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a b s t r a c t
We present measurements of the electron helicity asymmetry in quasi-elastic proton knockout from
2
H and 12 C nuclei by polarized electrons. This asymmetry depends on the ﬁfth structure function, is
antisymmetric with respect to the scattering plane, and vanishes in the absence of ﬁnal-state interactions,
and thus it provides a sensitive tool for their study. Our kinematics cover the full range in off-coplanarity
angle φ pq , with a polar angle θ pq coverage up to about 8◦ . The missing energy resolution enabled us
to determine the asymmetries for knock-out resulting in different states of the residual 11 B system. We
ﬁnd that the helicity asymmetry for p-shell knockout from 12 C depends on the ﬁnal state of the residual
system and is relatively large (up to ≈ 0.16), especially at low missing momentum. It is considerably
smaller (up to ≈ 0.01) for s-shell knockout from both 12 C and 2 H. The data for 2 H are in very good
agreement with theoretical calculations, while the predictions for 12 C exhibit differences with respect to
the data.
© 2021 The Author. 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 .
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1. Introduction

We report here the measurement of the analyzing power of
the electron beam in these datasets, which is also referred to as
the electron-helicity asymmetry A, obtained from the (
e , e  p ) reaction on 2 H and 12 C, where only the incoming electron beam is
polarized. This asymmetry is deﬁned as the ratio of the helicitydependent to the helicity-independent part of the cross section,


 . It is therefore proportional to the ﬁfth structure function f LT ,
which is governed by FSI as outlined above. Earlier measurements
of A were performed at the MIT Bates Linear Accelerator Center
[18–20] on 2 H and 12 C. For 12 C, only p-shell protons were measured, but without distinction between the ﬁnal states of the 11 B
residual system.
Our measurements cover the full 360◦ range of the offcoplanarity angle φ pq showing the sin(φpq ) behavior, and have
much better statistics and energy resolution than the previous
data. For the protons knocked out from the 12 C p shell, the data
allowed us to extract separate asymmetries for transitions to a few
bound states of the residual system—11 B ground state and two excited states—and show that the underlying structure functions are
different. We obtained the asymmetries also for protons knocked
out from the 12 C s shell, where the residual system exhibits a
continuous spectrum. The smaller uncertainties enable a meaningful comparison to state-of-the-art calculations. The measurements
cover a relatively large range in the “missing momentum”, p miss ,
(which in the impulse approximation and the absence of FSI corresponds to the negative initial momentum of the knocked-out
proton). The data allowed to study the dependence of A on two
kinematic variables: the angle θ pq between the emitted proton and
the momentum transfer (see Fig. 1), and the missing momentum
p miss .

The large amount of data on the (e , e  p ) knockout reaction
collected over the last decades in different laboratories, provided
accurate information on the properties of proton-hole states [1–5].
The separation energy and the momentum distribution of the removed proton, which allows one to determine the associated quantum numbers, were obtained. From the comparison between the
experimental and theoretical cross sections, it was possible to extract the spectroscopic factors, which are a measure of the occupation of the various shells [2,3].
It is well known [5–9] that the unpolarized cross section does
not provide any detailed information on the various components
of the scattering matrix. Thus for a more complete analysis of the
process under study one needs additional information as provided
by measurements of polarization observables which contain the
scattering components of the response of the nucleus to the electromagnetic probe in different combinations. In particular, small
components which might contain important information on dynamical details of the process and are buried in the unpolarized
cross section, may become accessable in some polarization observables. Their determination imposes severe constraints on theoretical models and is therefore of great interest [9].
When the incoming-electron beam is longitudinally polarized
with beam polarization P e and a given helicity h, the (
e , e  p ) cross
section can be written, in the one-photon-exchange approximation, as the sum of a helicity-independent term  (the unpolarized
cross section) and a helicity-dependent term h P e  [5–7]:

σ =C (ρL f L + ρT f T + ρLT f LT cos φ pq


+ ρT T f T T cos 2φ pq + h P e ρ LT
f LT
sin φ pq )

