-orbit part of the NN in-
teraction. Angles are obtained by combining the tracking information
from VDCs and HDCs since those correspond to proton tracks before and
after the scattering in the analyzer, respectively. Once divided by the
polarization independent part, o,(9), the angular distribution is given
by

o(3,¢)

=14+ Ac, E))(PFPP — PFPPingy, 1
o) + Ac( ) y | COS@ > sin @) (€8}

where A is the analyzing power of the carbon scatterer, 9 is the polar
angle, ¢ is the azimuthal angle. The two transverse polarization com-
ponents of the proton at the focal plane, P'PF and PI*P, are, depending
on the precession of the proton spin in the magnetic field of the spec-
trometer, function of all three polarization components at target. The
relation between two sets of polarization components is described with
spin-transfer matrix, S, as
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(2
FPP P,
<Px> — <Sxx Sxy sz) Px . (2)
Py Syx SYY S,VZ PJZ}

Individual components in the reaction plane were obtained by using a
well established maximum-likelihood procedure. The statistical uncer-
tainties associated with the extracted components and their ratios have
been estimated by using the numerical second-order partial derivative
of the log-likelihood function. These uncertainties also include a por-
tion of the systematic spin-transfer error. More details on the procedure
can be found in [20].

The polarization components and their ratios have been determined
as a function of the proton missing momentum defined as p,y;;c =4 — ;-
We define the scalar missing momentum, p, ;. = *|Ppiss |, Where the sign
is taken to be positive (negative) if the longitudinal component of p
is parallel (anti-parallel) to 4.

After careful calibration, certain data cuts were implemented to en-
sure the quality of the data used in the polarization transfer analysis.
First, to identify coincident electrons and protons, a coincidence time
cut, |[focl < 1.5ns was made. Second, position resolution at target of
3 —» 5mm allowed us to do a vertex position cut and ensure that the
two particles originate from the same target foil. This cut reduced ran-
dom coincidence background by an order of magnitude to around 1073
relative to the coincidence peak. Third, a set of cuts was applied to
ensure a good track reconstruction with the drift chambers (e.g. bad
wire exclusion, number of wire hits and their distribution between
and within layers). Fourth, to separate electrons from other minimum-
ionizing particles, we required sufficient energy deposit in threshold
Cerenkov detector in spectrometer C. Because of the specific geometry
of the detector, this cut also suppressed cosmics background. Fifth, ad-
ditional cuts were necessary to reliably measure polarization. To ensure
secondary scattering occurred in the analyzer, we required the intersect
of the two tracks to lie within +7 cm from the center of the carbon plate.
We also restricted spectrometer A momentum, angular, and position ac-
ceptance to the region where magnetic field and hence spin precession
is best understood. In effort to eliminate false asymmetries due to the
final acceptance and bad wires in HDCs, we performed the “cone test”,
where we only accept events for which their imaginary counterparts
with Tt = PP + 180° would be accepted too. Finally, to enhance nu-
clear over Coulomb scattering contribution, we selected only protons
that scattered by more than 10° in the carbon analyzer. Due to limited
knowledge of the carbon analyzing power at much larger angles, we
required the maximum scattering angle to be less than 45°.

The protons knocked out from the calcium shells were identified
by their missing energy defined as E,;, = — T, — Tyyk. Here o is
the energy transfer, T, is the measured kinetic energy of the outgo-
ing proton, and Tsg is the calculated kinetic energy of the recoiling
¥K nucleus. The E,;, spectrum shown in Fig. 2 already includes the
above-mentioned cuts. Well identified are removals where the residual
system of *K is left in the ground state (J* = %+) and in the first ex-

cited state at E;;K =2.52MeV (J* = {r). These two peaks correspond

to protons removed from the 1d;, and 2s, , shells in 40Ca, respectively,
as was also confirmed by examining their p; distributions measured
in the unpolarized (e, ¢’p) reaction [22-24]. Events with missing ener-
gies above 25MeV are attributed to the removal of the proton leaving
the residual system in the continuum.

