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The semi-inclusive deep-inelastic electron scattering off transversely polarized *He, i.e., the process e + 3He —
e + h + X, with & being a detected fast hadron, is studied beyond the plane-wave impulse approximation. To
this end, a distorted spin-dependent spectral function of a nucleon inside an A = 3 nucleus is actually evaluated
through a generalized eikonal approximation, in order to take into account the final state interactions between
the hadronizing system and the (A — 1) nucleon spectator one. Our realistic description of both nuclear target
and final state is a substantial step forward for achieving a reliable extraction of the Sivers and Collins single
spin asymmetries of the free neutron. To illustrate how and to what extent the model dependence due to the
treatment of the nuclear effects is under control, we apply our approach to the extraction procedure of the neutron
single spin asymmetries from those measured for *He for values of the kinematical variables relevant both for
forthcoming experiments at Jefferson Laboratory and, with an exploratory purpose, for the future Electron Ion

Collider.
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I. INTRODUCTION

In recent years, special efforts on both experimental and
theoretical sides have been focused on semi-inclusive deep
inelastic scattering (SIDIS), i.e., the process A(/,I’h)X where,
in the final state, a scattered lepton [’ and a hadron h are
detected in coincidence, after the interaction of a lepton / with
a hadronic system A. Nowadays, it is clear that inclusive deep
inelastic scattering (DIS), i.e., the process A(l,I')X, despite
intense experimental investigations in recent decades, cannot
answer a few crucial questions on hadron structure. Indeed,
at least three long-standing problems cannot be explained
through DIS measurements, namely (i) the fully quantitative
description of the so-called EMC effect (i.e., the modification
of the nucleon partonic structure due to the nuclear medium
[1]); (ii) the solution of the so-called “spin crisis,” i.e., the fact
that the nucleon spin does not originate from only the spins of
its valence quarks [2]; (iii) the measurement of the chiral-odd
parton distribution function (PDF) called transversity (see,
e.g., Refs. [3,4] and references therein quoted) that comple-
ments the leading-twist collinear description of a polarized
nucleon. As is well known, transversity is related to the amount
of transversely polarized quarks inside a transversely polarized
nucleon and it is not measurable in DIS, where a flip of the
quark chirality cannot take place. Through DIS processes, on
both proton (see, e.g., Refs. [5,6]) and nuclear targets (see,
e.g., Refs. [7-9]), it is possible to investigate only partonic
distributions of longitudinal momentum (i.e., parallel to the
direction of the incoming lepton) and helicity. Therefore,
in order to access information on the transverse structure
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of the target, either in coordinate or momentum space, one
necessarily has to go beyond DIS measurements (see, e.g.,
Refs. [10] and [11] for recent reviews on nucleon and nuclear
targets, respectively).

SIDIS processes are an important tool for increasing our
knowledge of hadron dynamics. Indeed, if the detected hadron
is fast, it likely originates from the fragmentation of the active
quark, after absorbing the virtual photon. Hence, the detected
hadron opens a valuable window on the motion of quarks inside
the parent nucleon, before the interaction with the photon
occurs. In particular, their transverse motion, not seen in the
collinear case, represents the subject of intense experimental
efforts in the study of SIDIS reactions, through which one can
access the so-called transverse-momentum-dependent parton
distributions (TMDs) (see, e.g., Ref. [4]). Those distributions
provide a wealth of information on the partonic dynamics,
eventually shedding light on the challenging three issues
listed above. Besides the main topic represented by TMDs,
one should remember that the detected hadron carries also
information on the hadronization mechanism itself. The SIDIS
cross sections can be parametrized, at leading twist, by six
TMDs; this number reduces to three in the collinear case (with
only two TMDs measurable in DIS [4]) and increases to eight
once the so-called time-reversal odd TMDs (i.e., the Sivers
[12] and Boer-Mulders [13] functions) are considered [4].

It should be emphasized that, in order to experimentally
investigate the wide field of TMDs, one should measure
cross-section asymmetries, using different combinations of
beam and target polarizations (see, e.g., Ref. [14]). Moreover,
for completing the study of TMDs, one should achieve a sound
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flavor decomposition, possible only by collecting a detailed
knowledge of the neutron TMDs. The present investigation
moves from the observation that free neutron targets are not
available and nuclei have to be used as effective neutron targets.
In particular, the study of the neutron spin structure is highly
favored by choosing a polarized *He target, as it has been done
extensively in DIS studies. In the 1990s, procedures to extract
the neutron spin-dependent structure functions from *He data
in the DIS regime, taking properly into account Fermi motion
and binding effects, were proposed [15] and successfully
applied (see, e.g., Ref. [16]). Such a detailed description
of the target nucleus was obtained in plane-wave impulse
approximation (PWIA) by using the so-called spin-dependent
spectral function, whose diagonal elements yield the probabil-
ity distribution to find a nucleon with a given momentum,
missing energy, and polarization inside the nucleus. It is
worth noting that, within PWIA, accurate *He spin-dependent
spectral functions, based on realistic calculations of both the
target nucleus and the spectator pair in the final state (fully
interacting through the N N interaction adopted for *He), have
been built and used in the past 20 years [17-22].

The question whether similar procedures can be extended
to SIDIS is of great relevance, due to the several experiments
that exploit a polarized *He target (see, e.g., Ref. [23]),
for accessing the transverse momentum and spin of the
partons inside the neutron. For instance, wide interest has
arisen about the possibility to use a transversely polarized
He target for measuring azimuthal single spin asymmetries
(SSAs) of the neutron, which are sensitive to time-reversal odd
TMDs and to the Collins fragmentation functions (FF) [24]
generated by leading twist final state interactions [25]. In the
first measurements of SSAs, through SIDIS off transversely
polarized proton and deuteron targets, the proton SSAs were
found to be sizable [26], while those of deuteron were found
to be negligible [27], pointing to a large cancellation between
the proton and neutron contributions. A high luminosity
environment coupled to a suitable neutron target, as a polarized
3He (at level of 90%, an effective neutron target), allows one
first to better assess the flavor separation and then accurately
test its sensitivity to quark angular momenta. Because of
the need for increasing experimental knowledge on neutron
TMDs through independent measurement, an experiment of
SIDIS off transversely polarized *He was soon proposed
[28]. As is well known, some significant steps have been
already carried out along the suggested path, since azimuthal
asymmetries in the production of leading 7+ (K¥) from
transversely polarized *He have been already measured at
Jefferson Laboratory (JLab), with a beam energy of 6 GeV
[29], and new experiments will be soon performed after
completing the 12-GeV upgrade [30].

In view of those experimental efforts, a realistic PWIA
analysis of SIDIS off transversely polarized *He has been
performed [31]. A realistic spin-dependent spectral function,
corresponding to the nucleon-nucleon AV 18 interaction [32],
has been used for the description of nuclear dynamics and
the issue of the extraction of the neutron information from
SHe data has been addressed. According to Ref. [31], one
can safely extend this to SIDIS, where both PDFs and FFs
are involved, as the model-independent extraction procedure
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is based on the realistic evaluation of the proton and neutron
polarizations in *He and widely used in inclusive DIS [16]. As
amatter of fact, such an extraction procedure is able to take into
account effectively the momentum and energy distributions of
the polarized bound nucleons in *He.

In general, SIDIS off nuclear targets can happen through at
least two, rather different, sets of processes:

(1) The standard reaction (most familiar), where a fast
hadron is detected mainly in the forward direction,
implying that the hadron has been produced by the
leading quark. Therefore, this reaction, representing
the dominant mechanism in the kinematics of the JLab
experiments of Refs. [29,30], can be used to investigate
TMDs inside the hit nucleon.

(2) The spectator SIDIS, where a slow (A — 1) nucleon
system, acting as a spectator of the photon-nucleon
interaction, is detected, while the produced fast hadron
1S not.

The spectator SIDIS process has been proven very useful to
investigate the unpolarized DIS functions Fj ;(x) of a bound
nucleon, and therefore to clarify the origin of the EMC effect
(see, e.g., Refs. [33-37]). At the same time, this process can
also provide useful information on quark hadronization in a
medium, complementary to that obtained so far by the standard
SIDIS process. It is noteworthy that the polarization degrees
of freedom of the target substantially enrich the wealth of
information one can gather, as shown in Ref. [38], where
a spectator SIDIS, with a detected deuteron, off a polarized
3He target was studied. Through such a polarized SIDIS, one
can obtain fresh information on the spin-dependent structure
functions g; 2(x) for bound nucleons and, ultimately, on the
origin of the polarized EMC effect.

In polarized (as well as unpolarized) SIDIS processes, the
effects of the final state interaction (FSI) that occur among
the hadronizing system (produced after the quark-photon
knockout) and the (A — 1) spectator system has to be carefully
analyzed. For the case of a polarized *He, this study started
in Ref. [38], where the trinucleon distorted spin-dependent
spectral function has been introduced but restricted to the
deuteron spectator system. In order to realistically take
into account the abovementioned FSI, a generalized eikonal
approximation (GEA) has been adopted, i.e., a framework
successfully introduced for describing unpolarized SIDIS
off nuclei [33]. To apply such a distorted spin-dependent
spectral function to the standard polarized SIDIS by 3He,
one has to consider all the possible states of the two-nucleon
spectator system. But due to FSI between the spectator system
and the quark debris, produced after DIS off an internal
nucleon with given polarization, this distribution function is
remarkably more complicated than the PWIA spin-dependent
spectral function, adopted in the description of both DIS
by unpolarized 3He [15] and SIDIS [31]. However, efforts
for evaluating a realistic distorted spin-dependent spectral
function are worth attempting since its thorough knowledge
represents a fundamental help for reliably disentangling TMDs
from the nuclear structure, in the experimental cross sections.
In perspective, an experimental check of the robustness of
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the description of the nuclear effects could be in principle
carried out by exploiting the isodoublet nature of the trinucleon
bound states. In the case of a polarized 3H, one could extract
(1) the proton polarized structure functions when a spectator
SIDIS is considered or (ii) the relevant TMDs when a standard
SIDIS is investigated. The proton information extracted from
*H could be compared with the ones gathered using free
proton targets, shedding light on the relevance and nature
of nuclear effects. Nowadays, the use of a polarized *H
target seems too challenging, but it is worth mentioning that
important achievements have been obtained in the past decade
in handling such a problematic target, as demonstrated by
the final approval (with scientific rating A), at JLab, of an
experiment dedicated to DIS by a *H target [39].

As a concluding remark, it should be pointed out that, at the
present stage, the needed relativistic description of SIDIS is
restricted to the kinematics and the elementary cross section,
as discussed in the following sections. Indeed, in order to
embed the very successful nonrelativistic phenomenology of
the nuclear structure, developed over the past decades, in
a fully Poincaré covariant approach, one could exploit the
light-front framework, that originates from the seminal work
by Dirac on the forms of relativistic Hamiltonian dynamics
[40]. A thorough formal investigation of a light-front spin-
dependent spectral function for a J = 1/2 target, in impulse
approximation, has been recently presented in Ref. [41] (see
also Refs. [42,43] for preliminary results). Obviously, this
distribution function is the first step for constructing a Poincaré
covariant description of SIDIS reactions, since in analogy with
the transition from the PWIA spectral function to the distorted
one, FSI effects have to be taken into account also in the
Poincaré covariant approach.

Aims of the present paper are first to extend the calculation
of the distorted spin-dependent spectral function of *He
performed in Ref. [38], in order to include the excited states of
the two-nucleon spectator system (recall that in Ref. [38] only
the deuteron state was retained). As a second step, we apply
our formalism to the standard SIDIS process, with kinematical
conditions typical of experiments to be performed in the next
years at JLab and in the future (possibly near) at the Electron
Ion Collider (EIC), focusing on the extraction of quark TMDs
inside the neutron, i.e., the needed ingredients for making
complete the flavor decomposition. One can easily realize
that, since in standard SIDIS the final fast hadronic state can
reinteract with a two-nucleon scattering state, this process is
much more involved than spectator SIDIS, where FSIs occur
between the final hadronic state and the detected deuteron.