(1)
2. Experimental setup and kinematics

= + h P e ,

The experiments were performed at the MAMI facility of the Johannes Gutenberg University at Mainz using the A1 beamline and
spectrometers [21]. For these measurements, a polarized electron
beam of 600, 630, and 690 MeV was used. The beam current was
≈ 10 μA, with an ≈ 80 − 89% polarization. The beam helicity was
ﬂipped at a rate of 1 Hz.
The beam polarization was measured periodically with a Møller
polarimeter [22,23], and veriﬁed by a Mott polarimetry measurement [24]. These two methods of beam-polarization measurement
produced mutually consistent results as described in [12,13,15,16].
The target used for the 2 H measurements was a 50 mm long
oblong cell ﬁlled with liquid deuterium [11–13] while the 12 C tar-

where C and the ρ ’s depend only on the electron kinematics, and
φ pq is the off-coplanarity angle (see Fig. 1). Here, the unpolarized cross section is written as a combination of four structure
functions ( f L , f T , f LT , f T T ). The structure functions represent the
response of the nucleus to the various components of the electromagnetic charge and transverse current components and can
be expressed as bilinear combinations of scattering amplitudes
[5,6,8,9]. The helicity-dependent term is governed by the ﬁfth
 , [5–7], and is asymmetric with respect to
structure function, f LT
the scattering plane. To observe this asymmetry one needs to detect the emitted proton in out-of-plane kinematics (φ pq = 0) while
ﬂipping the electron helicity. The ﬁfth structure function is the
imaginary part of the longitudinal-transverse interference component of the hadron tensor. In the plane-wave impulse approximation (PWIA), where the ﬁnal-state interaction (FSI) between the
outgoing proton and the residual nucleus is neglected, the hadron
tensor is real and the ﬁfth structure function vanishes identically
[5,7,10]. Therefore the ﬁfth structure function and the helicity
asymmetry is determined by FSI and thus provides a critical test
of any theoretical description.
 ) reaction was perA series of measurements of the A(
e, e p
formed at the Mainz Microtron (MAMI) using 2 H and 12 C targets.
The polarization transfer to the knock-out proton was measured
to investigate the properties of deeply bound (highly off-massshell) protons in the nucleus [11–16]. In search of deviations of
the form factors of a bound proton from the free proton ones
these measurements have been compared to calculations which
are sensitive to this ratio. The treatment of the reaction mechanism and the nuclear effects in these calculations must be tested
against experiments which are less sensitive to the nucleon structure, such as the induced polarization in the knocked-out proton
 ) reaction [17] or the electron-helicity asymmetry
by the A(e , e  p
through the A(
e , e  p ) reaction.

Fig. 1. Kinematics of the (
e , e  , p ) reaction with the deﬁnitions of the kinematic
variables.
2
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Table 1
The kinematic settings in the 2 H(
e , e  p ) and 12 C(
e , e  p ) measurements presented in this
work. The angles and momenta represent the central values for the two spectrometers: p p
and θ p (p e and θe ) are the knocked out proton (scattered electron) momentum and scattering
angles, respectively.
Kinematic setting

Target
E beam
Q2
p miss
pe

θe
pp

θp

[MeV]
[(GeV/c )2 ]
[MeV/c]
[MeV/c]
[deg]
[MeV/c]
[deg]

C

F

A

G

2

2

12

12

H
630
0.18
−82 to −24
509
43.4
484
−53.3

H
690
0.40
−90 to 71
474
67.1
668
−40.8

get consisted of three 0.8 mm-thick graphite foils [14–16]. We also
performed calibration runs using a liquid-hydrogen target.
Two high-resolution spectrometers with momentum acceptances of 20-25% were used to detect the scattered electrons and
knocked-out protons in coincidence. Each of these spectrometers
consists of a momentum-analyzing magnet system followed by a
set of vertical drift chambers for tracking, and a scintillator system
for triggering and deﬁning the time coincidence between the two
spectrometers.
The electron spectrometer was equipped with a Čerenkov detector in order to distinguish the scattered electrons from other
types of particles. More details of the experiment can be found in
[11–16].
The kinematics of the measured reactions are shown in Fig. 1.
The electron’s initial and ﬁnal momenta are k and k  respectively,
which deﬁne the scattering plane of the reaction. The reaction
plane is deﬁned by the momentum transfer q = k − k  and the
  . We refer to the angle between
recoiling proton’s momentum p
the scattering plane and the reaction plane as the “off-coplanarity”
angle of the reaction, denoted by φ pq .
 miss ≡ q − p  is the recoil momentum
The missing momentum p
of the residual nuclear system. Neglecting FSI, −
p miss is equal to
 i . We conventionally
the initial momentum of the emitted proton, p
 miss · q .
deﬁne positive and negative signs for p miss by the sign of p
In this work, we present measurements for two kinematic settings for each nucleus. In both cases, there was one kinematic
setting with Q 2 = 0.18 (GeV/c )2 with negative missing momentum, and another with 0.40 (GeV/c )2 , with missing momentum
centered at zero. The details of these kinematic settings are given
in Table 1.

