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Abstract

Electron-induced proton, neutron and deuteron knock-out remains the most versatile
probe of the electro-magnetic properties and spin structure of light nuclei. The advent
of highly polarized beams and targets and improvements in recoil polarization methods,
as well as analysis and simulation techniques, have enabled us to study the static and
dynamical properties of few-body systems with unprecedented precision. Recent exper-
iments at Jefferson Lab and MAMI are presented and put into perspective of state-of-the
art Faddeev calculations, with focus on the *He nucleus.
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1 Introduction

All modern electron-scattering experiments involving polarization degrees of freedom are be-
ing performed either at the Thomas Jefferson National Accelerator Facility (TJNAF or JLab) in
Newport News, USA, or at the MAMI Accelerator Facility in Mainz, Germany. In this paper we
present the results of a select list of the most relevant recent experiments: TINAF E05-102,
dedicated to the measurement of double-spin asymmetries in the >He(&, e’d)p, *He(&, e’p)d
and 2He(&, e’p)pn processes in the quasi-elastic region; the TINAF E05-015, whose main goal
was the determination of target single-spin asymmetry in the quasi-elastic *He'(e,e’) pro-
cess; the TINAF E08-005 in which we studied target single-spin asymmetries in quasi-elastic
SHel(e,e'n) and double-spin asymmetries in quasi-elastic >He(&, e'n); and the MAMI Project
‘N’ with the first-ever attempt to investigate the triple-polarized process *He(&, e’p) in order to
study the spin-dependent distribution of polarized pd clusters in *He. The *He nucleus is in-
deed the playground for tests of few-body nuclear dynamics [1,2], but lately ?H and '2C have
also received renewed attention due to their relevance for the study of medium modifications
of elastic form-factors of nucleons; here we outline our efforts to determine the single-spin
asymmetries in 2C(e’, ') as well as recoil polarizations in 2H(&, e’f) and >C(&, e'B) processes.

2 Double-spin asymmetries in 3He breakup

A precise knowledge of ground-state structure of >He is needed to extract the information on
the neutron from all types of exclusive or inclusive experiments on polarized >He, for instance,
measurements of G, Gy;, A, g7, &5 or determinations of the GDH sum rule. The ground state
of *He, however, is quite complex, with the dominant S-state configuration complicated by
D and S’-states as well as a multitude of sub-leading Faddeev components [3]. Polarization
observables turn out to be most sensitive to >He ground-state structure, and several state-
of-the-art calculations have been confronted with the measurements of double-polarization
observables in *He(8, e’d), 3He(&, e’p), and *He(&,e'n) processes. These three channels are
discussed separately in the following.

The differential cross-section for electron-induced deuteron knockout from a polarized >He
is given by

do(h,3) -

= 1+5-A°+hA. +5-A
Q. dE, dy dpy o] (‘e ]

where o is the “unpolarized” cross-section, the nuclear spin vector S and the helicity of the
electron beam is h. The measured beam-target asymmetry

[do,,+do__]+[do,_+do_,]

A(0*,¢") =5(6%,¢")-A=

depends on the orientation of S, specified by the angles 6* and ¢* with respect to momentum
transfer. The same formalism applies to the remaining two channels, with the particle subscript
‘d’ replaced by ‘p’ or ‘n’.

2.1 Deuteron channel

The results on beam-target asymmetries in the deuteron channel have been described in detail
in Ref. [4]. Figure 1 shows the A(71°,0°) and A(160°,0°) asymmetries as functions of missing
momentum, p,,, together with the calculations of the Vilnius (V; formerly Hannover/Lisbon)
[5-8], the Krakow (K; formerly Bochum/Krakow) [9,10] and Pisa (P) [11] groups. The K and
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V calculations are Faddeev calculations with a complete treatment of final-state interactions
(FSI) and meson-exchange currents (MEC); they differ only in their choice of the nucleon-
nucleon potential (AV18 vs. charge-dependent Bonn, respectively) and the inclusion of the
three-nucleon force (typically Urbana IX vs. A isobar as an active degree of freedom to provide
the effective three-nucleon strength); the V calculations also include a point Coulomb inter-
action in the partial waves involving two charged baryons. The P calculations (not Faddeev
but of equivalent precision) are based on variational pair-correlated hyper-spherical harmonic
expansions to render the FSI, and also include MEC.
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Figure 1: The measured asymmetries A(71°,0°) (top) and A(160°,0°) (bottom) in
the quasi-elastic *He(&, e’d) process as functions of missing momentum, compared
to the acceptance-averaged V, K and P calculations (see text for notation). The empty
symbols (shifted for clarity) denote the data with a cut on the quasi-elastic peak.