The paper is organized as follows. In Sec. II, we present the
basic formalism for the cross section, valid for the standard
SIDIS process, where a hadron # is detected in coincidence
with the scattered charged lepton. The main quantities relevant
for the calculations are presented and the PWIA framework
is reviewed, to better appreciate the difference with the FSI
case, discnssed in the next sections. In Sec. III, the SIDIS
reaction 3He(e,e'h)X is investigated in detail, introducing the
distorted spin-dependent spectral function, that represents the
main ingredient of our method for implementing FSI effects,
through a generalized eikonal approximation. In Sec. IV, the
dependence of the nuclear hadronic tensor upon the target
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polarization is studied. In Sec. V, the expressions to be used
for evaluating the nuclear SSAs, both in PWIA and with
FSI taken into account, are presented and a strategy for the
extraction of the neutron information is discussed. In Sec. VI,
the results for the distorted spectral functions and light-cone
momentum distributions are presented and compared with
the corresponding PWIA calculations; furthermore, the finite
values of the momentum and energy transfers corresponding
to the actually proposed experiments are adopted for the
evaluation of the *He Collins and Sivers asymmetries and
for the extraction of neutron asymmetries with FSI effects
taken into account and implementing the comparison with the
PWIA calculations. Eventually, in the last section, conclusions
are drawn and perspectives presented. Important formal details
are collected in two appendixes.

II. THE SIDIS CROSS SECTION

The differential cross section for Ehe generic SIDIS process
off a polarized target A, i.e., [+ A =1'+ h + X when the
final pseudoscalar hadron /4 is detected, can be written in the
laboratory frame and in one-photon exchange approximation
as follows (cf., e.g., Refs. [4,34,38]),

do o’ m
= oy s LW (84, 07, P,
dgﬂgdejdydPh Q 2E
ey
where, for incoming and outgoing charged leptons

with 4- momentum k* = (5 k) and kKH* = (&, k) one has
0= —qg>=—(k—k)P =g2—1v>=4EE sin*(6,/2), ie.,

the square 4-momentum transfer in ultrarelativistic approxima-
tion (with g = k— k v=&E—-¢&,and 9, = 9~«) Moreover,

Xpj = Q?/(2myv) is the Bjorken scaling variable, y = v/&,
my is the nucleon mass, «,, is the electromagnetic fine
structure constant, ¢, is the azimuthal angle of the detected
charged lepton, P, = (Ej,Py) is the 4-momentum of the
detected hadron & with mass my,, and S, is the polarization
vector of the target nucleus.

The unpolarized leptonic tensor L ,, is an exactly calculable
quantity in QED. In the ultrarelativistic limit it gets the form

— (k- K)guv]- (@3]

The semi-inclusive (s.i.) hadronic tensor of the target with
polarization four-vector S4 and mass M3 = P3 is defined as

Ly, = 2[kk, + K.k,

Wi (Sa. Q% Py) = <SA,PA|f,L|Ph,X>

2M 4
x <Ph,X|fU|SA,PA>
x 8Py +q — Px — Pydtx, (3)

where the covariant normalization (plp)=
2EQm)*8(p —p’) has been assumed and dry is the
suitable phase-space factor for the undetected state X, given
in turn by a state X’ with baryon number 1 and an A — 1
recoiling nuclear system. One should notice that, in Eq. (3),
the integration over the phase-space volume of the detected
hadron, %, does not have to be performed.
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In the following, the cross section for SIDIS off transversely
polarized *He will be worked out, taking into account final state
interaction effects. For this, it is necessary first to recall the
results obtained in PWIA.

Within PWIA, the nuclear tensor Eq. (3) is approximated
using the following assumptions: (i) the nuclear current
operator is written as the sum of single nucleon operators
f,f’ ; (i1) the FSI between the debris originating by the struck
nucleon and the fully interacting (A — 1) nuclear system is
disregarded, as suggested by the kinematics of the process
under investigation; (iii) the coupling of the virtual photon
with the (A — 1) system is disregarded, due to the large 4-
momentum transferred in the process; (iv) the effect of boosts
is not considered (they will be properly taken into account in
a light-front framework elsewhere, following the procedure
addressed in Refs. [41-43]). In this way, the complicated final
baryon states | Py, X) are approximated by a tensor product of
hadronic states, viz.,

1Py X)™A = 1Pa1) @ 1) @ IX'), “
where |P4_ ) indicates the state (properly antisymmetrized)
of the fully interacting (A — 1)-nucleon system, which acts
merely as a spectator, |X’) describes the baryonic state that
originates together with | P, ) from the hadronization of both
the quark which has absorbed the virtual photon and the other
colored remnants. The nuclear tensor Wl‘;']f'(S A QZ, P;,) can be
related therefore to the one of a single nucleon. This is obtained
inserting in Eq. (3) complete sets of nucleon plane waves and
(A — 1)-nucleon interacting states, given by

dpn _
Z/mu,pmum =1, (5)
ZI (€} )/ P
£ de PV | 2B 0np
|d>f"'PA )@ AlPA =1 (6)

where py ={Ey = VmN + |pN ,pn} is the on-shell four-
momentum of a nucleon and ®_: fa- 11 is the intrinsic part of the
(A — 1)-nucleon state with quantum numbers f4_; and energy

eigenvalue €} _,. Moreover, E,_| = «/(M;Ll) + Py )?
with M:_] = ZA,lmp +A—-1—=Zs_1)m, +6j:—l' The
symbol with the sum overlapping the integral indicates that
the (A — 1) system has both discrete and continuum energy
spectra: This corresponds to negative and positive values of
the eigenvalue €} _,. In Eq. (6), p(e}_,) is the proper state
density, that for A = 3 reads

1 1
@y’ P3bbu = 27)6

l’)’l}\/,/Wl}\/Eik

2 ’

P2bbu = (7
with the labels 2bbu and 3bbu indicating the two-body
and three-body breakup channels, respectively. Furthermore,
recalling that Eq. (4) implies

dP,_y

ZdweZdeI o) [ po = ®)

X' fa-1
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one obtains the following expression for the nuclear tensor in
PWIA:

W48 4, 0%, Py)

1 ~
NS ’ N ’
-y Z/dEPM/ H(E PN 35— Ol 1P X)

XN

x { Py, X'|iN A, pn )8 (Pa +q — Pa—y — Py — Px)
dPs

dty , 9

Tx 2n) ©))

where, with regard to Eq. (3), Px: + P4—; is in place of Py,

and the nucleon three-momentum, py = P4 — P4_1, is fixed

by the translation invariance of the initial nuclear vertex, viz.,
(®F/2 Pa_1; 1, pn|Sa. Pa)

€a-1

= V2EN2E;_12MA(2m)*8(Py — Pa_i — pn)

x (@410, pn[Sa. ®a) - (10)

€a-1

In Eq. (10), ®4 is the intrinsic wave function of the target
nucleus, with mass M4 and (P4 — Pa_;)? #* m%\,

The matrix elements PA]X,SA (E,py) in Eq. (9) contain the
description of the nuclear structure and are given in PWIA by

M/ “(E,pn) = ZI pley I)OMJ (€4_1,PN)

3
fa—1 A=

X8(E+My—my—M;_ ), (11

where E is the usual missing or removal energy, E = M;_, +
my — My = €}_, + Bs, with B, being the binding energy
of the target nucleus. The quantity my — E is the off-shell
mass of a nucleon inside the target nucleus, when the (A — 1)
system acts as a spectator. In Eq. (11), Oﬁ,s" (e4_1,pn) is the
following product of PWIA overlaps

O3 (€hrpy) = (@[3 p[Sa, ®a)

x (84, ®4®1 2 py). (12)

The quantities Pg/s/‘ (E,pn), Eq. (11), are the matrix elements
of the 2 ® 2 spin-dependent spectral function of a nucleon
inside the nucleus A, with polarization S, [19]. The trace
of the spectral function yields the probability distribution to
find a nucleon in the nucleus A with three-momentum py,
removal energy E, and spin projection equal to A. The suitable
normalization is

1
EZ/dE/dePﬁSA(E,pN)z 1. (13)
AN

Assuming the polarized target in a pure state, the nuclear
wave function has definite spin projections on the spin
quantization axis, chosen as usual along the polarization vector
Sa4. In agreement with the definition of the spin-dependent
spectral function given in Refs. [18,19], in the complete set
of the nucleon plane waves, the spin projection A and A’ are
defined with respect to the z axis.
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In Ref. [15], the so-called longitudinal spectral function
was introduced:

PYIE.py) = P\ (E.py) = PV (Epy). (14)

giving the probability distribution to have a nucleon N polar-
ized along the z direction minus the probability distribution to
have a nucleon N polarized in the opposite direction to the z
axis, if S4 = Sy is directed along the positive z axis.

In Ref. [31], the spin projections A and A" have been defined
with respect to the x axis and the perpendicular spectral
function has been defined,

PYHE.py) = PP (E.py) = PN (Epy). (15)

=

giving the probability distribution to have a nucleon N polar-
ized along the x direction minus the probability distribution
to have a nucleon N polarized in the opposite direction to
the x axis, if S4 = S, is directed along the positive x axis.
It is worthwhile to note that, due to rotational invariance, the
two quantities Eqs. (14) and (15) are equal. In relativistic
light-front dynamics, where transverse rotations are interaction
dependent, this is not true any more, as has been shown in
Ref. [43].

As for the Cartesian coordinates, we adopt the DIS con-
vention, i.e., the z axis is directed along the three-momentum
transfer q and the plane (x,z) is the scattering plane. Notice
that, in the DIS limit, the direction of the three-momentum
transfer coincides with that of the lepton beam, i.e., q || k..

The nuclear tensor Eq. (9) can be written

Wi A(S4, Q% Py) = ZZ/de/dE—wN“
AN
X (P, P A WP (E,py),  (16)

where the integration over P4_; has been changed to the one
over py = P4 — P4_1, and the semi-inclusive nucleon tensor
[cf. Eq. (3)] is given by

wi (P, Pr A0

1 2 2
=— ) (pn. NN 1P X )Py X[ | piva)

21’111\/ X

x 8*(pn +q — Py — Py)drx, (17)

where py = P4 — P4_; is such that p% # m3 = p3.
Eventually, for the nuclear cross section given in Eq. (1),

do(S
oa(Sa) = W, one gets the following expression
in PWIA:
oM1A(S,) = ZZ/de/dE —= o P (E.py),
¥y

(18)

where

N doy,

o“ = —
M dgedxgdydPy,
_ o2 my myv 1

0" on B35, L e PPk Y (19)
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represents the corresponding cross section for the scattering of
acharged lepton from a polarized moving nucleon. In Eq. (18),
@ is given by
(pn - k)
Em N

a (20)
and is usually called the “flux factor”” When energies are
close to the Bjorken limit, & coincides with the light-cone
momentum fraction of the nucleon inside the nucleus, i.e.,

lima = ——— 22 Q1

III. THE DISTORTED SPIN-DEPENDENT
SPECTRAL FUNCTION

In order to go beyond PWIA [cf. Eq. (4)], it is necessary
to deal with the FSI between the debris, originating from
the struck nucleon, and the fully interacting (A — 1) nuclear
system. In view of this, the dependence upon the space
coordinates in the current operator is kept, since we will focus
on the action of the current onto the final state in coordinate
space.

The starting point is the hadronic tensor written as follows:

Wil (Sa, 0 Ph)__Z<SAvPA|J (&) Py, X)

X ( Py, X|Jy(#:)Sa, Pa)
X S(MA +v - Ex — Eh)d‘fx. (22)

For a *He target, the matrix element of the current operator
fﬂ(f'l,fg,f'g) between the nuclear ground state, |\U3SA(1 ,2,3)),
and a generic final state, |\IJf (1,2,3)), is evaluated by intro-
ducing the following approximation:

Ju(@1.82,85) % Y Ju(r), (23)

where fu(r,-) is the one-body transition current operator that
describes the electromagnetic response of the single nucleon
inside the target. In this way, the matrix element becomes

( Po X | (1,82,83)]S3, P3 )
= (W (1,2,3)|J,(R1,82,83)| W3 (1,2,3) )

A (W (1,2,3)] 7, (#)W5(1,2,3))

=3(w/(1,2,3)] /. (F)IWS (1,2,3)). (24)

In what follows, for the sake of concreteness, the active nucleon
is labeled i = 1 and the spectator indexes are 23.

For constructing a realistic approximation of FSI, it is useful
to consider that, in the SIDIS processes we aim to investigate,
the momentum transfer q is rather large, and therefore &, the
leading pseudoscalar meson to be detected, and X’, which has
baryon number equal to 1 [cf. Eq. (4)], move throughout the
A — 1 remnants with high velocity. This observation motivates
the introduction of the generalized eikonal approximation
(see, e.g., Refs. [33,38] and references quoted therein) for
estimating the rest of FSI not taken into account through PWIA
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FIG. 1. The SIDIS process A(e,e’h)X, with final state interac-
tions taken into account.