A measured = A sin φ pq + A 0 ,

A=

Pe

N+ − N−
N+ + N−



=


,


(3)

neglecting a small cos φ pq and cos(2φ pq ) dependencies in A. The
uncertainty of the ﬁtted parameter A 0 was included in the systematic error. As a quality assurance check, we found that the
same values of A 0 were obtained (within error) by selecting nearcoplanar events only, that is, events within ±1◦ of φ pq near 0◦ ,
+180◦ , and −180◦ (where A is expected to vanish), and evaluating A for this subsample.
Following [11–13,17], we required the missing mass of the
2
H(
e , e  p ) reaction to be consistent with the mass of a neutron.
For the 12 C sample, we distinguish between protons knocked out
from the s and p shells, following [3,15–17,25], by using cuts on
the missing energy of the reaction, E miss , deﬁned as [25]:

E miss ≡ ω − T p − T 11 B ,

(4)

k 0 is the energy transfer, T p is the measured

where ω = k −
kinetic energy of the outgoing proton, and T 11 B is the calculated kinetic energy of the recoiling residual system, assuming it
is 11 B in the ground state. For the s-shell sample, we used the
cut 30 < E miss < 60 MeV, while for the p-shell sample, we used
15 < E miss < 25 MeV [3,14–17,25].
The p-shell cut accepts events in which the residual A − 1 system is left in one of several discrete states, including the groundstate of 11 B as well as a few excited states. The s-shell selection cut
is much wider, comprising a broad range within the continuum of
unbound residual A − 1 states.
Previous measurements obtained the helicity asymmetry for pshell knocked-out protons with no distinction of the ﬁnal state
of the residual system [18–20]. Since the structure function represents the nuclear response to the electromagnetic interaction,
the helicity asymmetry may well depend on the ﬁnal state of the
residual system. The measured E miss spectrum for the low p miss
data (set A) in our experiment, shown in Fig. 2, has suﬃcient resolution to separate events of different ﬁnal states of the residual
system, corresponding to the 11 B ground state ( J π = 3/2− ), the
ﬁrst excitation at 2.125 MeV ( J π = 1/2− ) and the excitation at
5.020 MeV ( J π = 3/2− ). The unresolved excitation at 4.445 MeV
is expected to be very weak [2,3]. However, the raw asymmetry
obtained from all events within the E miss boundaries of an excited
state is an average (over the number of events) of asymmetries
of the events resulting in the excited state and contributions from
events in the radiative tail of the lower lying states that extend
under the chosen excitation peak.
We used a Monte-Carlo simulation using the 12 C structure function and embedded target energy losses for the determination of
0

In addition to the cut on coincidence time between the two
spectrometers, which reduces the amount of random coincidences,
particle-identiﬁcation and event-quality software cuts were applied
to the data.4
The helicity asymmetry is evaluated as



C
600
0.18
−250 to −120
368
52.9
665
−37.8

0.1%) between the number of incident electrons with positive and
negative helicity. We correct for this bias by subtracting an offset
A 0 from the measured value of A, where A 0 is determined from
the best ﬁt of the data to the function

3. Analysis

1

C
600
0.40
−110 to 96
384
82.4
668
−34.7

(2)

where N + (N − ) is the number of events which are measured when
the beam has positive (negative) helicity and P e is the measured
beam polarization. The raw measurements of A must be checked
and corrected for possible small discrepancies (on the order of

4
The cuts applied here are similar to those used in polarization-transfer analysis, but without the cuts necessary for the measurement of the outgoing-proton
polarization (e.g. proton-polarimeter and spin-precession cuts). This results in much
higher event tally compared to those measurements [11–17].

3
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Table 2
Sources of systematic uncertainties.
Source

A
2

Beam polarization
A0
Software cuts
Kinematics
Total (2 H)
Total (12 C)

H
2% × A
0.0003
0.0003
0.0003

12

C
2% × A
0.0001
0.0011
0.0048


2
2
0.0005 + (2% A )
0.00492 + (2% A )2

They show an overall sin(φ pq ) dependence, as expected from
Eq. (1), albeit with some distortion in shape which may be due
to dependence on φ pq in the helicity independent terms in  that
constitute the measured asymmetry. The data are compared to theoretical predictions which are discussed in Sec. 5.

Fig. 2. Missing-energy spectrum of the p-shell knockout from the 12 C nucleus. The
observed peaks correspond to different excited states of the 11 B nucleus. Lines show
a Monte-Carlo simulation obtained from the 12 C structure function which includes
an estimation of the energy losses.