We note that we do not resolve either 1f;/, (2.814MeV) nor 2p;,
(3.019MeV) that were observed in [22-24]. However, with individual
peaks having a FWHM around 0.6MeV, we can identify contributions
to the measured spectrum from the various non-*’Ca contaminants; 'H
and '2C from the target foil storage oil and 'O most likely due the
oxidation during the transport of the foils to the target chamber.

Having a clear elastic peak in the E_; spectra enabled us to mea-
sure polarization transfer to a free proton. Being less than 1o away from
unity as shown later in Fig. 5, the 'H result is consistent with the pre-
diction for the polarization transfer in elastic scattering using G5 /G,
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Fig. 2. Missing-energy spectrum of the proton knockout from the 4’Ca target.
Marked are also peaks associated with contaminants from the residual target
storage oil and oxidation.

Table 2
Contributions to the systematic uncertainties of the individual components, P,
P!, and their ratios, (P./P]). All values are in percent.

P P @®/P)

Beam pol. 2.0 2.0 ~0.0

Analyzing power 1.0 1.0 ~0.0

Beam energy 0.2 0.6 0.8

Central kinematics 0.6 0.9 1.0

HDC Alignment <0.1 0.1 0.1

Software cuts 1.6 1.7 1.5

E,;, cut 1d;/, 0.3 0.4 0.7

28y 0.9 0.8 1.2

Continuum 0.4 0.7 0.9

Spin precession 0.3 0.4 <0.1
Contamination ('2C, 1°0)

Continuum 2.0 2.0 2.0

Total 1dy), 2.9 3.1 2.1

25,5 3.0 3.1 2.3

Continuum 3.5 3.7 3.0

from [27]. This indicates that the detector is performing well and pro-
vides further trust in our understanding of systematic uncertainties.

To estimate systematic uncertainties we followed the same proce-
dure as in [20]. Different contributions are summarized in Table 2.
Beam polarization and analyzing power are the primary contributors
to the uncertainty in the polarization components P/ and P,. How-
ever, their contribution largely cancels out when we form the ratio
of the components. A limited resolution of the beam energy and spec-
trometers (central kinematics) both result in bin migration in target
variables. Since VDCs and HDCs are relatively far apart, the quality of
the alignment between the two is an important factor that contributes
to the uncertainty in determining the secondary-scattering point and
the related distributions. We also studied the contributions from var-
ious software cuts used in the analysis by slightly tightening each of
them and observing the average effect of the modified cut over all the
bins. We also evaluated the quality of the spin-precession calculation in
our maximume-likelihood algorithm. The last item from Table 2 relates
to contamination of our continuum data with events coming from 2C
and '°0. We used both (e, ¢’) and (e, ¢’ p) missing energy distributions to
estimate their contributions. The combined background from these two
nuclei in the “°Ca continuum is around 10%. Based on moderate differ-
ences in polarization-transfer observables between different nuclei, we
estimated 2% as the upper limit on the uncertainty.

Due to the relative proximity of the two peaks related to 1d;,, and
2sy», significant difference in their momentum distributions, and sub-
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-0.32;
o< 0401
-0.48

—0.56+
0.56

-0.32;
. —0.401
a

-0.48;

—0.561

-0.12 -0.08
Pmiss [GeV/c]

—0.04

Fig. 3. Polarization transfer components, P/ and P/, for protons knocked out
of 1d;,, and 2s,, shells of “*Ca nucleus. The errors are statistical only. Solid
(dotted) lines ines are full RDWIA (RPWIA) calculations based on [30]. Bands
around RDWIA calculations reflect variation due to use of different wavefunc-
tions, optical potentials, and off-shell nuclear current prescriptions. See text for
the description of the models.

stantial radiative tail, we had to employ per-bin correction of polariza-
tion transfer to 2s, ,, protons to account for the 1d;,, contribution. The
correction was negligible for the two lowest |p ;.| bins. Thereafter, the
share of protons coming from 1d;/, increased with the highest contri-
bution of 15%. Because of very similar polarizations this correction was
never larger than 2%. To further study the influence of E,;, cuts on
the results, we varied each of the cuts independently by +0.25MeV and
added the deviations in quadrature. For the continuum the variation
was increased to +5MeV to account for possibility of several unresolved
states in default cut’s vicinity. We estimated that not resolving 1f;/, and
2p3,, below 2s /, peak, results, within our p, range, in contamination
on the order of few percent [24]. Given our experience that the polar-
ization transfer does not vary widely between states (and even nuclei),
their contribution to polarization components is negligible.