[cf. Eq. (4)]. Then, the final state can be approximated in
coordinate space as

(rrors| W/ (1,2,3)) ~ Wi (02.13) 1, $(Er)

_A
VV/3
X v2Eye™ M G(ry,r2.13), (25)

where A is the antisymmetrization operator that acts on the
final state, given by a recoiling two-nucleon system and
a debris Y originated by the struck nucleon (see below),
\-IJZ’;(rQ,n) is the properly antisymmetrized wave function
of the recoiling two-nucleon system, V is the normalization
volume of the global motion of the final state, and the
amplitude G(ry,r;,r3), identically equal to 1 in PWIA, is
the nonsingular part of the matrix elements of the Glauber
operator, i.e.,

(r. 15,1516 r2,13) = 8(r) — 1)8(r) —12)
x 8(ry — r3)G(ry,ra,r3). (26)
The Glauber amplitude depends only upon intrinsic coordi-
nates, r, p, related to r; through
rr=2%p+R, rn=-ip+ir+R,
r3=—%p—%r+R, 27)
and therefore
g(r,rp,r3) — G(r,p). (28)

In Eq. (25), Y is the final debris produced by the nucleon
after the absorption of the virtual photon. In the process under
consideration, it coincides with a leading pseudoscalar meson
to be detected and a baryonic remnant X’ (cf. Fig. 1). The
function ¢(£y) characterizes the internal structure of the debris
that will hadronize in & + X', x;, is its spin state, while e'Prr
is the plane wave describing the propagation of the c.m. of the
debris.

By using intrinsic coordinates, the final state in Eq. (25)
becomes

(rirors | W/ (1,2,3))

\/;‘ ﬁ‘/zEYefw-<2P/3+R>XM¢(§Y>

XV 2Epe T ®PRG PG, (29)

~
~
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where P,3 is the total momentum of the (2,3) system and the
intrinsic part of the two-nucleon state, ¢€f§; (r), has quantum

numbers f>3 and energy eigenvalue €3;.
Disregarding the photon coupling to the spectator pair, one
can apply the familiar approximation

(W/(1,2,3)] /(B W5 (1,2,3))

! V2Ey f dridrdrs W (ry,r3)e Prryt
ﬁﬁ 23 Ay

X ¢*(§Y)g(l‘1,rz,r3)fu(rl)‘1’3s3(r1,1‘2,1’3),

~
~

(30
with

W (r),10,13) = 23T Ry (r, p) = V2M395° (x, p),

€1V

where 1//3S *(r, p) is the intrinsic nuclear wave function and the
total momentum of the nucleus is P; = 0.

Moreover, if G(r,r;,r3) is such that (i) it does not depend
upon spins and (ii) it commutes with fu(rl) (as it does in
PWIA, since G(ry,r,,r3) = 1), one can write

(W7 (1,2,3)] ], (W5 (1,2,3))

1 % ipy-
~ ﬁﬁ\/ 2Ey/dl’ldl'zdl'3q/23f(l'2,l'3)e py rl)(;ry
X *(Ey) ()G 1,12, 13) W3 (1), 12,13). (32)

This is the main assumption of our approach, that is exact when
the one-body operator fu does not contain the momentum p.
Otherwise, one can have a nonzero commutator [j,t,g]. In the
present SIDIS case, the explicit expression of the transition
current operator fﬂ is unknown and we cannot compute
the commutator, but we assume a vanishing result, namely
[p,6(1,2,3)] ~ 9/0pG(r,p) ~ O.Itis worth noting that if only
the longitudinal part of the current operator is relevant and
the dependence on the coordinates in the Glauber operator is
mainly given by the transverse components, one can largely
justify our assumption. As a matter of fact, we adopt in the
following the same approach used in Ref. [38], where the
distorted spectral function was evaluated only in the 2bbu
channel. This amounts to consider GEA (see, e.g., Ref. [33]
and references therein). In this scheme, the Glauber amplitude
reads

G(ri,rp,r3) = 1_[ [1—0(r; —ry Pl

i=2.3
X (rjL —rig,r —ryl, (33)

where the parallel and perpendicular components of the vectors
r; are determined with respect to py, i.e., to the direction of
propagation of the debris. In DIS, when |q|> > |py/|?, this
direction coincides with the direction of q. The profile function
I'(riy —ryy,ry —ry) in Eq. (33), unlike in the standard
Glauber approach, depends not only upon the transverse rela-
tive separation but also upon the longitudinal one. The Heavy-
side function 0(r;; — ry))) assures causality in the rescattering
process. In the following, we adopt for I'(r; | — ry,r;; —ry))
the expression already used in Refs. [33,38], based on the
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hadronization model of Ref. [35] to evaluate the total cross
section of the debris-nucleon interaction, depending on the
kinematics of the process, viz.,

L(riy —riL,ry —ry)

_ (I — in)oes(ry) — 1))
47’[b0

(i —r.)

xp|: Zb(z) i| (34)
In this approach, the resulting Glauber operator turns out to
be mildly dependent on the longitudinal distance, so that the
assumption of a vanishing commutator between the operator
and the current is qualitatively justified in the present scheme.
Details on the model and on the corresponding parameters can
be found in Refs. [33,38].

An important issue has now to be addressed. The effective
cross section, o, in Eq. (32), models the hadronization of the
debris interacting with the recoiling nuclear system. The debris
consists of one nucleon and radiated mesons and gluons. The
number of radiated gluons depends on the momentum scale
of the process, given by Q2. Besides the emission of mesons
and gluons will stop when a maximum longitudinal distance is
reached, which increases with the invariant mass, Wy, of the
debris. As a consequence, o.g depends also on Wy. Therefore,
in Eq. (34), one should write o.(r;) — ry, QZ,Wy) and not
simply o (r;; — ry)j). Nevertheless, in the kinematics we are
going to discuss in this paper it occurs that (i) for a given
value of £, the range of variation of Q2 is not wide enough to
produce important changes in the gluon radiation rate and (ii)
ot depends weakly on the maximum longitudinal distance.

J

(W7 (1,2,3)] ], (F)W5°(1,2,3))
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In other words, in the kinematics we are 2gomg to analyze,
for a given &, the dependence of o on Q- and Wy is weak.

As a matter of fact, in Refs. [33,38], o (i) — 1y, 0%, Wy) ~
ocfi(rj)| — r1))) was assumed in actual calculations. In Ref. [33],
the model of o with this assumption was proven to be able to
reasonably describe data of Ref. [44] for unpolarized spectator
SIDIS processes, in a kinematics which is close to the one
we are discussing. Therefore, to avoid a too heavy notation,
throughout the paper we drop the dependence of o on Q2
and Wy in the relevant expressions.

For completeness we mention that, in the actual form
for G(r,p), Eq. (33), there is a 6 function that generates
a contribution to the commutator proportional to &3(p).
Obviously, such a contribution is vanishing if not too severe
singularities are present in both target and spectator wave
functions. It is worth noticing that in the quasielastic case,
where an explicit form of the current operator is commonly
accepted, the above assumption, called the factorized form
of FSI, has been discussed against the unfactorized one in
Ref. [45].

Coming back to Eq. (32) and following the spirit of the
standard procedure adopted in PWIA, one can insert the one-
nucleon completeness [cf. Eq. (5)]

dk
;/W%,A)(k,kl =1, (35)

where [ is the identity, and the free nucleon states |k, ) are nor-
malized according to (k,Alk’,\") = 2E8,,0:2n)*8(k — K).
Then, one can obtain from Eq. (32) the following
expression:

1 dk P T —ik- *
SV o / TRk py,xy;¢(sy)|ju<r1)|k,x>[\/2Ek / drydrydrs e W] (rm)g(rl,rz,rg)w?(rl,rz,rg)}.
A

(36)

By changing coordinates [see Eq. (29)] and exploiting the translation invariance of the initial vertex in Eq. (10), one gets for

Eq. (36)

(W7 (1,2,3)]7,(B)W5(1,2,3))

1 dk A
~ AT > / GpaE, (PrArdEN Ok )27)’8(q + k — py)(27) V2 Ex2Ex2M;38(k + P23)
A

/drdp[ —i2k-0/3 ,iPas- p/3¢f22*(r)g(r p)\IJS3(r p)]

@)
B \/§\/ 2Em1s

e 2E532M35(q — Prmis — py)Z { Py Ay $Ep)| (0] Prsiss ) f drdp[x|e™ P (G, p) 5 (r,p)],

(37)

where ( py,)»y¢($y)|f,,¢(0)|k,)\ ) is the matrix element of the unknown transition current operator involved in the quark-photon
vertex (notice that the factor v2Ey2E; is put inside the matrix element), and pnis = {Emis = «/M]%, + |pmis|2, — Pmis}, With
Pmis = q — Py = Py3 being the three-momentum of the system “23” in the final state, \Ilzj;(rz,m). Indeed, pm;s is also the
three-momentum of the initial spectator system and eventually of the nucleon (with opposite sign) before absorbing the virtual
photon. This is a consequence of the assumed commutativity between the one-body current and the Glauber amplitude. It should
be pointed out that the matrix element ( py,ky¢(§y)|fﬂ (0)| pmisA ) describes SIDIS off a free nucleon, within our approach.
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Summarizing the above results and recalling that X — (A —1)® ¥ — (A — 1) ® h ® X', one can write the hadron tensor

for a polarized *He target as follows:

1
W“S, P) = —
(S3,0%, Py) M,

_(271) Zd‘erI ,0(623)/ zgmlb

X’ a3

<S3,P3|fM|Ph,X

22

(S(M +U—EXf

Y( Py, X|J)183,P3)8(M3 + v — Ex: — Ej, — Ep3)dty

Ey — Ey)

X 8(a = Puis = Pr = Px) D ( Py hr$En)1ju(0)] pmiss2) / drdp[x,e™ Pyl G, 0) W5 (r,p)]

A

X 8(q — Pmis — Pr — Px") Z { Puis: X 1 Ju (O] d(Er) Py iy ) / drdp[x},e™ P o2 @G (x,0) U5 (r,p)]"

= 3<2n)32drx > I ple3;) f EPnis (M5 + v — Ex: — Ej — E23)8(a — Pmis — Pi — Px)

a3 2 Emis

X D (pr iy §ELju (O pmiss 1) / drdp[x e P ¢ )G (x,0) W5 (r, p)]
A

A

X Y AN, Puis| Ju Ol@Er)py hy ) / drdp[ 1™ P oL (G, 0¥ (r,p)] ", (38)

where py = p;, + X’ has been inserted and the following phase space of the spectator system has been adopted:

dPy;
Zi g (E”)[ (Qm)2Ex

In conclusion, the nuclear hadronic tensor reads

_ dPmis 39
ZI plex) / @2 G

,N “(Pmis» Pus A 2P (E P, (40)

Wil (S3,0%, Py) = ZZ/dpmis/
ANV N

where the semi-inclusive nucleon tensor [cf. Eq. (17)] is given by

1 2 ~
Wity (= Poiss PioA8) = == 3 (P M1 1Pus XV P X1 | i 28%(q = P = Pr — P (41)
N X/

with Pis = {E — my,Pmis} and the isospin formalism has been released (i.e., 3 — ), ). Equation (40) introduced the distorted

spin-dependent spectral function given by the following expression for a polarized *He target,

P (E Pris) = ) I P(€33) O 1 (€3 Puic) S(E + M3 — my — M33), (42)
S
with the product of distorted overlaps defined by
O3 (€35 Bmis) = (he PP L (0)G(r, p) [ W5 (r, ) W5 (1, 0] G, 9 (1) PP 3), (43)

with an obvious meaning of the adopted notation (see
Appendix A for the detailed expression of the overlaps).