4.1. Protons from 2 H and the s shell of 12 C
the shape of the peak and its radiative tail. Fitting this lineshape
to the measured peak enabled us to determine the number of the
events under the peak corresponding to the ﬁrst excited state that
belong to the radiative tail of the elastic peak. The true asymmetry
of the ‘excitation-events’, A Ex , is then determined by solving

A Tot =

N rad A GS + N Ex A Ex
N Tot

,

The measured asymmetries for the protons in 2 H shown in
Fig. 3 (primarily in s state) are relatively small (on the order of
0.001) and the dependence on φ pq follows a sine with a negative
amplitude.
In 12 C, the asymmetries for the protons ejected from the s shell
shown in Fig. 4 are also very small, similar in size to those in
2
H. Previous measurements on 12 C lacked suﬃcient statistics in
this missing-energy range [20]. The low-p miss region indicates a
sine dependence with a positive amplitude, while in the high-p miss
region the amplitude is negative.
We note that after the s-shell proton knockout the state of
residual system is part of the continuum. Since the ﬁfth structure
function which underlies the asymmetry depends on the quantum
numbers of the residual system (as demonstrated in the measurement of proton ejection from the p shell with different residual
nuclear systems), asymmetries with opposite signs may contribute
resulting in a reduced average asymmetry. Furthermore, variation
in the cross section of the different excitations in the residual system will change the contribution to the measured (average) asymmetry, which may explain the different phase observed at low and
high p miss .

(5)

where N rad , N Ex , and N Tot are the number of events in the E miss
region of the excitation due to the radiative tail, the events leading to the chosen excitation, and the total number of events, respectively. Similarly, the A GS , A Ex and A Tot are asymmetries of
the ground-state events, the excitation events, and their measured
average. The procedure was repeated iteratively for the second excitation peak considering the tails of the ground state and the ﬁrst
excitation peaks with their corresponding asymmetries.
There are several sources of systematic uncertainty in the helicity asymmetry, and they are summarized in Table 2. The largest
contribution is the uncertainty of the beam polarization (≈ 2%) described in [12,13,15,16], which contributes a relative uncertainty
of the same size to the helicity asymmetry. Secondly, there is an
uncertainty due to A 0 that is subtracted from the data. This uncertainty is ≈ 0.0001 for the carbon datasets, and ≈ 0.0003 for the
deuteron datasets.
The systematic uncertainty introduced through the software
cuts on different variables was determined by slightly tightening
each cut individually and re-performing the analysis for each bin
in φ pq . To get the total systematic error from the software cuts
we took the root-mean-square of these contributions. For the 2 H
(12 C) datasets, this yields 0.0003 (0.0011), with the largest contribution coming from the missing-mass (missing-energy) cuts. With
coincidence-time cut the effect of random coincidence events on
the asymmetry is negligible (of the order 0.1% × A).
There are also systematic uncertainties attributed to the kinematic settings of the detector system that could result in binmigration. To determine the effect of this uncertainty on our results, we re-performed the analysis with each of the following
kinematic variables modiﬁed from the nominal values by ± the
uncertainty thereof: E beam , p e , θe , p p , θ p .

4.2. Protons from the p shell in 12 C
The asymmetries for the p-shell protons in 12 C are shown in
Fig. 5, for the low (top two panels) and high (bottom panel) p miss
settings. For the low-p miss kinematics, the p-shell asymmetries are
separated for transitions to the 11 B ground state and the excitation to the 2.125 MeV (Jπ = 1/2− ) or 5.020 (Jπ = 3/2− ) 11 B states.
These datasets are further separated for positive (top panel) and
negative (middle panel) p miss . They follow a sin φ pq dependence
with a positive amplitude for the Jπ = 3/2− states and an opposite sign for the J π = 1/2− excitation in 11 B. They show a large
enhancement in the low-p miss region (setting A) in comparison to
high p miss (setting G). Furthermore, the asymmetries of protons
with p miss < 0 which corresponds to parallel kinematics are significantly higher than those with p miss > 0 (anti-parallel kinematics).
For the high-p miss measurement the resolution in the missingenergy spectrum was insuﬃcient to successfully separate the contributions of the radiative tails from the rest of the events in
the excitation regions. Since the differences in the asymmetries in
these transitions can be large, only the asymmetry with the transition to 11 B ground state could be reliably determined and is shown
at the bottom of Fig. 5.

4. Electron-helicity asymmetries
The measured helicity asymmetries as a function of φ pq are
shown for 2 H in Fig. 3. Asymmetries for knocked-out protons from
the s shell in 12 C, are shown in Fig. 4 and from the p shell in
Fig. 5.
4
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Fig. 3. Helicity asymmetry, A, as a function of φ pq for 2 H, for kinematic settings C
and F, with the statistical (bars) and the systematic uncertainties (shaded). Theoretical calculations with (without) the L · S interaction are shown as solid (dashed)
curves.