The measured A(71°,0°) asymmetry crosses zero at p,, & 130 MeV/c; this behavior is qual-
itatively mirrored by all calculations, although the zero crossing occurs at lower p.,. Neither
of the considered calculations reproduces the measured A(160°,0°) asymmetry (leveled at ap-
proximately —4 % throughout the p,, range). Modern theoretical treatments of the >He system
are therefore only able to qualitatively account for the bulk of our data set; however, given
the small magnitude of the asymmetries and the delicate interplay of their ingredients, the
agreement can be considered to be satisfactory. The revealed deficiencies in the calculations
indicate a need for further refinement in the treatment of two- and/or three-body dynamics,
and this is an ongoing effort.

2.2 Proton channel

The results on beam-target asymmetries in the proton channel have been described in detail in
Ref. [12]. In this channel, the energy resolution of the apparatus was insufficient to directly dis-
entangle the two-body and three-body breakup contributions (2bbu and 3bbu, respectively).
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The individual asymmetries were therefore extracted by studying the missing-energy depen-
dence of the asymmetries and relying on a Monte-Carlo simulation weighted with the corre-
sponding unpolarized cross-sections. Figure 2 shows the A(67°,0°) asymmetry (top panel)
and the A(156°,0°) asymmetry (bottom panel), together with the K and V calculations.
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Figure 2: The measured asymmetries A(67°,0°) (top) and A(156°,0°) (bottom) in
the quasi-elastic >He(&, e'p) process as functions of missing momentum, compared to
the acceptance-averaged K and V calculations (see text for notation). The calculated
two-body and three-body breakup contributions are also shown.

The situation in the proton channel is similar to the one in the deuteron channel: the state-
of-the-art theoretical approaches are able to approximately describe only the overall behavior
of the data. We note, however, that the asymmetries are relatively small and therefore hard to
reproduce, given the strong cancellations of the 2bbu and 3bbu contributions.

We have tried to assess the relative importance of 2bbu and 3bbu contributions by dividing
the measured nuclear asymmetries by the asymmetries for elastic ép scattering at the same
value of Q?; see Fig. 3. In the plane-wave approximation, the 2bbu ratio for the *He(&, e’p)
process at p,, ~ 0 should be —1/3, corresponding to the effective polarization of the (almost
free) proton inside the polarized 3*He nucleus, while the 3bbu ratio should vanish because the
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knockout process may involve any of the two oppositely polarized protons in the target. In
the 2bbu case this is indeed what one observes — the experimental and the predicted ratios
coincide — while in the 3bbu case the calculations and the data deviate significantly.
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Figure 3: The A(67°,0°) (full symbols) and A(156°,0°) (empty symbols) asymmetries
for 2bbu (left) and 3bbu (right) divided by the corresponding asymmetries for elastic
@p scattering at the same value of Q2.

The measurements therefore indicate that the calculated 3bbu asymmetry is overestimated,
and point to a mismatch between the true relativistic kinematics used in the analysis and
non-relativistic spin-dependent nuclear dynamics employed in the calculations. This is also a
matter of ongoing theoretical work; in particular, one would wish to verify whether consistent
chiral two-nucleon and three-nucleon interactions with chiral two-nucleon and three-nucleon
contributions in the electromagnetic current operator could provide a viable solution.

The measurements presented in Subsections 2.1 and 2.2 have been performed at momen-
tum transfers of Q% &~ 0.25GeV2. High-statistics data in both channels are available also at
Q ~ 0.35GeV2. The analysis of this data set is work in progress; one of the obstacles is the
lack of reliable Faddeev calculations in this momentum range (large relative kinetic energies
of the outgoing particles).