One should notice that the distorted spectral function
depends, through the profile function Eq. (34), on the effective
cross section of(r;) —ry). As discussed above, below
Eq. (34), this quantity depends, in principle, also on Q
and Wy. As a consequence, the distorted spectral function
is a process-dependent quantity, at variance with the spectral
function evaluated in PWIA. In principle, at any kinematical

(

point (given by &£,6,,xp;, and 6, ,), one should evaluate
a different distorted spectral function. Nevertheless, for the
reasons discussed below Eq. (32), in the kinematics we are
going to study, for a fixed initial electron energy £ and
scattering angle 6,, the dependence of o, on Q2 and Wy
is rather mild and can be disregarded. As a consequence, also
the spectral function, for fixed £ and 6,, can be considered
independent on xp; and 6, ,. To avoid heavy notation, this
dependence is not shown throughout the paper.
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The generalization of the above formalism to a polarized
nuclear target with A nucleon is straightforward. In particular,

for the nuclear cross section 64(S,) = w(’j};‘;—sj‘){m one has
e j

amy
aASH=)_Y" f dPmis f dE—= o3 Py (E Pais).
AN
(44)

One should notice that, formally, Eq. (40) coincides with
Eq. (16), relative to the PWIA case, if the distorted spectral
function is substituted by the PWIA one. This is a conse-
quence of the assumption made between Egs. (30) and (32),
concerning the commutation property of the Glauber operator
with the nucleon current. The FSI described in this manner,
called factorized FSI in the literature (see, e.g., Ref. [45]
and references therein), lead to convolution-like formulas,
as the ones obtained in the PWIA case, where the distorted
spectral function appears instead of the PWIA one. The latter
can be recovered just putting the Glauber operator identically
equal to 1. This observation has crucial consequences in the
following sections of the present paper.

It is clear that our model for the FSI could benefit
from a comparison of our theoretical results against absolute
cross section of SIDIS processes off a polarized *He target.
Unfortunately, no paper dealing with SIDIS cross sections off
a polarized *He is available. Eventually, very recently, a paper
has been published by the Hall A Collaboration at JLab, which
concerns the unpolarized sector only [46].

Since it is important to check our reaction model, within
PWIA or including FSI, we plan to accurately and widely ana-
lyze these new data possibly in strict contact with experimental
collaborations to plan future investigations of the SIDIS cross
sections.

IV. THE DEPENDENCE OF THE NUCLEAR HADRONIC
TENSOR UPON THE TARGET NUCLEUS POLARIZATION

As a matter of fact, the whole formalism developed in the
PWIA case in Ref. [31] can be exploited now in the present
scenario, once the distorted overlaps are properly evaluated
and inserted in the relevant equations.

Notice that, in PWIA, the spectral function Pf; (E,Pmis)
in (42) defines the probability distribution to remove from a
polarized *He with polarization S3 a polarized nucleon with
momentum —Pp;s and polarization sy (characterized by spin
projection A on the quantization axis) leaving the remnant
(A — 1) system with removal energy E. Once the full FSI
is taken into account, even through GEA, the probabilistic
interpretation of the distorted spectral function is somehow
lost.

A further issue is represented by the fact that the direction
of the target polarization axis, S3, may not always be parallel
to the direction which determines the eikonal G matrix,
i.e., the direction of py (or, in DIS, the direction of q). In
particular, in the SIDIS process of interest here, the target
nucleus is transversely polarized, i.e., S3 L q. To reconcile the
polarization axis and the eikonal approximation, one needs to
rotate the quantization axis of the target wave function from

PHYSICAL REVIEW C 96, 065203 (2017)

the direction of q to the direction of the polarization Sz, namely

(0,01 Wsye s,
= (6',¢'|D'"*(0,8,0)| Wy, )g = cos(B/2)
x (0,0 |Wiio! ), +sin(B/2) (07,9 | W77, (45)

where the subscript indicates the direction of the quantization
axis, cos 8 = S3 - §, and the polarization vector S; is supposed
to be in the (x,z) plane. In Eq. (45), D;/g are the suitable
Wigner D functions [47]. Therefore in the general case, the
nuclear tensor in Eq. (40) is modified and reads

Wi (55,07 P) = cos™(B/2) Wil + sin(B/2) Wi~
+sin [J(Wi " + W' ))]. o)

1

WS (=83,0%, Py) = sin*(B/2) Wlff + COSZ(,B/Z)W,;,%_Z

— Slnﬁ [ (WJV 2 + Wy,vzz)]- (47)

In the above equations, we have defined

W%M/ ZZ/dpmls/ E_wN“( ﬁmisthv)"/)\)

vy
X ,P){\;’MM (Eapmis)7 (48)

where the third components M and M’ are defined with respect
to the direction §. In Eq. (48) one has [cf. Eq. (42)]

,P}{\;JMM (E pmls) - Z I (623)01\, o fq}( ;3apmis)
J23 23

X 8(E + M3z —my — My3), (49)
with @f;M Mf. »  a natural nondiagonal generalization of
Eq. (43), viz,,

AN MM f
OW (€53, Pmis)

= ()\’7e—ipmi5<p¢£; (l‘)g(l’,p)llllgl(r,p»
x (W (|G, p)p > (@)e PPy (50)

It is worth noticing that, in Eq. (46), the upper scripts
;% (—% — %) denote a nucleus polarized along (opposite) the
quantization axis, while :I:% F % indicate a nucleus polarized
in the perpendicular (with regard to the quantization axis)
plane, i.e., in our case, along the x axis.

Let us consider first a longitudinally polarized nucleus;
in this case, we have to consider in Eq. (46) only the terms
with M = M’ = +1/2. One gets the following longitudinal
contribution to the hadronic tensor:

W;II!U(SSVQZ’Ph) = ZZ/dpmls/dE_

AN

2B NI N
x|:cos EPM/ W,

— 1 ’
+s1n2§73£’\, : 2 wNMi|. 51)

Y
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In Eq. (51), wNVM’ is a short-hand notation for while for the off-diagonal terms one has

N 5.l (Pmis> Pr,A'A), previously used. In the SIDIS process
under 1.nvest1gat10.n since leptons are unpolarized, the lepton%c (_ 1 |11)S N1 ) _ < i |1DS N| L )* 53)
tensor is symmetric and, as a consequence, only the symmetric 2% 2] =V 2 1% 2/ -
part of the hadronic spin-dependent tensor, w¥** , is involved.
For the diagonal terms of the symmetric part of the nucleon

tensor (see, e.g., Ref. [3] for its general structure), one gets Then, making use of the properties under complex conjugation
of the quantities (50), defined with respect to the quantization
< 2\ psN 2) = —<—%|12)XN — %), (52) axis, namely
|
O MM (E pis) = (=DM [ON MM (B p o] (54)
O MM (B puis) = [ON M (E pio)]", (55)

one obtains
11 11 sN 1L 11 N1 1 1L N1
W),(835,.0% Py) = cos p Z/dpm/dE— ([P =P w2 + [P win ™ 4P 2w 7]} (56)

In Eq. (56), the first term in square brackets represents the parallel spin-dependent spectral function.

We are interested in single spin asymmetries measured with transversely polarized targets. The relevant hadronic tensor is
therefore

AWSESL, Q% Py) = Wii(S3 =81,0%. P)) — WS = =S.,0%. Py, (57)

where we choose S along the x axis, i.e., 8 = 90°. Then, using Eqs. (46) and (47), the quantity relevant to describe the JLab
experiments turns out to be

[N

. 1
AWSI(S 1, 0% Py) = Wi * + Wit . (58)
Therefore, we have to evaluate
. NLi_1 11 ,
AW,%(SB’Q Pp) = Z Z/dpmls /d 2 *(E, mes) ng“\ +P )\/ *(E, pmls) riAA]
AN
Ni_1 N_Ll1
= Z/dpmls/dE_{ 2 *(E, pmls)+ A 22(E pmls)] SNM\
Ni_1 N-11 s
+ ) [P H(EPmis) + Py (E.puis) [wih ™ l}. (59)
A

One obtains, for the term in the last line of Eq. (59),

NLi_1 11 1 1
S P E b + P (Eopui) JwiV ™ = 2Re{[PY L E, pmls)+7>%” HE, Prio) i}
A
N1 -1 N-11 sNi-1
= ZRG[P% 2% Z(Evpmis)+,P%_%2_(E:pmls)]Re[wlw ]
1_1 _11
—2Im[PY 3 (Epie) + P (Eopmio) [Im[win® 7], (60)
2 2 2 2

where the relations (53) and (55) have been used.

In Appendix B, it is shown that the contribution of the last line in Eq. (60) can be safely neglected, being of higher order in
pL/my, where p is the nucleon transverse-momentum inside the target, with p = —pu,;s. Besides, in the remaining expression,
only the zero-order term in p, /m y yields a sizable contribution. Hence, p; does not give relevant contributions to the hadronic
tensor, and the expression of the nucleon hadronic tensor obtained in a collinear frame, where p, = 0, for example, the one
given in Ref. [3] for the Collins process (cf. Sec. 6.5), can be safely used. As a consequence, the final expression for the nuclear
hadronic tensor, suitable for calculations of SSAs, reads

s.Q _ sN 1
AW, 0% = 3 [ o [ BT PN HE Dt + 24P pri s ). 61)
where Eqgs. (52) and (54) have been used to obtain the last term.
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In Eq. (61), the transverse spectral function has been introduced

Ni_1 1+3
PYH(E Do) = Re[P) ' (E.pmio) + P} (Eopuis) | (62)
and the quantity
SN 1_ sN_11
wht = w2 4wl ] (63)

has been defined. Furthermore, in Eq. (61), the transverse-longitudinal spectral function,

PNIT(E, pm)+7>” 22 (E,Punis), (64)

PN(L?Il)(Espmis) = %%
is a real quantity which represents, in PWIA, the probability distribution to find a longitudinally polarized nucleon minus the
probability distribution to have a nucleon polarized in the direction opposite to the z axis in a transversely polarized nucleus. It
should be pointed out that, in PWIA, the transverse spectral function PV L(E,pnis) yields the probability distribution to find a
nucleon polarized along the x axis minus the probability distribution to find a nucleon polarized against the x axis in a transversely
polarized nucleus with a polarization vector S; along the x axis.

For the nuclear cross section, Eq. (44), one gets

S =) / dpumis / dEZY (6N APV L(E pui) + oV IIPY S I(E p )], (65)
N Ey

where oV + and oV Il are the cross sections, Eq. (19), for transversely and longitudinally polarized nucleons, respectively.

Note also that, when FSI are included, the quantities corresponding to the PWIA parallel spectral function, PV, Eq. (14), and
the PWIA perpendicular spectral function, P"+, Eq. (15), are different, due to the eikonal direction which breaks the rotational
invariance of the problem.

V. THE COLLINS AND SIVERS ASYMMETRIES FOR *He

As discussed in the introduction, a series of SIDIS experiments are planned at JLab, using a transversely polarized *He target
and an unpolarized electron beam, detecting a fast pion (kaon) in the final state. The Sivers and Collins SSAs of *He will be
therefore measured, with the aim of extracting the corresponding neutron quantities. The formal results of the present approach
for the *He SSAs, and for the extraction of the neutron information, are presented in this section.

The Sivers and Collins asymmetries are defined through proper moments of the experimental SIDIS cross sections, viz.,

ACOIS) _ [ dgs,dey sin(pn £ ds)[0°(S3,0n,¢s,,2) — 03 (S3,Pn,Ps, + 7 Z)]
’ f dd)haunpul(xB]’ Q Ph)

where ¢, is the azimuthal angle between the hadron and the lepton planes, ¢g, is the azimuthal angle between the target
polarization and the lepton plane according to the conventions fixed in Ref. [48], and z = E}, /v is the fraction of energy transfer
carried by the detected meson. Inserting the cross section Eq. (65) in the above equation, one gets

j;cB da[AUCOl(Slv)(xB]/a Q 7Z)fL l(a Q2 5) + 2AO’C01(SIV)(-XB,]‘/OK’ Q27Z)fpl,i(av Q2’5)]
[dafom(xpj/a, 0%,2) fila, 0%,E) + 207 (xp; /a, 02,2) fi(a, 0%,)]

(66)

ol(Slv)
A3

) (67)

where £ is the energy of the incoming lepton [see below Eq. (1)] and - ) i (o, 02,€) are the light-cone momentum distributions
of transversely polarized nucleons in a transversely polarized nucleus for i = PWIA or FSI. One defines

Emax .
fi'@ Qo) = / dEfy"(@.Q%.&.E), (©9
E

where

Pmis * 4
myv

foi (@, 0%.6,E) = f D TPV (E.pu (“ * )9[W3 — (mx +ma)], (69)

with Wy being the invariant mass of the debris Y that hadronizes in a nucleon and at least one pseudoscalar meson. For the sake
of definiteness, in Eq. (69) and in what follows we consider a 7~ in the final state. Let us recall that in the unpolarized case, the
light-cone momentum distributions read

Emax .
file,0%,6) = / dEfi(a,0% & E), (70)
Emin
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with

fi(@ Q% E.E) = / APris =X PN (E P )8 (a + M)@[W& — (my +ma)], (1)
E N myv
where PV (E,ppis) = > Pl{\f\i . In Egs. (69) and (71), the é function can be eliminated by integrating over the angle between
Pmis and q; the limits of integration on |Pp;s|, i-€., |Pmin| and |Pmax|, and on E, Epin, and Eqax, are determined from the condition
| cos 04| < 1 and from the requirement W% > (my + my)?, since we consider SIDIS with at least one pion in the final state. As
a consequence, |Pmin| and |pmax| are functions of a, E, 92,&. One should notice that, in the Bjorken limit, they would be functions
of o and E only. In Egs. (68) and (70), one has Ey, = B3 — B, ~ 5.5 MeV.