4. Polarization transfer
4.1. Dependence on py,ic

The components P/ and P, of the polarization transfer to protons
knocked out from 1d;/, and 2s,, “’Ca shells are shown in Fig. 3. For
the two discrete states we performed the RDWIA calculations (solid
lines) using the global democratic optical potential from [28], relativis-
tic bound-state wave functions obtained with the NL-SH parametriza-
tion [29], and free-proton electromagnetic form factors from [27].
We adapted the original RDWIA program from [30] to include all 18
hadronic structure functions for the A(e,e'p) reaction in the Born ap-
proximation [31]. The calculations were performed per-event using the
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1.24 + Continuum
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=
a
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Fig. 4. Ratios of polarization transfer components for protons from 1d;, and
28y, shells as well as the continuum region. For the two discrete states the
RDWIA calculation is shown, while there are no theory predictions for the con-
tinuum due to not well defined initial and final states. In addition dashed and
dotted curves show RDWIA calculation with modified G./G,, by +10% and
—10%, respectively. At the bottom of the top two panels, the p ;. coverage of
virtuality (v) bins in Fig. 5 are shown. For the detailed relationship between v
and p,;, we refer the reader to Fig. S2 of the supplementary material.

individual measured kinematic parameters, fully matching the experi-
mental kinematic acceptance. The deviations of the calculated compo-
nents from the measured are significant for both shells.

We show in Fig. 3 the variations in RDWIA calculations (shaded
regions) obtained with: i) two alternative parametrizations of the rela-
tivistic optical potentials; Energy-Dependent A-Independent fit to *°Ca
data only and Energy-Dependent A-Dependent fit [32], ii) another set
of bound-state wavefunctions [33], and iii) different off-shell nuclear
current prescriptions [34]. Very little sensitivity to different ingredi-
ents is shown for knock out from the 1d;/,. In case of 2s,,, shell, the
same is true for the low p,;, region, while at the high p,.., the vari-
ation in both polarization components becomes relatively large. More
details and individual calculations can be seen in Fig. S1 of the supple-
mentary material. RPWIA calculations analogous to the main RDWIA
calculations are shown as well. The main differences from the RDWIA
calculations are found in the longitudinal polarization component, P;.

The ratios of the polarization-transfer components, P//P!, are
shown in Fig. 4, along with the RDWIA calculation (solid lines). We
note that, compared to individual components, there is a better agree-
ment between the calculated and measured ratios. The P[/P] ratio
depends linearly? on the proton G /G,, ratio. The sensitivity of the

2 In the elastic scattering under the Born approximation. In the quasi-elastic
scattering in addition kinematics must be (anti)parallel and in-plane, as is the
case in this measurement.
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Fig. 5. Ratio of measured polarization components divided by the calculated ratio for a moving free proton [35] as a function of virtuality. Data of this work is

compared to previously measured data on >H [12,13] and '>C [18-20].

calculation to modification of the free-proton FF ratio was studied by
repeating the calculations with free FF ratio modified by +10%. As can
be seen, a change of roughly 10% is comparable to the discrepancy be-
tween the measured and calculated (unmodified) ratio. This gives an
estimate of the magnitude of shortcomings in the calculation, includ-
ing possible changes in the proton EM form factors due to in-medium
modifications of the bound nucleon.