2.3 Neutron channel

As part of the BigFamily group of experiments performed at TJNAF in 2009, we have also
acquired precise data for the *He(&, e'n) process in quasi-elastic kinematics at Q? ~ 0.5 GeV?
and Q2 ~ 0.95GeV?2. The analysis of this data set is ongoing.

2.4 Extension to triple polarization

In a novel type of experiment, the A1 Collaboration at MAMI has also performed a measure-
ment of proton knockout from 3He using polarized electrons, polarized target, and detecting
the polarization of the ejected protons, i. e. *He(g,e’). This process offers a tool to study
spin-dependent momentum distributions of 521 clusters in polarized *He [9]. In this formalism
the yields ) in a specific target-ejectile spin configuration (M and My/m, respectively) are
related to the matrix elements

N, = (9 Mym [j(@)wm )
for the transition between the ground state, ¥, and the final polarized pd pair, ¥4, through

2

2 2 2 2
y(w=Liy=1m=-1) o NH(1,1,+1)2
2 2 2 2
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What is measured is the asymmetry

A Y(1/2,0,1/2)—Y(1/2,1,—1/2)
CY(1/2,0,1/2)+Y(1/2,1,-1/2)

The first result [13] is shown in Fig. 4.
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Figure 4: The asymmetry A (defined by Eq. (1)) in the *He(&, e’p) process.

Although this was was a pioneering study plagued by large statistical errors, it has shown
that polarized 3He can be used not only as an effective polarized neutron target, but also —
by simultaneous detection of the deuteron — as a polarized proton target. More theoretical
work and more favorable experimental conditions are needed to further pursue this research.

3 Single-spin asymmetries with transverse polarization

The common denominator of electron scattering experiments on transversely polarized nuclear
targets is their sensitivity to two-photon (2y) exchange processes. One can investigate both
inclusive or exclusive channels, and the key observable is the asymmetry

T l
o o2 5> - o
_——CX:S-kxk/, 2

A
where § is the target spin vector and k (k") are the momenta of incoming (outgoing) electrons.
This asymmetry is proportional to the Im{ TlYTZ*)f } interference. Assuming T-invariance, A,
should vanish in the Born approximation, thus any deviation of A, from zero is indicative of
2y effects and becomes relevant e. g. for the extraction of elastic form-factor ratios, GE / Gf,l,
from polarimetry experiments, or determinations of generalized parton distributions (GPDs).

Some data on A, for the proton exist, but until recently there was no measurement of
comparable precision on the neutron. The E05-015 experiment at TINAF [14] yielded the first
results on the target-normal single-spin asymmetry AI;, from the inclusive *He (e, e’) process
with an uncertainty several times better than previous proton data. The results are shown in
Fig. 5. The asymmetry is clearly non-zero and negative. In particular, at the highest measured
Q? it agrees well with a prediction based on 2y-exchange involving a model based on GPDs
and therefore provides a new and independent constraint on these distributions.

The target-normal single-spin asymmetry has also been measured in the exclusive
3He'(e, e'n) reaction at 0.4 < Q? < 1.0GeV? [15]. This process constitutes and ideal probe of
FSI and MEC: it should vanish in the plane-wave impulse approximation and is expected to
fall off rapidly with increasing Q2. The results shown in Fig. 6 confirm this expectation.

The kinematic reach of the presented measurements extends above the range of validity of
Faddeev calculations (approximately up to 0.4 GeV?) which lack relativistic effects, thus our
data can not at present be analyzed by using these approaches. Still, it is remains clear that
almost up to 1GeV? any extraction of a neutron quantity from scattering on polarized >He,
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Figure 5: The target-normal single-spin asymmetry in inclusive >He (e, ).
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Figure 6: The target-normal single-spin asymmetry in the *He(e,e’n) process as
functions of energy transfer, for two values of Q2. The arrows indicate the location
of the quasi-elastic peak.

for instance, neutron elastic form-factors, must account for the established effects of FSI and
MEC. Only the highest Q? has been demonstrated to be free of them, although this region
remains sensitive to 2y-exchange. On the other hand, it is clear that for planned the 12 GeV
TJNAF experiments at high Q? the impulse approximation is justified.