Moreover, as explained in the previous section, one can obtain the distributions for the two cases, i = PWIA, FSI, just
substituting, in the same equations, the corresponding spectral functions PNUE, Pmis) and PVLI(E pmis). The evaluation of
PNi(E, pmis), when both the nuclear structure and the effects of FSI are included, is the main technical achievement of this paper.
Actual numerical results, based on (i) two- and three-nucleon wave functions [49] evaluated with the nucleon-nucleon AV18
interaction [32] and (ii) the GEA mechanism, are discussed in detail in the following section. In what follows, when the distorted
spectral functions will be considered in Egs. (69) and (71), we will call the distribution functions in Eqs. (68) and (70) distorted
light-cone momentum distributions (see Appendix B).

In Eq. (66), one should notice that, after multiplying the nuclear hadronic tensor by sin(¢s, £ ¢;) and integrating over ¢s,,
the transverse-longitudinal term in Eq. (65) does not contribute to the numerators in the asymmetries above defined, due to the
properties of the spin-dependent SIDIS nucleon tensor [4].

In Eq. (67), the quantities Aoé\f)l(sw) and o, related to the structure of the bound nucleon, are defined as follows (see, e.g.,
Ref. [4]):

l1—y f’hj_ “KT 4N la.h
N 2 _ 2 2 2 2 q, 2 q, 2
Aoy (), Q7,2) = m;% /d krd"krd“(Kr + qr _’CT)m—hhl (xg;.k7)H{ " [z.(zke 7)), (72)
| T
Aogi, (x5, Q1) =) e / drerdkrd* (ks + ar — ser)— = fiy"" (e 15) DY 2. (zwer)P). (73)
N
q
O'N(X . Q2 _ 2 d2 de 2 Kk _ q,.N ) kz q.h 2 4
5,070 =Y e | drrd®kp8’(kr +ar —ier) f{" (x5;.k7) DI [2,(zier)*). (74)
q

In the last three equations, the quantities Ky and k7 are the intrinsic transverse momenta of the parton in the bound
nucleon and in the produced hadron, respectively; following the notation of SIDIS, a subscript 7 means transverse with
respect to P, (the three-momentum of the final pion or kaon), while the subscript L means transverse with respect to (.

The transverse momentum-dependent parton distributions, h‘f’N(xBj,kZT), ILTq’N(xBj,kZT), flq’N(xBj,sz), and the transverse

momentum-dependent fragmentation functions, Df’h[z,(zlcr)z], HIJ‘ q’h[z,(zlcr)z], appearing in Egs. (72), (73), and (74), have
been evaluated using experimental data whenever possible, or using proper model estimates. One should realize that the main
goal of the present study is the estimate of nuclear effects in the extraction of the neutron information, rather than obtaining
absolute predictions on the SSAs of *He, which would be affected anyhow by the poor present knowledge of some of the
distributions necessary to perform the actual calculation. Any reasonable choice of the distribution functions of the nucleon is

therefore suitable for our study. In particular, in the actual calculations, we have made use of the same functions adopted in
Ref. [31]:

(1) For the unpolarized parton distribution, flq ’N(xB 7), the parametrization of Ref. [50], with a Gaussian ansatz for the ky
dependence, has been used.

(2) For the transversity distribution, h‘l”N, the ansatz h; = g; has been used,; i.e., the transversity distribution has been taken to
be equal to the helicity distribution. This gives certainly the correct order of magnitude. In particular, the parametrization
of Ref. [51] has been used.

(3) For the Sivers function, f]LTq (xp j,sz) in Eq. (73), the fit proposed in Ref. [52] has ben adopted.

(4) For the unpolarized fragmentation function D‘l”h(z), different models are used for evaluating the Sivers and Collins
asymmetries. In particular, for the Sivers asymmetry, the parametrization in Ref. [53] has been used, while for the Collins
one, the model calculation of Ref. [54] has been adopted (see Ref. [31] for details);

(5) For the basically unknown Collins fragmentation function, H ll [z,(zk7)*], appearing in Eq. (72), the model calculation
of Ref. [54] has been used.

Because of the nuclear binding, nucleons are off shell. However, in our approach, the parton structure of the nucleons are
parameterized using parton distributions of free nucleons. In principle, medium modifications of the structure functions, in
addition to the ones due to conventional nuclear effects, could be implemented. For example, one could think to apply a method
similar to the one used in Ref. [55] to study off-shell effects in the evaluation of inclusive polarized structure functions g, of
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3He. In that paper, a dependence of the polarized structure functions g , for the nucleons on the off-shell mass p? was introduced,
with a further integration on p? in the convolutions. The quantitative effect of this procedure would be in any case difficult to
establish, due to the necessary use of ingredients, such as the off-shell structure functions, experimentally unknown and difficult
to constrain theoretically. An analysis of this kind is beyond the goal of the present paper.

If one would like to consider the SIDIS hadronic tensor at an higher twist level, then other (higher twist) TMDs, at the
moment completely unknown experimentally, would be involved. At the nuclear level, this would imply the appearance of other
combinations of matrix elements of the spectral function. While these ingredients should be under control, since any overlap
with any nuclear or nucleon relative polarization is at hand, the evaluation of the asymmetries would be strongly affected by the
ignorance on the nucleon part. Therefore, for the moment we prefer to give results at a basic level in this first study of the effects
of FSI in polarized SIDIS processes.

Equation (67) has been presented in Ref. [31] within PWIA. As already noticed, within GEA the theoretical expression of the
nuclear asymmetries does not formally change in presence of FSI. Therefore, Eq. (67) can be exploited also in this case, but using
the suitable ingredient, i.e., the distorted spin-dependent spectral function, and eventually evaluating the distorted light-cone
momentum distributions.

Let us discuss now the crucial issue of the extraction of the neutron information from *He data. A strategy for extracting the
neutron Sivers and Collins asymmetries from *He data, developed in Ref. [31], is summarized and applied in the following.

If the results of the calculation were able to simulate >He data, the problem would amount to unfolding the convolution
formula. This can be done taking into account that the light-cone momentum distributions fn(a,02%,E) and fﬁ(a,QZ,S)
exhibit sharp maxima at @ ~ 1, i.e., fy(c, 0%,E) ~ 8(a — 1) even in presence of FSI, as we will show in the next section. Let
us recall that this peak is expected since o = —(Pm;s - ¢)/myVv plays the role of the Bjorken variable for a bound nucleon.
Assuming that the §-like behavior for the light-cone distributions is a reliable approximation (as shown in what follows),
then Aaé’ol(Siv)(xB /o, 0%.8" ,z) ~ Aaéol(sw)(x B j,Qz,S'i,z), and the calculated asymmetries A3 can be written as (notably, the
dependence on £ becomes milder approaching the Bjorken limit)

AoV N Ao oysivy (X8, Q%8 ,2) [ daf (e, 0%) 4+ 2001, (x5, Q.8 ,2) [ daf, (@, Q%)

ACOISY) (75)
3 o o™(xpj, 0%2) [dof, (e, %) + 207 (xpj, 0%,2) [ dofy(a, 0?)
Let us introduce the so-called dilution factors as
Up(n)(x . Q2’Z)
dp(x5.2) = - —— — (76)
<NVl)a (xBj7 Q 7Z) + 2<Np)ap(x3jv Q 3Z)
where
EmﬂX
(Np)) = / dE / dPris PP (E.pis)0[ W7 — (mpay + mz)?], a7
Enin

Notice that within PWIA and in the Bjorken limit, when Wy — oo, then (N ,)) must strictly be 1, providing an obvious physical
meaning. In the presence of FSI, there is a depletion that spoils the above interpretation in terms of number of nucleons involved
in the elementary process.

By using the dilution factors, Eq. (75) can be approximated as follows:

Col(Siv) . 1 Col(Siv) 1 Col(Siv)
Asp 2 py d AT 4+ 2 pry dp ATOON, (78)
where AS(O ;gsw) are the free nucleon asymmetries and pnl( ) are the average, or effective, transverse polarizations of the neutron

(proton) in a transversely polarized *He nucleus, given by
Emax
Pj,_(,,) = / dE / dpmis Pp(n)J. (Evpmis)e[W)% - (mp(n) + mn)z]- (79)
Enmin

In the Bjorken limit, they are Q2 independent and can be obtained directly from the nuclear wave function, without evaluating
the complicated final states entering the spectral function. In such a limit, by adopting the nucleon-nucleon AV 18 interaction and
disregarding relativistic corrections (see Ref. [41]) one gets that the effective longitudinal and transverse polarizations coincide
and are equal to

Py =p)=p.=0878, p, =pl=p,~—0024

It is important to stress that, using another realistic potential, these values change by a few percent at most [20]. We also note that,
to obtain Eq. (78), the term my /Ey in the definition of the light cone momentum distibutions f]\%, Eq. (68), and fy, Eq. (70),
has been neglected in Eq. (75). We checked that this procedure introduces a change in the nuclear asymmetries of the order of a
few parts in one thousand, which is not relevant phenomenologically.
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The free nucleon asymmetries AC°I(SW) can be calculated in terms of the quark distributions and fragmentation functions

previously described, using their leadlng twist definitions [4]:

oo _ L=y X eq ) dierdked ks +ar - ker)Pr 1 ker /mp)hd" (xp; K3 ) HE " (2. (2 r)?) 50)
Y-y 42 Y, €2 [ d2erd®ky82(kr + qr — m)fﬁ*”(xB_,-,k%)D;f’h[z,(mﬁ] ’
and
v _ L [ derdkeS ke +ar — k)@ ke /ma) i (s K3) DY @, zer)?) h
N — .

>, [ drrd®kr 8 (kr + qr — ICT)flq'N(xBj,sz)Di[’h[Z,(ZKT)Z]

If Eq. (78) were a good approximation of reality, it would be possible to use it to extract the neutron asymmetry according to
the following recipe, suggested in Ref. [15] for the polarized DIS case, and in Ref. [31] for polarized SIDIS in PWIA and in the
Bjorken limit (for j = Collins, Sivers):

1

Dty

Al ~

n

(AP —2p,d, ASP ). (82)

A theoretical check of Eq. (82) can be performed if a realistic calculation of the *He single spin asymmetries, At 7 s

introduced in Eq. (82) in place of the forthcoming experimental data Aexp ] , and models for Aexp / and A} are used in the

theo, j

theoretical calculation of A, and in the right-hand side of the above equation. If nuclear effects were safely taken care of by

Eq. (78), one should be able to extract, according to Eq. (82), the neutron asymmetry used as an input for calculating Atheo i

Namely, a self-consistency check can be carried out, in preparation of the future extraction from the experimental A" / Ithas to
be noticed that a more stringent test of Eq. (82) could be attained if SSAs of *H will become available at some time in the future
(let us recall that some steps forward in the actual use of unpolarized *H target in DIS experiments have been accomplished [39]).

VI. RESULTS AND DISCUSSION

Now we are ready to present the results of our calculation.