Fig. 4. Helicity asymmetry, A, as a function of φ pq for protons knocked out from the
s shell in 12 C for low (Set A) and high (Set G) p miss kinematic settings. Theoretical
calculations with (without) the L · S interaction are multiplied by a factor 1/3 and
shown as solid (dashed) curves.

Fig. 5. Helicity asymmetry, A, plotted as a function of φ pq for protons knocked out
from the p shell in 12 C. For the low-p miss setting, asymmetries are shown for different states of the residual system: 11 B ground state, 2.125 Mev (Jπ = 1/2− ), and
5.020 ( J π = 3/2− ) excitations. The asymmetries are shown separately for positive
(top) and negative p miss (middle). For the high-p miss setting the asymmetry with
11
B ground state is shown (bottom). Theoretical calculations with (without) the L · S
part of the interaction are shown as solid (dashed) curves.

4.3. θ pq angular dependence
In order to examine the dependence of the helicity asymmetry
on the scattering angle of the knock-out proton, θ pq , we partitioned the data into slices by θ pq . The φ pq dependence of A within
each slice was found to be consistent with a sine shape. The amplitude of the sine shape was extracted by ﬁtting the helicity asymmetry within each slice as

A = a(θ pq ) sin(φ pq )

dependence on the scattering angle cannot be determined. The indication of a negative amplitude in the high-p miss region is hardly
signiﬁcant.
For the p-shell 12 C measurements at low-p miss , the amplitudes
are positive for the transitions to the 11 B ground state and the
5.020 MeV excitation (Jπ = 3/2− ), and negative for the 2.125 MeV
excitation (Jπ = 1/2− ). The overall θ pq -dependent behavior is considerably different for the two settings. At Setting A, where p miss is
small, the helicity asymmetry is comparatively large (for all transitions), with a(θ pq ) peaking at θ pq ≈ 4◦ , and decreasing at larger
θ pq . In the large-| p miss | sector (setting G), the amplitude for the
transition to the 11 B ground state increases within our measured
range of θ pq (up to ≈ 8◦ ), with a nearly constant slope, (reaching
≈ 0.02). The difference between the positive and negative p miss
sectors is clearly reﬂected also in the θ pq dependence.

(6)

where a(θ pq ) is the ﬁtted amplitude.
These amplitudes, plotted as functions of θ pq , for 2 H (top panel)
and for s protons in 12 C (bottom panel) are shown in Fig. 6. The
amplitudes for the p protons in 12 C are shown in Fig. 7. The amplitudes a(θ pq ) tend to vanish when extrapolating θ pq to zero, as
expected, regardless of the nucleus, the kinematic setting, or the
shell that the proton is knocked out from. For the 2 H data, the
amplitude a(θ pq ) becomes increasingly negative with increasing
θ pq . The measured asymmetry for the s-shell protons in 12 C is
consistent with zero within the systematic uncertainties and the
5
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Fig. 6. The ﬁtted helicity-asymmetry amplitude in individual θ pq bins, a(θ pq ), for
2
H (top panel) and s-shell knockout from 12 C (bottom panel). The curves represent
theoretical calculations with (solid) and without (dashed) L · S coupling.

4.4. Missing-momentum dependence (12 C)
The measured asymmetries for the protons extracted from the
p-shell in 12 C with the transition to 11 B ground state show a
strong variation between the large-p miss data where the measured
asymmetry is relatively small, and the low-p miss region where they
are much larger. To study the p miss dependence of the asymmetry, we divided the data of the low-| p miss | region (setting A) into
bins of | p miss | and repeated the study of the θ pq angular dependence within each bin, extracting the amplitude, a(θ pq ) of the sineshaped dependence. The angular dependence of the amplitudes in
each p miss bin is shown in Fig. 8. The asymmetries increase with
p miss approaching zero.
Enhancements of the asymmetries measured for p-shell protons
around p miss ≈ 0 in 12 C have been observed also in the trans ) [14,15] as well as in the induced
e, e p
ferred polarization in the (
 ) reactions [17]. The polarization-transfer
asymmetry in the (e , e  p
12
1
double ratio ( P x / P z ) C p /( P x / P z ) H was high compared to other
nuclei and shells when compared at the same virtuality [14]. Also,
the induced polarization is considerably larger compared to other
measurements [17]. Each of these effects is consistent with theoretical calculations (described below in Sec. 5). They have all been
attributed to large FSI effects in this region near the minimum of
the p-shell momentum distribution.

Fig. 7. Same as Fig. 6 for knock-out from p-shell in 12 C. Top panel is showing amplitudes for three different ﬁnal states at positive and negative p miss obtained at low
p miss setting (setting A), while the lower panel shows amplitudes for transition to
11
B ground state obtained at high (negative) p miss setting (setting G).