The calculated components ratio was fitted to the data by adjust-
ing Gg/G),. For the 1d;/, protons the best fit value is 1.03 + 0.035
(x?/DoF = 3.2) which is consistent with no change. For the 2s, /2 pro-
tons the best fit suggests a relatively large scaling factor of 1.11 +0.035
(x?/DoF = 3.9). It seems that the differences between the calculations
and data cannot be explained by a common G /G,, scaling factor, and
improvements are required at the level of addressing the individual
components. Deviation of a similar size were observed for “He [15-17]
and were explained within a RDWIA framework by density-dependent
G and G,, modifications from a quark-meson coupling model. An
alternative explanation, within a non-relativistic framework, was pro-
posed in terms of more conventional nuclear physics and includes
many-body effects using accurate three- and four-nucleon bound-state
wave functions, MEC, and isospin-dependent charge-exchange FSI [36].

For E; > 25MeV, the residual system is in the continuum, and the
polarization transfer represents an average of transfer to protons from
various shells and no well-defined final state. This is the reason why the
calculation is not available for those events. The data for the continuum
has additional systematic uncertainty due to the target contamination
with 12C and 0.

4.2. Dependence on the bound-proton virtuality

The polarization transfer ratio can also be characterized by the pro-
ton’s virtuality, a measure of how far off-shell the proton is, defined
as [12]:

2
VE<MA— M? 4+ p? >—p2 M2, 3)

A-1 miss

where M, is the mass of the target nucleus and M,_, =

\/ (w-E,+M A2 — pfmss is the residual mass. Notice that virtuality de-
pends not only on p,;,, but also E,;,; indirectly through M, _,.

It has been observed that the deviation of the polarization transfer
ratio of the knockout proton from that of a free proton
(P!/P)A/(PL/P)y in light nuclei, ?H [12,13], *He [15,16], and
12¢ [19,20] showed an overall agreement when compared at the same
bound-proton virtuality as defined by Eq. (3). This agreement, together
with the fact that these ratios were not only obtained for protons in dif-
ferent nuclei, but also measured at different kinematics, suggested that
the deviation is best characterized by v.

The double ratios from our measurement on *’Ca are shown in Fig. 5
along with previous determinations on '*C and ?H. To compare quasi-
elastic and elastic scattering, we accounted for the “moving-proton”
correction that considers the Fermi motion of the struck proton [37,38].
It was shown, however, that this affects the polarization ratio far less
than the individual components.

The polarization transfer ratio to the protons associated with a resid-
ual system in the continuum follows the same pattern and shows good
agreement with the light nuclei data. We note that these protons span
over large E,;, range and can originate from various shells of “°Ca.
The measured ratios for protons ejected from the 1d;, and 2s;/, shells
cover a very small range in v, but seem to deviate from measurements
done on ?C and the continuum Ca data. The well defined final state of
the residual system in these events results in a very narrow E_; , range,
which implies that the two bins in v differ mainly in p,; i.e. lower v
corresponds to lower p,_ ;. (see gray bands in Fig. 4 and Fig. S2 of sup-
plementary material). This is unlike in other data, where broader E
coverage can smear events with similar p;,, between several v bins.
This may indicate that the general agreement of the data results from
averaging in each bin over large range in proton initial momentum.
Phase space covered by data and more visual presentation of relation
between v, E,;, and p,. can be found in Fig. S2 of the supplemen-
tary material. Future measurements extending to higher p, ;. and/or in
anti-parallel kinematics (p,;;, > 0) will clarify the virtuality dependence
of polarization transfer.
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5. Conclusions

Our measurement of polarization transfer to a bound proton in “°Ca
shows that while theoretical predictions are in general good agreement
with the data, adjustments at the 5 to 10% level are still needed. In-
terestingly, the polarization component ratio P|/P, for both 1d;,, and
25y, states are underestimated, which may point to a common defi-
ciency in the calculations.

The virtuality dependence of the double ratio of the “°Ca compo-
nents to those of a free proton seem to agree with data obtained for
12C and 2H, for the continuum states, but may show a deviation for the
transitions to a discrete state in the residual nucleus. It may point to the
fact that for such states the E;, range in the virtuality bin is very nar-
row, resulting in almost no p,,;,; overlap between different v bins. This
is different for the continuum which spans a relatively large E,;,, and
generally wider p,;, range. This dependence should be further studied
by extending the kinematic range of the measurement.
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