Let us start by providing a pictorial view of the main
quantity of interest, i.e., the distorted spectral function,
evaluated using *He and W,3 wave functions computed within
the AV18 potential [32]. As an example, the neutron spectral
function, in the unpolarized case, is shown in Fig. 2, in PWIA
and with FSI between debris and spectator taken into account,
within the GEA framework. It is clearly seen that, as found in
previous studies dedicated to quasielastic scattering [45], the
effect of FSI increases with pps, as it is easily understood by
thinking that, when ppnis = py — qis low, the final debris Y has
to be very fast. The low impact of FSI for small values of |pp;s|
is illustrated in more detail in Fig. 3, where it is shown the ratio
of the unpolarized distorted spectral function of the neutron,
evaluated for « = 1, to the PWIA one. Also, the increase of
the relevance of FSI when, at fixed |pp;s|, the removal energy
E = M35 + my — M3 increases, is physically expected. As a
matter of fact, from the energy conservation

Mi+v= \/M;g + |Pmis|® + \/M§ +Iprl*>  (83)

with My > m, + my,one can realize that the momentum |py |
has to decrease (i) for any |pns|, when the removal energy
increases, and (ii) for any €35, when |pp;s| increases. Then, the
debris gets slower and FSI sizably affects the distorted spectral
function. This is indeed what can be seen in Fig. 3.

The results for the spin-independent and spin-dependent
light-cone momentum distributions have already been eval-
uvated and shown in Ref. [31], in PWIA, using the AV18
interaction [32], but assuming the Bjorken limit (|g| >~ v). Let

(

us perform a first step forward, by illustrating in Figs. 4 and
5 the effect of JLab kinematics, at finite values of v and Q2,
on the light-cone momentum distributions (68) and (70), using
the PWIA spectral function already exploited in Ref. [31]. As
already mentioned, in the kinematics under scrutiny, the dis-

P;an (pmis s E)

A
1\’&‘“ \
60 ’ Vi

FIG. 2. The *He spectral function, for the neutron, in the
unpolarized case, as a function of ppis = |Pmis| and of the removal
energy E, in PWIA (full lines) and with FSI taken into account
within GEA framework (dotted lines), The kinematical ranges of
pmis and E correspond to the ones relevant for the calculation of
the unpolarized light-cone distribution for @ = 1, £ = 11 GeV [cf.
Eq. (71)], x; = 0.48, and Q% = 7.6 GeV?.
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FIG. 3. The ratio between the unpolarized neutron spectral
function with FSI interactions and the corresponding quantity in
PWIA that are shown in Fig. 2.

tribution functions f;(,) (e, 0%,€) and ﬁf([,)(a,QZ,c‘I) depend
on both the energy v and the momentum ¢ through the limits
of integration |Pmin(max)| and the invariant mass of the debris.
Figure 4 shows |Pmin| and |Pmax| as a function of the light-cone
variable «, for two values of the removal energy E,ie., E =0
and 200 MeV, given the electron beam energy, £ = 8.8 GeV,
and Q? = 5.73(GeV/c)?. For this kinematical choice, it is
seen that one can explore only the region where o > 0.55
(i.e., when |Pmax| > |Pminl)- By changing the kinematics, one
can investigate a wider interval of «. Figure 5, where the
PWIA distribution function fy (e, 0%,€) and f(, Q*,€) are

40 T T T T T T T T T T T T T T

2

Prin max [GeV/c]

35
3.0

2.5

1.5

1.0
0.5F

2.0
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- - P, (E=0 MeV)

min

—-—P__(E=200 MeV)
-2 P (E=200 MeV)

min

LS e T

0.0 T R .
00 02 04 06 08 1.0 12

a

FIG. 4. Dependence on « of the integration limits puin max =
[Pmin . max| in Egs. (69) and (71) for the 3bbu channel and two values
of the removal energy E, in the kinematics of the forthcoming
JLab experiments (corresponding to an initial electron energy & =
8.8GeV).

FIG. 5. The PWIA distribution functions fi (e, Q%,€), Eq. (68),
and fy(a,0%,8), Eq. (70), for the neutron (left panel) and the
proton (right panel) at £ = 8.8 GeV, and Q% = 5.73(GeV/c)?. For the
polarized proton, in the 2bbu and 3bbu channels, these distributions
are almost equal and opposite in sign, resulting in a very small total
distribution.

presented for the above kinematical conditions, shows that,
as happens in the Bjorken limit, the polarization of the *He
nucleus is almost entirely determined by the neutron one,
while the contribution of the proton polarization is very small.
It is worth mentioning that the existence of a kinematically
forbidden region @ < 0.55 can lead to slight modifications in
the normalization conditions for both the unpolarized and the
polarized light-cone momentum distributions.

In Fig. 6, the investigation on the PWIA light-cone distribu-
tions becomes more detailed. The functions fnl(p)(a, Q2,€ JE)
and f,p) (o, Q?%.€,E) of Egs. (69) and (71), respectively, are
shown for two different choices of kinematics, corresponding
to the planned experiments at JLab, and o = 0.65. Such a
value of o belongs to the region where the neutron light-
cone momentum distributions (unpolarized and transversely
polarized) have shown the biggest differences in PWIA. In
correspondence with the different kinematical choices, the
calculated curves are hardly distinguishable and one can
conclude that the dependence upon kinematics is rather mild
in PWIA.

The extraction procedure shown in Eq. (82) and proposed
in Ref. [31] for SIDIS adopting PWIA and Bjorken limit
works very well and it has been already applied in the
experimental analysis of the JLab data collected at 6 GeV [29].
In the actual JLab kinematics, a nontrivial Q? dependence
is introduced in the integration limits of the convolution
formula (cf. Fig. 4). This amounts to a deviation of the
quantities (N,), (N,,), pn, p, from their values obtained in the
Bjorken limit, namely 1, 1, 0.878, — 0.024, respectively. In
the kinematics of JLab at 12 GeV [23], this deviation is found
to be a few parts in one thousand. In Fig. 7, it is shown that the
excellent performance of the extraction procedure of Eq. (82)
does not change appreciably when we move from the Bjorken
limit to the experimental kinematics of JLab at 12 GeV [23],
corresponding to finite values of Q2 and v # |g|. Hence, the
Sivers (left panel) and the Collins (right panel) asymmetries
are well determined when our theoretical check of Eq. (82) is
carried out.

Now comes the basic issue of understanding to what extent
FSI effects between debris and remnants can modify the
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FIG. 6. The functions fy(a =0.65,0%E,E) and fi(a =
0.65,0%&,E), Egs. (71) and (69) respectively, evaluated in
PWIA, for the following kinematics: (1) £ =11GeV and
0% =17.58(GeV/c)? (dashed lines); (2) £ =8.8GeV, and Q> =
5.73(GeV/c)* (solid lines). (a) The proton and neutron functions
fn(a =0.65,0%,E,E) in an unpolarized 3He. (b) The functions

(o =0.65,0%,E,E) for a transversely polarized neutron in a
transversely polarized *He. For a transversely polarized proton, the
corresponding function, very small, is not shown.

outcomes obtained through Eq. (82) and shown in Fig. 7.
This is a crucial step for a reliable extraction of the neutron
information. As pointed out in Secs. III, IV, and V, the formal
expressions for the Collins and Sivers asymmetries obtained
within PWIA, Eq. (67), still work when FSI are considered
within GEA.

Also Egs. (68)—(70) remain formally unchanged if FSI
are included: The only difference amounts to use there
the distorted spectral function for obtaining the distorted
light-cone momentum distributions, instead of adopting the
corresponding PWIA expressions. In Figs. 8 and 9, neutron and
proton light-cone momentum distributions, obtained within
GEA for the unpolarized and the transversely polarized cases,
are shown for £ = 8.8 GeV, a value of the beam energy typical
for the planned JLab@12 experiments, and for Q% =5.73
(GeV/c)2 (i.e., one of the values which will be tested at
& = 8.8GeV). Moreover, they are compared with the corre-
sponding quantities calculated within PWIA. The differences
between the results with and without FSI are quite sizable and
therefore the quantities defined in Eqgs. (72), (73), and (74),
necessary to calculate Collins and Sivers asymmetries, are

PHYSICAL REVIEW C 96, 065203 (2017)
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FIG. 7. The neutron Sivers (left panel) and Collins (right panel)
asymmetries for the JLab kinematics at an initial electron energy of
& = 8.8GeV. Full line, the model for the neutron asymmetry used in
the calculation; dashed line, the neutron asymmetry extracted from the
PWIA calculation using Eq. (82). Calculations have been performed
at Q% = 5.73 (GeV/c)?, i.e., the central Q? value for an energy beam
& = 8.8GeV (see text).

largely affected by FSI effects, have to be carefully taken into
account. In particular, (N,), (N,), pn, pp, defined according
to Egs. (77) and (79), respectively, and calculated at the actual
JLab kinematics corresponding to Q% ~ 3 =~ 7 (GeV/c)?, are
affected by FSI and exhibit deviations from their values in the
Bjorken limit (given above) as large as 20%.

The Q? dependence of the above results is quite important,
in view of the possible construction of the EIC (see, e.g.,
Ref. [56] for the presentation of the physics case) that could
open unprecedented possibilities in the studies of the nucleon
TMDs. In order to give an idea of the impact on the future
measurements, Fig. 10 shows the ratio of the light-cone spin-
independent momentum distribution, evaluated taking into
account FSI, to the corresponding quantity obtained in PWIA,
for different values of Q2 at the peak,i.e.,a = 1. Four different
kinematical conditions have been chosen, and two of them,
namely (i) £ = 8.8 GeV, Q2 ~ 5.7 (GeV/c)?, xpj ~ 0.48 and
(i) € = 11 GeV, Q2 =~ 7.7 (GeV/c)?, xp; =~ 0.48, are typical
for JLab@12. The third and the fourth ones are kinematics
occurring at the planned EIC, namely at Epiger = 11 GeV,

<c“‘03(1)_}16ider =40GeV, Q2 =10 and 12 (GeV/c)z, Xpj = 0.48
(note that this value of x g; could be achieved by a beam energy

E =293 GeV for a fixed target experiment). It is important to

5 5
w W 4
o 3 g 3
3 3
— 2 Jc 2
W [V,
1 1
066081012 14 06 0.8 1.0 1.2 1.4
(04 (0

FIG. 8. The neutron unpolarized (a) and transversely polarized
(b) distributions, Egs. (70) and (68). Solid lines are PWIA results,
while dashed lines include effects of FSI. JLab kinematics has been
assumed, i.e., the initial electron energy is £ = 8.8 GeV and 0% =
5.73 (GeV/c)?, which is the central Q2 value for an energy beam
& = 8.8GeV (see text).
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FIG. 9. The same as in Fig. 8, but for the proton distributions.

recall that a single point in Fig. 10 represents the outcome of
a one-week run on the ZEFIRO INFN facility in Pisa, Italy.
What is found is that the effects of FSI, evaluated within GEA
framework, is almost Q2 independent but rather sizable at
JLab and EIC energies. Could one think that the extraction
procedure shown in Eq. (82) had to be abandoned in favor
of more involved and model-dependent techniques? Actually,
a crucial observation is now in order. It is clearly seen in
Figs. 5, 8, and 9 that the spin-independent and spin-dependent
light-cone momentum distributions are strongly peaked around
o = 1, both in PWIA and with FSI effects taken into account.
This means that the approximation given in Eq. (75) for
the nuclear Sivers and Collins asymmetries [cf. Eq. (67)]
should basically hold. Moreover, looking at the same figures,
it is also rather apparent that FSI produces a decrease of
all the distributions in a similar way, both qualitatively and

quantitatively. From Eq. (75), it is easy to see that the results

for the nuclear asymmetries obtained in PWIA, Al;WIA’j , Or

taking into account FSI, A?SI’j (recall that j = Sivers or
Collins), should not sizably differ from each other, due to
a cancellation of effects present in both the numerator and
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FIG. 10. The ratio of the light-cone spin-independent momentum
distribution evaluated taking into account FSI to the corresponding
quantity obtained in PWIA. The ratio is shown in the neutron case, for
o = 1, namely the value where the distributions reach their maximum
value, as a function of the momentum transfer, 02, corresponding to
four different kinematical conditions: the ones with Q% < 9 (GeV/c)?
have been evaluated by using JLab kinematical conditions, while the
rightmost diamonds are appropriate for EIC kinematics (see text).
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FIG. 11. Left panel: The *He Sivers asymmetry [see Egs. (67)
and (73)], evaluated taking into account FSI effects (full line) and
in PWIA (dashed line). Right panel: the same, but for the *He
Collins asymmetry [see Eqgs. (67) and (72)]. Calculations have been
performed at Q? = 5.73 (GeV/c)?, i.e., the central Q2 value for an
energy beam £ = 8.8 GeV (see text).

the denominator. The realization of this fact in the actual
calculation of Eq. (67) is shown in Fig. 11. In principle, in
this figure and in the two following ones, any xp; should
correspond to a slightly different value of Q2. Nevertheless,
in the xp; range explored at fixed &, the dependence on Q?
of the light-cone momentum distributions f,(c, 02,€) and

pl(n)(a, 02,£) is rather mild and therefore we will show the
results for the nuclear asymmetries, Eq. (67), at a fixed value
of 02, namely 5.73 (GeV/c)’.