5.1.

2

H

For 2 H we have used a non-relativistic calculation [26] including a realistic N N-potential, meson-exchange (MEC) and isobar
currents (IC), and relativistic contributions (RC) of leading order.
For the bound and scattering states, the realistic Argonne V18
potential [27] has been taken. As nucleon electromagnetic form
factors, we used the parameterizations from [28]. The calculations
were obtained for sub-sets of events over the entire kinematic
phase space and considering the statistics in each kinematical bin,
thus reﬂecting an average over data in the bin.
The calculations for the 2 H predict the helicity asymmetry very
well, both as a function of φ pq and θ pq , as shown in the top set
of panels in Figs. 3 and 6, respectively (solid curves). To check the
sensitivity of the asymmetry to the nuclear potential, we repeated
the calculation with Bonn and Paris nuclear potentials. The results
are shown in Fig. 9. Although the results slightly deviate from each
other, in the measured kinematics they are all consistent with the
data.
It was previously observed that the spin-orbit (L · S) part of
the ﬁnal-state interactions is primarily responsible for the non-zero
 ) scattering
values of the induced polarization in quasi-free (e , e  p

5. Comparison to calculations
The helicity asymmetries measured for 2 H and 12 C have been
compared with the results of theoretical predictions.
6
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Fig. 8. Fitted amplitude a(θ pq , p miss ) of the helicity asymmetry as binned by θ pq
for p-shell protons knocked out of 12 C at the low-| p miss | (setting A). To obtain ﬁts
only data with the residual nucleus left in the ground state was used. Different
symbols (colored online) represent different bins in | p miss |. The curves represent
the calculations using the full optical potential.

[17,29]. In order to determine the role of the L · S interaction in the
helicity asymmetry, we performed the calculations again with the
L · S part of the N N potential switched off (dashed curves in Fig. 3).
We found that the no-L · S calculations yield A ≈ 0, implying that
the helicity asymmetry for 2 H is primarily due to the L · S part of
the N N potential.
5.2.

12

Fig. 9. Same as Figs. 3 and 6 (top) with the data compared to the full calculation
with various nuclear potentials.

tions of the hole spectral function. The present RDWIA calculations
assume that the residual nucleus is a 3/2− state, a p 3/2 hole state,
that can be identiﬁed with the 11 B ground state. These calculations
are shown as solid curves in Figs. 4, 5, 6, and 7. In Fig. 8, they are
shown as curves of varying styles, corresponding to different slices
in p miss .

C

For 12 C, calculations were performed using a program [30]
based on the relativistic distorted-wave approximation (RDWIA)
where the FSI between the outgoing proton and the residual nucleus are described by a phenomenological relativistic optical potential. The original program [30] was modiﬁed [16] in order to account for non-coplanar kinematics, by including all relevant structure functions [5]. In the RDWIA calculations, only the one-body
electromagnetic nuclear current is included. We chose the current
operator corresponding to the cc2 deﬁnition [31], and we used the
same parametrization of the nucleon form factors [28] as in the 2 H
calculations. The relativistic proton bound-state wave functions for
the p 3/2 and s1/2 states were obtained from the NL-SH parameterization [32] and the scattering states from the so-called “democratic” parameterization of the optical potential [33]. Even though
the optical potential is an important ingredient of the calculation,
we did not observe a signiﬁcant difference in results when we repeated the calculation using the EDAI [34] potential for 12 C.
We note that the calculations assume a discrete state for the
residual nuclear system, a pure p 3/2 and s1/2 hole in the target.
For the s-shell knockout the residual nuclear system belongs in reality to a continuum spectrum of states. For the p-shell knockout
the missing-energy spectrum in Fig. 2 shows that the knockout of
p-shell protons leads to several ﬁnal states. Observation of states
other than Jπ =3/2− indicate that there are correlations in the
12
C target nucleus which are not contained in the model wavefunctions. This conﬁrms the results of previous experiments and
is a clear indication of correlations which are not included in the
present calculations. For the description of the three observed ﬁnal
states the model would require the overlap functions from calcula-