Recently, and with similar physics goals in mind, single-spin asymmetries have also been
measured in inclusive scattering of transversely polarized electrons on '2C [16]. The asym-
metry is again defined essentially as in Eq. (2), with S replaced by the electron spin vector,
oriented perpendicularly to the scattering plane. One expects that A, for nuclear targets be-

haves as )
Q2 ) FCompton(Q )
Fcharge(QZ) ’

with the Q?-dependence (apart from the leading logarithmic factor) driven by the ratio of
Compton to charge form-factors,

A, ~Cy log(mzc2
e

FCompton(Q2)

~ —_AN2 2
Fcharge(QZ) ~ exp[ 4Q /Gev ] ’

roughly independent of the target nucleus. The aim of the MAMI experiment reported in
Ref. [16] was to perform the first systematic study of the Qz-dependence of the beam-normal
single-spin asymmetry for a light nucleus. The study has shown that the assumption of the
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leading-log dominance and the independence of the FCOmpton(Qz)/ Fcharge(Qz) on the target
nucleus may be too restrictive, and that even larger disagreements between the data and the
calculations may be expected for heavier nuclei.

4 Medium modification of elastic form-factors

A number of models predict that the proton elastic form-factors are modified when the protons
are embedded in a nucleus. The optimal way to test this hypothesis is to study the process of
electron-induced quasi-elastic proton knockout from a nucleus with mass number A by using
polarized electrons and by detecting the polarization of the ejected protons, X(&,e'pY*'X.
The embedding effect is thought to be Q- and density-dependent: for example, protons in p
and s shells of '2C reside in local densities which differ roughly by a factor of two, and this
is expected to bring about a medium modification of their form-factors at the level of a few
percent [17]. The best current approach is to use polarimetry techniques to extract the proton
polarization components P, and P, which, for a free proton, can be related to its form-factor

ratio by
G, (P;) E.+E. @,
P

&~ \p) 2m, 2
GM z p

One then measures these two components for the nucleus A and forms the “ratio of ratios”,

/ /
)3, &
Pz A P z7/7p
which can be studied as a function of p.,, but a more natural independent variable is virtuality,

a measure of “off-shellness” of the proton prior to its ejection. It can be defined somewhat

arbitrarily, e. g. like
2

_ 2
v=p°—mg,

but a more informed choice, taking into account the motion of the proton inside the nucleus,

is
2
= (ma— TR 5
The ratios (3) for three nuclei (*H, *He and '?C) measured at TJNAF and MAMI (see [18] and
references therein), shown as functions of v, are shown in Fig. 7.

The most striking characteristic of the plot is the (approximate) independence of the dou-
ble ratio on A (on the nucleus), that is, a sort of universality. Clearly the double ratio changes
substantially over the covered virtuality range, but from theoretical studies [19] it is also un-
derstood that a large (and likely dominant) contribution to this effect is due to FSI and the
wave-function of the proton inside the nucleus. This makes the nuclear effects difficult to
disentangle from the genuine medium form-factor modifications (if they exist). A new experi-
ment at TJNAF has been proposed [20] to address the relative importance of these competing
mechanisms at high Q2. Further measurements at MAMI with other nuclei are also planned.

5 Conclusion
Electron scattering involving polarization degrees of freedom is an extremely sensitive tool

to probe the electro-magnetic and spin structure of nuclei, with a much better selectivity and
model-testing capability than “traditional” (unpolarized) cross-section measurements. Its use
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Figure 7: The double ratio (3) for (*H, *He and '2C) as a function of virtuality. As
virtuality is always negative, the two branches of the plot are defined by the sign of
missing momentum (its direction relative to momentum transfer).

in recent years has yielded important new results on the dynamics of breakup processes of
3He, on two-photon exchange effects, and (possible) medium modifications of proton elastic
form-factors.
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