Our full evaluations of the *He Collins and Sivers asymme-
tries, presented in Fig. 11, strongly encourage the investigation
of the extraction formula, Eq. (82), that relies on the validity
of the approximation Eq. (78), where effective polarization
and dilution factors are multiplied by each other. In particular,
we want to assess if Eq. (82) can be safely (or better with a
low degree of uncertainty) applied to the experimental data,
where FSI is certainly acting. The relevant product of effective
polarizations and dilution factors is found to have a very little
dependence on FSI, as one can straightforwardly realize by

TABLE 1. The PWIA values of the dilution factors d,,()(x5;,2)
and their product with the corresponding effective polarizations, in
PWIA, for the kinematical conditions of the planned experiments
at JLab, with scattering angle 6, = 30° and detected pion angle
0, = 14°. The effective polarizations are evaluated with extrema of
integrations depending upon the kinematics. At Q? = 5.73 (GeV/c)?,
i.e., the central Q? value for an energy beam £ = 8.8 GeV, one
obtains p, = 0.876, p, = —0.024 [cf. Eq. (79)], very close to the
corresponding asymptotic values 0.878 and —0.024 (i.e., in the
Bjorken limit).

g xB_/' v Pn dn(xBjyz) pndn dp(xBjaZ) ppdp
(GeV) (GeV) (GeV/e)

8.8 0.21 7.55 3.40 0304 0266 0348 —8.4x 1073
8.8 0.29 7.15 3.19 0.286 0.251 0357 —8.5x 1073
8.8 048 636 277 0257 0225 0372 —8.9x 1073
11 021 9.68 429 0302 0265 0.349 —-83x 1073
11 029 928 4.11 0.285 0250 0.357 —8.5x10°?
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TABLE II. The same as in Table I, but taking into account FSI
within GEA framework. For all the presented kinematical conditions,
one gets distorted polarizations, evaluated by using Eq. (79), with
distorted distributions. They amount to p, >~ 0.756, p, >~ —0.0265
for Q2 =5.73 (GeV/c)?, i.e., the central Q? value for an energy
beam £ = 8.8 GeV. In these conditions one gets, for the quantities
(N,) and (N,), Eq. (77), the values 0.85 and 0.87, respectively.

19 XBj v Py dn(xBj,Z) Pnd, dp(xBjaZ) ppdp
(GeV) (GeV)(GeV/c)

8.8 0.21 7.55 3.40 0.353 0.267 0405 —1.1 x 1072
8.8 029 7.15 3.19 0.332 0251 0415 —1.1 x 1072
8.8 048 636 2.77 0.298 0225 0432 —1.2x 1072
11 0.21 9.68 4.29 0.351 0.266 0.405 —1.0 x 1072
11 0.29 9.28 4.11 0.331 0250 0415 —1.1 x 1072

inspecting Tables I and II, where the dilution factors, effective
polarizations, and their products are presented with or without
FSI effects taken into account, by adopting the kinematics of
the forthcoming JLab experiments.
Considering that (i) AIS)WIA” ~ A?SI” (see Fig. 11) and (ii)
the products of effective polarizations and dilution factors are
almost the same in PWIA and including FSI, one has

i 1 PWIA, j i
J o~ J __ ~ , PWIA JPWIA 4exp,j
An - pPWIAdPWIA( 3 2p,, dp Ap )
n n
1 FSLj FSI JFSI 4exp,j
~ o p.J
- pFSIdFSI (A3 2pp dp Ap ) (84)
n n

In Fig. 12, the reliability of the above relations in the extrac-
tion of A} is illustrated through our theoretical test, where the
experimental A;Xp * is replaced by our full calculation. Indeed,
in Fig. 12, the model Collins and Sivers asymmetries for the
neutron used in the full calculations of *He asymmetries are
hardly distinguishable from the neutron asymmetries extracted

through Eq. (84) by using PWIA effective polarizations and

000l Extracted PWIA -8.0x10™ - e~ Extracted PWIA
—-—-- Extracted FSI —-—--Extracted FSI
—e— "Free" neutron//i —1.6x10'3 L —e— "Free" neutron
-0.05 -
\
2.4x10°F N\
-0.10} N\
Sivers 32x10° L w\\\Colhns
0.15} B
4.0x10°r T -
-0.20
0.2 0.3 0.4 0.5 0.2 0.3 0.4 0.5
Xgs Xpy

FIG. 12. The neutron Sivers (left panel) and Collins (right panel)
asymmetries for the JLab kinematics at an initial electron energy of
£ = 8.8GeV. Full line, the model for the neutron asymmetry used
in the calculation; dot—dashed. line, the neutron asymmetry extracted
from the full calculation of A{ with FSI taken into account, using the
extraction formula Eq. (84); dashed line, the result obtained using
Eq. (84) to extract the neutron asymmetries from PWIA results.
Calculations have been performed at Q% = 5.73 (GeV/c)?, i.e., the
central Q2 value for an energy beam £ = 8.8 GeV (see text).
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£ -0.001
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FIG. 13. The neutron Sivers (left panel) and Collins (right panel)
asymmetries, for the JLab kinematics at an initial electron energy of
£ = 8.8GeV. Full line, the model for the neutron asymmetry used
in the calculation; dot-dashed line, the neutron asymmetry extracted
from the full calculation of A] with FSI taken into account, using
the extraction formula Eq. (84); dashed line, the result obtained using
Eq. (85) to extract the neutron asymmetries from the same calculation.
Calculations have been performed at Q% = 5.73 (GeV/c)?, i.e., the
central Q? value for an energy beam £ = 8.8 GeV (see text).

dilution factors, or by considering the corresponding quantities
calculated within GEA (a preliminary version of this figure
was presented in Ref. [57]). It should be pointed out that these
quantities can be evaluated in any kinematical configuration
using our model of FSI, which is rather well constrained
phenomenologically and could be improved checking our
predictions against the spin-dependent cross sections which
will be soon available.

In addition to the above extraction procedure, one could
adopt the following one where the experimental inputs are
AS™® 7 and AP/, while the theoretical quantities reduce to the
PWIA effective polarization in the Bjorken limit. In this case,
one has a nice possibility to extract the neutron information
through another extraction scheme, independent of the FSI
model. The procedure is based on the following expression:

; 1 ; .
J ~ exXp.J __ PWIA jexp gexp,j
Ay = pPWIAd;XP (A3 2p,, dp Ap ) (85)
n
Indeed, pj}}* can be obtained from a realistic wave function

with very small model dependence (see Ref. [20] for an
analysis of the dependence of effective polarizations on
different realistic potentials). In Eq. (85), the experimental
dilution factors are

oP"(xp;, 0%,2)
o"(xpj, 0%2) +20P(xp;,0%,2)

where no dependence on the FSI model is present, unlike
Eq. (76). In Fig. 13, one sees that the uncertainty in the
extraction procedure based on Eq. (85) is not much bigger
than the one occurred by using Eq. (84). In Fig. 13, Eq. (85)
has been actually evaluated using A?SI’J instead of A;Xp"’ ,
and using, instead of d;’((s), the dilution factors evaluated
with the parametrizations of unpolarized parton distributions
[50] and fragmentation functions [53] already described in
the previous section. Therefore, Fig. 13 shows that, for a

deXp (XBj,szZ) —

pin) (86)
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safe extraction procedure through Eq. (85), the evaluation of
distorted effective polarizations and dilution factors, which
appear in Eq. (84) and depend on the adopted FSI model, is
actually not required.

In summary, the comparisons shown in Figs. 12 and 13
illustrate two methods for the successful extraction of the
neutron single spin asymmetries using transversely polarized
*He targets at JLab, and they represent the most relevant
outcomes of the present investigation.

One could argue that the very nice results obtained within
our FSI model are actually expected to hold in any description
of final state interactions which is (i) factorized and (ii)
basically spin independent, i.e., producing a similar effect in
spin-dependent and spin-independent cross sections. This last
feature is very likely to be realized for any FSI occurring in
processes where the relative energy of the interacting systems
is high, as is the case in the present study.

Indeed, the differential cross section (do/dt).; decreases
exponentially with the momentum transfer |¢| and is essentially
located at low momentum transfer |¢|, i.e., in the forward
direction. A thorough analysis of the spin dependence of
the nucleon-nucleon cross section, in terms of the analyzing
power Ay, can be found, e.g., in Refs. [58] and [59], where
the shape dependence of Ay in |¢] is studied, with particular
attention to the region where the interference terms of the
electromagnetic and nuclear interactions are important. As a
result, Ay is of a few percent at most and goes to zero as
[t| goes to zero. Consequently, only the central part of the
amplitude contributes to the integrated cross section.

VII. CONCLUSIONS

Measurements of the Sivers and Collins asymmetries
for both proton and deuteron have shown a strong flavor
dependence, motivating independent further investigations
using different targets to safely access the same quantities
for the neutron. As for any polarized neutron observable, *He
is the natural target, due to its specific spin structure. Two
experiments, aimed at measuring azimuthal asymmetries in
the production of 7% from transversely polarized *He, were
performed at JLab. From the gathered *He data [29], the
Collins and Sivers neutron asymmetries were extracted using a
procedure proposed in Ref. [31]. However, such an extraction
procedure did not consider some relevant nuclear effects,
properly evaluated in the present paper, which strengthens
a posteriori the method used in Ref. [29] to obtain the neutron
information. In particular, the extraction procedure proposed
in Ref. [31] and used in Ref. [29] was able to take care
of (i) the spin structure of 3He and (ii) the momentum and
energy distributions of bound nucleons, through a realistic
spin-dependent spectral function evaluated by using nuclear
wave functions obtained from the AV18 interaction, in plane
wave impulse approximation. The results of Ref. [31] were
obtained in the Bjorken limit, namely without considering
possible effects of the kinematics of JLab, dominated by
finite values of the energy and momentum transfers, and,
more important, without FSI effects. The problem of whether
the extraction procedure based on PWIA calculations can
be extended to a scenario where final state interactions

PHYSICAL REVIEW C 96, 065203 (2017)

between the debris, originated from the struck nucleon, and
the interacting spectator system are allowed to play a role,
as it likely happens in the actual JLab kinematics, has been
thoroughly analyzed in the present paper. We were able to
quantitatively show that the extraction procedure is basically
independent of FSI, evaluated within the generalized eikonal
approximation. In particular, in order to perform the needed
full evaluation of the FSI effects, we have extended the
calculation of a realistic distorted spin-dependent spectral
function, introduced in a previous paper of ours [38], where
we took into account the two-body break up channel only.
Actually, we have performed a highly nontrivial (from the
numerical point of view) computation of the contribution to the
distorted spin-dependent spectral function from the three-body
breakup channel, essential to obtain reliable cross sections
and in turn to robustly extract valuable neutron information.
Once such a refined spectral function became available, we
have exploited our results for calculating both Sivers and
Collins single spin asymmetries. FSI effects have been found to
produce sizable effects in both the unpolarized and polarized
cross sections. On the contrary, the SSAs are only slightly
affected by FSI, since they are ratios of cross sections, and
therefore the FSI effects cancel to a large extent. As a result,
the very same extraction procedure proven to be successful
in PWIA can be used also in a scenario where FSI effects
are relevant. This means that all the complexities related to
Fermi motion, binding, and FSI effects can be summarized
in the nucleon effective polarizations, quantities known from
accurate few-body calculations in a rather model-independent
way. This scheme is valid in a wide range of FSI models, every
time that FSI are basically spin independent (see the end of
previous section), as expected to happen at high energies (i.e.,
in the case of JLab or the planned Electron Ion Collider) and
lead to convolution formulas for the nuclear cross sections,
namely a folding of cross sections off bound nucleons and
distorted spin-dependent spectral functions.

To test our model for the FSI, we plan to compare our results
with the very recent unpolarized SIDIS cross sections from a
3He target of Ref. [46]. A more stringent test of our model
would require a comparison with measurements of SIDIS
cross sections off a polarized *He target, since polarization
experiments can be more sensitive to FSI effects. It would be
particularly interesting to investigate the kinematical regions
where FSI effects are expected to be more relevant [38].