5.2.1. s shell
For the s-shell knockout, the full calculations predict a much
larger negative amplitude than observed in the data. Furthermore,
the calculation for setting A (−110 < p miss < 96 MeV/c), predicts
a large negative amplitude while the data indicates a small positive one. The opposite signs between asymmetries for the two sets
remain when considered as function of θ pq and are seen in Fig. 6
together with the overestimating calculations.
Performing the calculations with the L · S interaction switched
off (dashed curve) yields almost no asymmetry for setting A, and
a small asymmetry for setting G, albeit with an opposite sign. This
difference is further emphasized in Fig. 6, where the calculation of
the θ pq dependence has a positive trend unlike the data. As mentioned above, we attribute the discrepancy to the limited model,
which does not give a good description of the continuum. Asymmetries to the continuum (unlike to a single discrete state) may
add with different phases and cancel out.
5.2.2. p shell
For the p-shell (Figs. 5 and 7) there is a general agreement between calculations and the measurements with small deviations.
At low-p miss the calculation slightly underestimates the measured
asymmetries with p miss < 0 and overestimates those with p miss >
0. Moreover, one may note that the calculation predicts a modulation of the sine dependence in the high-p miss region, which is
absent in the measured data. It is interesting to note the comparison of the calculation to the data in the different p miss bins which
7
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are shown in Fig. 8: overestimating at lower p miss and underestimating at higher p miss . This is consistent with the comparison
in the high-p miss measurement (Set. G in Fig. 7) where we note
that the full calculation underestimated the data, while the calculation without the L · S interaction is closer. A close examination
of the calculations to the measured asymmetry also indicates that
the calculations with no L · S seems to agree slightly better with
the data. Our measurements provide new data which challenge the
model of the reaction as well as the FSI to which this asymmetry
is due.