The importance of these results for both the planning and
the analysis of experiments with transversely polarized *He
target is clear. Further studies of the same issue will involve
the implementation of GEA in the relativistic nuclear overlaps,
defined in Ref. [41], so that a light-front, distorted, spin-
dependent spectral function can be evaluated and relativistic
effects can be taken into account in a consistent framework.
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APPENDIX A: OVERLAPS FOR THE DISTORTED SPECTRAL FUNCTION
The overlaps
ON MM (€3 Pmis) = (A, TV er, (e PP G(x, p)| W3 (r, ) (W17 (', p")| . T .G, p ) pes, (X )e P, (A1)

corresponding to Eq. (50) with the index f,3 removed for simplicity, are built in terms of two- and three-body wave functions.
In particular, when the energy of the pair is €3, = t?/m, the two-body wave function reads

Lys23
By @) =47 D (Imsyzom3|J s M )Y, (D! w,,m(m IeDY) 5 (B Tosas), (A2)
lmlf Jfo
with the tensor spherical harmonics defined as
lss / A
Y ® = (lympsaols| M p) Yipm, (B) Xy, (A3)
myog
When the pair is in the deuteron state, with binding energy Ep, the two-body wave function reads
Gu,(Ep,r) = uo(r)Y iy, ®) + uz(r)Yy, (B). (A4)

The three-body wave function in Ref. [49] is defined according to the following scheme:

3
1 1 1 . 1
<01,02,03;T23,T23,f§/),1‘ HG;EM5T1> <T23T23 T > Z Z Z < 2M><Jz3m23501 XMX>
L,M, XMx jazma;
X Z Z< —02= G3|S23<723>(123M23523023|j23m23>Yzzm}(f')
§23023 I3 /423
X Y, (D)5 (x| o). (AS)

The antisymmetrization of the wave function requires /53 + sp3 + 723, where T»3 is the isospin of the pair 23, to be odd. In
addition, /3 + L, has to be even, due to the parity of *He.
Using these wave functions, one has, in the 3bbu channel,

Z /dtOﬁMM(Gzz»szs)— Z Z Z Z <XMxL M |— >< M T Mp|%M/>

023123723 023623 {0, @} Ly My My Mymosiitns
. 1 R R . o L
X ]23m23§)»|XMX Jz3m23§)» | X Mx )23 1423523023 jo3im23) (123 123523623 J2377123)

(lfme23O—23|Jf Mf><lfmfs23023|‘]f Mf> ( 5252;(623 ’pmzv) O(F?‘};Szz(ez}’pmix)’ (A6)
where {o} = {L,,M,,X, j»3,lr,my,lp3, 23} and

Ol 52 (€33:B i) = 4 / dp / dr e PG, o) o (LX) Y B Y 1,1, (0) Y, (B 05 (L 0. (AT)

When the active nucleon N is a proton p, besides the 3bbu channel, one can have also the 2bbu channel, for which the overlap
becomes

;Oi\;/:pMM,(EDapmis) = Z
D

MpMx Mxmo3iin3023623

L\ oo = = 1 1 S T
x Y <XMXLpMp|§M><XMXLpMp|§M/>< ]23m23§A|XMX>< 3oy S |XMX>

{B.B}
x (L3 pasloas] josmas ) D3 fias 1623] jostitas ) ( Lpmy loos|[1Mp )
x (L 165 1Mp ) O (Ep Pris) 05" (Ep Pimis), (A8)
where
O (Ep.puis) = f dp f dr ™ G(r, p)uL, (IF)Y} 0, )Y L1, (D) Y 1y B)125” (1T |0, (A9)

a'nd {ﬁ} = {LﬂaMﬂaXaJ2371237M237LD = 0,2,mL}.
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APPENDIX B: PROPERTIES OF THE GLAUBER DISTORTED SPECTRAL FUNCTION

Let us consider a reference frame with the z axis along the momentum transfer q. If in such a reference frame a nucleus with
J4 = 1/2 has a polarization S4, one can expand the nucleus state by using pure states polarized with respect to the quantization
axis § = ¢é,, i.e., |%, + %)q. In this case, a generic state with J4 = 1/2 and polarization directed along some direction is written

as follows:
11 1 1
—,=) =cos é—— siné—,—— , B
22/, 212’ 2 212 2 p

where cos 8 = S, - § and |%,%) 5, is a pure state polarized with respect to the quantization axis S, [see Eq. (43)]. In Eq. (19) of
Ref. [19], one can find a general expression of the PWIA spectral function,

Pu(p.E) = 3{BolIpl. E.(Sa - D)’ + 0 - Fru(p. E)}, (B2)
where p = —pp;s 18 tne nucleon three-momentum inside the target, the index M refers to the third component with respect to
the quantization axis S4, and F r(p, E) is a pseudovector depending upon the vector p and the peudovector S,

Fm(P.E) =SaBi mlIpl,E.(Sa - )1+ P(Sa - P)Bo mllpl. E.(Sa - P)’]. (B3)

In the case where the FSI is considered through a Glauber operator at high momentum transfer, there is a further dependence of
the spectral function upon the vector q and Eqgs. (B2) and (B3) are replaced by

Pum@.E.q = ${Bollpl.E.(Sa - P)*.1ql.(Sa - @*.p - 4] + 0 - Fu(p.E.Q)}, (B4)

Fm@.E.qQ) = SaBi mlIpl.E.(Sa - P)*.1q].(Sa - @p - &1 + P(Sa - P)BomlIpl.E.(Sa - P)*.1a].(Sa - ©*P - 4l
+ PSa - QB3 mlIPl.E.(Sa - P)*1a1,(Sa - @%D - G1 + 4Sa - P)BamlIPl.E,(Sa - D). 1a],(Sa - @D - 4]
+ G(Sa - @Bs ulIpl.E.Sa - D) 1al.(Sa - @D - @] + pxGBs mlIpl. E.(Sa - P)%.1a],(Sa - > p-Gl.  (BS)

The above expressions for the spectral function, put in evidence the dependence upon S4, as well as the dependence of the
scalar functions B; (i = 1, ...,6) by the possible scalars |p|,E,(S4 - P)%.1ql.(Sa - @)%.p - . If S, is orthogonal to the z axis,
F m(p, E,q) reduces to

Fu@.E.q =SaBimllpl.E,(Sa-P).1ql,p - 4l +f)(SA P)BomlIPlLE.(Sa - ). lql,P - fn

+Q(Sa - P)Bsmllpl.E.(Sa - D)*.1al.P - 4] + pxaBs mlIpl.E.(S4 - P)*.1al.P (B6)

From Eq. (B4) one has
Bollpl,E.(S4 - P)*lql.p - 41 = Tr[Pm(p,E.q)], (B7)
Fmp.E,.qQ =Tr[Pupp,E,.qo]. (B8)

Let us now express the distorted spectral function with a polarization axis along S, [cf. Eqs. (42) and (43)] in terms of the
components given in Eq. (49), that correspond to a polarization axis along ¢ by using Eq. (B1). Since we are interested in a
transversely polarized target, i.e., S, = {1,0,0}, one has to consider 8 = 90°, and the components of the spectral functions are

11
Prict oo E) = 1P 0 EQ + P, (pEq) + [P 0. E.0) + P, (0.E.q)). (BY)
If the nucleus is polarized along —S 4, the state of the nucleus can be written as follows:
1 1 . Bl 1
-, — = :—sm——,— +CO - (B10)
20 2, 2

and the spectral function becomes

o=

Pric—t oo ®.E.Q) = 5{P20.E.@) + P, > (b, E q)—[P;(,z(p,E Q+7P,.2(p.E.q]} (B11)

1
2

1
To obtain the real and the imaginary parts of the quantity [73 11 (E,Pmis) + 73l >(E,Pmis) ], needed to evaluate the single

N

_1
spin asymmetries [see Eq. (61)], let us first consider the x and the y components O .27-' (p, E,q) with S4 = S; along the x axis.

From Eq. (B6), one has
f;fx(pran) = B]y%[lpLEa(SA : ﬁ)27|q|af’ : ‘Al] + Sinz 9 COS2 ¢B2'%[|p|7Ea(SA : f’)27|q|af) : Q]

+ sin@singBg 1 [Ipl,E,(S4 - )’ lal,p - 4, (B12)

1
2
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Fi,(p.E.q) = sin® 0 cos ¢ sin B, , [Ipl. E.(Sa - )*.|a].p - §] — sin6 cos ¢ B 1 [Ipl. E.(Sa - p)*.1ql.p -4, (BI3)
where the angles 6 and ¢ define the direction of the nucleon momentum p. From Eq. (B8) and Eq. (B9), one obtains

T PEQ+P i(pEq] (Bl4)

1
2

m— \,\_
m— \,\_
m\._. ol—

{(p.E.q) + P}

m\

1
2

(S

F1,(0.E.@) = TPy (p. E.@)0] = Re[Pi*, (0. E.q) + P

f’;(p,E,q) = Tr[P y-1(p.E.@)0,] = —Im[P“l(p .qQ) +P §f( E.q)]. (B15)

(p.E.q)+P

N\-— .\,‘~
N\-— .\,‘_

1.1
(P Eq) 4+ Pr 1
2 2 2

Then let us consider the x and the y components of F 1 (p, E,q) with Sz opposite to the x axis. From Eq. (B6), one has

Fii(pE.@) = =B, [Ipl.E.(S4 - p)*.1ql.p - 4] — sin” 0 cos’ B, 1 [Ip|. E.(Sa - B)*.lq|.p - ]

+ sin@sin¢B61[|p|,E,(SA D% lal.p - 4l (B16)

Fri®.E,,q) = —sin*0 cos ¢ singB, 1[Ipl,E,(S4 - D), lal,p - 4] — sin0 cos ¢ B 1[|pl,E,(S4 - P)’.lal,p-al, (BI7)

while from Egs. (B8) and (B11) one obtains
1 _1_1 l 1 _11
(pEQ+P, 2 (p.Eq — ; ;( E.q) - %zj(p,E,Q)], (B18)

_1 1
2

~\~ ol—
m
M\'— |

FrlP.E.q) = TP y__1(p.E.q)o;] = Re[P

N\~

1
2

9
N

The difference of Eqs. (B12) and (B16) is equal to the difference of Eqs. (B14) and (B18),
1_1 11
2B, 4[Ip|,E,(Sa - )*.1al,p - 4] + 25in” 0 cos’ By, [IPI, E,(S4 - D)*.lal,p - 4] = 2Re[P} I (p.E.q) + P, *}(p.E.@)],

and the difference of Egs. (B13) and (B17) is equal to the difference of Egs. (B15) and (B19),

1_ _11
2sin’ 0 cos ¢ sin By 1Pl E.(Sa - B .lal.p - 1 = —2Im[P} (0. E.) + P, | (p.E.q)] (B21)

2 2

Let us stress that the scalar functions B; and B, do depend on the variable ¢ only through (S, - p)> = (sin @ cos ¢)?, since
P-q=cosH.

In the nucleon tensor operators Wy V' that give rise to the Collins and the Sivers effect, the nucleon momentum can appear
directly or through the nucleon spin operator Therefore, terms of zero order in p | /my can appear, as well as terms of the first,
second, and third orders (L means orthogonal to the § = Z axis) [3]. Once multiplied by the spectral function and integrated over
the nucleon momentum, the terms of the second and third orders can be discarded, since the spectral function decreases rapidly
as a function of the nucleon momentum (see, e.g., Fig. 2).

1 1

In the imaginary part, Im[wff]\,lrE ], the terms of zero order and of the first order in p | /my, once multiplied by the left-hand
side of Eq. (B21) and integrated over ¢, do not give contribution to the hadronic tensor, since one has to integrate quantities like
(cos ¢ sin @), (cos? ¢ sin ¢), or (cos ¢ sin® ¢) times a function of cos? ¢. Then the product of the imaginary quantities in Eq. (60)
does not give contribution to the cross section.

1 1

An analogous analysis can be performed on the real part Re[wﬁ,’ri] of the nucleon tensor. In this case, the terms of zero
order in p, give a nonzero contribution, while the first-order terms yield zero, once the integration over ¢ is performed.

Let us finally notice that since the transverse components of p can be disregarded, as discussed above, the expressions for
Aaév , and for Aoé\fu of Egs. (66) and (67) of our paper, that were obtained in a reference frame where p, = 0 (see, e.g.,

Egs. (6.5.18) and (6.5.17) of Ref. [3]), can be safely used.
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