[5] S. Boﬃ, C. Giusti, F. d. Pacati, M. Radici, Electromagnetic Response of Atomic
Nuclei, Oxford Studies in Nuclear Physics, vol. 20, Clarendon Press, Oxford, UK,
1996.
[6] C. Giusti, F.D. Pacati, Complete determination of scattering amplitudes and nucleon polarization in electromagnetic knockout reactions, Nucl. Phys. A 504
(1989) 685–711, https://doi.org/10.1016/0375-9474(89)90003-1.
[7] S. Boﬃ, C. Giusti, F. Pacati, Structure functions in nucleon emission by polarized
electrons, Nucl. Phys. A 435 (3) (1985) 697–707, https://doi.org/10.1016/03759474(85)90182-4.
[8] S. Boﬃ, C. Giusti, F. Pacati, Structure functions in quasifree (e , e  p ) reactions,
Nucl. Phys. A 386 (1982) 599–616, https://doi.org/10.1016/0375-9474(82)
90039-2.
[9] V. Van der Sluys, J. Ryckebusch, M. Waroquier, Effects of meson exchange currents on the (
e , e  p ) structure functions, Phys. Rev. C 49 (1994) 2695–2703,
https://doi.org/10.1103/PhysRevC.49.2695, arXiv:nucl-th/9307012.
[10] T. Donnelly, Considerations of polarization in electron scattering, in: 1st
Workshop on Perspectives in Nuclear Physics at Intermediate Energies, 1986,
pp. 244–264.
[11] I. Yaron, D. Izraeli, et al., Polarization-transfer measurement to a large-virtuality
bound proton in the deuteron, Phys. Lett. B 769 (2017) 21–24, https://doi.org/
10.1016/j.physletb.2017.01.034.
[12] D. Izraeli, I. Yaron, et al., Components of polarization-transfer to a bound proton in a deuteron measured by quasi-elastic electron scattering, Phys. Lett.
B 781 (2018) 107–111, https://doi.org/10.1016/j.physletb.2018.03.063, arXiv:
1801.01306.
[13] S. Paul, D. Izraeli, T. Brecelj, I. Yaron, et al., Polarization-transfer measurements
in deuteron quasi-elastic anti-parallel kinematics, Phys. Lett. B 795C (2019)
599–605, https://doi.org/10.1016/j.physletb.2019.07.002, arXiv:1905.05594.
[14] D. Izraeli, T. Brecelj, et al., Measurement of polarization-transfer to bound protons in carbon and its virtuality dependence, Phys. Lett. B 781 (2018) 95–98,
https://doi.org/10.1016/j.physletb.2018.03.027, arXiv:1711.09680.
[15] T. Brecelj, S.J. Paul, T. Kolar, et al., Polarization transfer to bound protons
measured by quasielastic electron scattering on 12 C, Phys. Rev. C 101 (2020)
064615, https://doi.org/10.1103/PhysRevC.101.064615.
[16] T. Kolar, S. Paul, T. Brecelj, et al., Comparison of recoil polarization in the
12
 ) process for protons extracted from s and p shell, Phys. Lett. B
C(
e, e p
811 (2020) 135903, https://doi.org/10.1016/j.physletb.2020.135903, arXiv:2007.
14985.
[17] S.J. Paul, T. Kolar, T. Brecelj, et al., Measurements of the induced polarization
 ) process in non-coplanar kinematics, Phys. Lett. B
in the quasi-elastic A (e , e  p
811 (2020) 135984, https://doi.org/10.1016/j.physletb.2020.135984.
[18] J. Mandeville, et al., First measurement of the imaginary part of the transverselongitudinal nuclear response, Phys. Rev. Lett. 72 (1994) 3325–3328, https://
doi.org/10.1103/PhysRevLett.72.3325.
[19] S. Dolﬁni, et al., Out-of-plane quasielastic scattering from deuterium using polarized electrons, Phys. Rev. C 51 (1995) 3479–3482, https://doi.org/10.1103/
PhysRevC.51.3479.
[20] S. Dolﬁni, et al., Out-of-plane measurements of the ﬁfth response function of
the exclusive electronuclear response, Phys. Rev. C 60 (1999) 064622, https://
doi.org/10.1103/PhysRevC.60.064622.
[21] K. Blomqvist, et al., The three-spectrometer facility at MAMI, Nucl. Instrum.
Methods 403 (2–3) (1998) 263–301, https://doi.org/10.1016/S0168-9002(97)
01133-9.
[22] B. Wagner, H.G. Andresen, K.H. Steffens, W. Hartmann, W. Heil, E. Reichert, A
Møller polarimeter for CW and pulsed intermediate-energy electron beams,
Nucl. Instrum. Methods A 294 (1990) 541–548, https://doi.org/10.1016/01689002(90)90296-I.
[23] P. Bartsch, Aufbau eines Møller-Polarimeters für die Drei-Spektrometer-Anlage
und Messung der Helizitätsasymmetrie in der Reaktion p (e , e  p )π0 im Bereich
der -Resonanz, Ph.D. thesis, Institut für Kernphysik der Universität Mainz,
2001, https://download.uni-mainz.de/fb08-kpha1/doctor/bartsch.pdf.
[24] V. Tioukine, K. Aulenbacher, E. Riehn, et al., A Mott polarimeter operating at
MeV electron beam energies, Rev. Sci. Instrum. 82 (3) (2011) 033303, https://
doi.org/10.1063/1.3556593.
[25] D. Dutta, et al., Quasielastic (e , e  p ) reaction on 12 C, 56 Fe, and 197 Au, Phys. Rev.
C 68 (2003) 064603, https://doi.org/10.1103/PhysRevC.68.064603.
[26] H. Arenhövel, W. Leidemann, E.L. Tomusiak, General survey of polarization observables in deuteron electrodisintegration, Eur. Phys. J. A 23 (2005) 147–190,
https://doi.org/10.1140/epja/i2004-10061-5.
[27] R.B. Wiringa, V.G.J. Stoks, R. Schiavilla, Accurate nucleon-nucleon potential with
charge-independence breaking, Phys. Rev. C 51 (1995) 38–51, https://doi.org/
10.1103/PhysRevC.51.38.
[28] J.C. Bernauer, M.O. Distler, J. Friedrich, T. Walcher, P. Achenbach, C. AyerbeGayoso, et al., Electric and magnetic form factors of the proton, Phys. Rev. C
90 (1) (2014) 015206, https://doi.org/10.1103/PhysRevC.90.015206.
[29] R. Woo, et al., Measurement of the induced proton polarization P n in
 ) reaction, Phys. Rev. Lett. 80 (1998), https://doi.org/10.1103/
the 12 C(e , e  p
PhysRevLett.80.456.
[30] A. Meucci, C. Giusti, F.D. Pacati, Relativistic corrections in (e , e  p ) knockout reactions, Phys. Rev. C 64 (2001) 014604, https://doi.org/10.1103/PhysRevC.64.
014604, arXiv:nucl-th/0101034.

6. Conclusions
We presented new measurements of the electron-helicity asymmetry on 2 H and 12 C. The quality of the new data allows a meaningful comparison with state-of-the-art calculations. The data from
different shells, and different residual nuclear states, and measured
over a large range of p miss provide a test of the models of the
reaction mechanisms and highlight ingredients in the calculations
which may not be properly described. The overall comparison indicates that the reaction mechanisms are described well in 2 H and
the p-shell protons in 12 C. However, discrepancies between the
calculations for the s-shell proton in 12 C and the measured data
point to the need for a better treatment of the continuous spectrum of the states as well as the description of the target ground
state in the calculation.
Our data show also the signiﬁcance of covering the kinematic
phase space of both p miss and the angular dependence of the
knocked-out proton (with respect to the momentum transfer, i.e.
θ pq ), in helicity-asymmetry measurements. They may have a different sensitivity to various ingredients to the structure function:
its dependence on the momentum distribution of the proton which
is determined by its wave-function, and the reaction mechanism.
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