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1. Introduction

Semi-inclusive deep inelastic (SIDIS) processes where a fast meson is detected are an impor-
tant tool for the knowledge of the internal hadron dynamics. Indeed, the detected meson likely orig-
inates from the fragmentation of the quark which absorbed the virtual photon and opens a valuable
window on the motion of quarks inside the parent nucleon, before the interaction with the photon.
Hence, through SIDIS reactions (see, e.g., [1, 2, 3]) one can access the transverse-momentum-
dependent parton distributions (TMDs) of nucleons (see, e.g., Ref. [4]). Neutron targets are not
available, but, within a non-relativistic approach which include the final state interaction (FSI)
through a distorted spin-dependent spectral function (SF), it has been shown the actual possibility
to get information on the neutron structure from SIDIS experiments on 3He [5, 6, 7].

For a relativistic description of few-body nuclei, we adopt a Poincaré covariant spin-dependent
SF [8], built up within the light-front Hamiltonian dynamics (LFHD) for an interacting system with
a fixed number of on-mass-shell constituents (see, e.g., [9]). The LFHD has a subgroup structure
of the light-front (LF) boosts (with a separation of the intrinsic motion from the global one) and
allows one to give a fully Poincaré covariant description of deep inelastic scattering (DIS), SIDIS
and deeply virtual Compton scattering. Furthermore, within the LFHD and using the Bakamijan-
Thomas (BT) construction of the Poincaré generators [10] one can take advantage of the whole suc-
cessful non-relativistic (NR) phenomenology that has been developed for the nuclear interaction.
A distinct feature of our approach is the ability to implement macrocausality or cluster separability,
namely the expected property that if a system is separated into disjoint subsystems by a sufficiently
large spacelike separation, then the subsystems behave as independent systems.

In Section 2 the procedure to obtain information on the neutron Collins and Sivers asymme-
tries from SIDIS experiments on *He is discussed. In Section 3 the LF spin-dependent (SD) SF
obtained from the LF wave functions for two- and three-nucleon systems is described, and the
generalization to the LF dynamics of our procedure for the extraction of neutron asymmetries is
outlined. In Section 4 the LF SF is applied to study the role of relativity for the EMC effect in *He
and preliminary results are presented. In Section 5 conclusions and perspectives are drawn.

2. Extraction of neutron asymmetries from SIDIS experiments off He

The Collins and Sivers asymmetries, Ag(s)
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, can be expressed as follows
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with Wy the invariant mass of the debris Y, which hadronizes in a nucleon and, at least, one pseu-
doscalar meson. The quantities Aag( 5) and o” in Eq. (2.1) are related to the structure of the bound
nucleon
1—y
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where z = E;,/v and models for the parton distributions h‘l”N Lq’ T N and for the fragmentation
functions H, Lah Di”h were used (see Ref. [11]). In Eq. (2.2) PN( ,p) is the unpolarized SF (see
[12]), while Py (E,p) is the transverse SF

Py (E,p) = %e{ | (E,p)} . (2.6)

In Ref. [7] the matrix elements of a distorted SD SF which includes a generalized eikonal approx-
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imation (GEA) to take care of the FSI in a NR approach were introduced
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The spin components M, M’ and A, 7L’ are defined with respect to the direction of ¢. The
operator S;(r1,12,13) = [Ti—23 [1—6(zi —2z1)T'(b; —bj,z; —z;)] is a Glauber operator which takes
care of hadronization and FSI. The model of Ref. [13] for the (generalized) profile function I'(b, z),
already successfully applied to 2H (e, e’ p)X [14], is adopted.

In Ref. [11], using the NR SF of Ref. [12] and within the plane wave impulse approximation
(IA), i.e. no interaction between the measured fast 7, the remnant debris and the interacting two-
nucleon recoiling system, it was shown that the formula [15]

A, >~

(457 2y Ag) 38)

already widely used to extract neutron asymmetries in DIS from experiments on *He, works also
in SIDIS, both for the Collins and Sivers single spin asymmetries. Nuclear effects are hidden in the
effective polarizations (EP) p, = —0.024 and p, = 0.878 and in the dilution factors, d,,).

To investigate whether the formula (2.8) can be safely applied even in presence of the FSI, the
GEA distorted spin-dependent SF was adopted in Ref. [7]. While P4 depends on ground state
properties, P73/ is process dependent, since the Glauber operator depend on the kinematics of the
process. Then for each experimental point (x,0°...) a different P! has to be evaluated !

The SFs P and PFS!, as well as the light-cone md £ and f5*! can be very different (see Fig.
1) and therefore FSI's have a strong effect on the SIDIS cross sections. However, including the FSI
the md fy and fj change in the same way and in asymmetries the md appear both in the numerator
and in the denominator. Furthermore, while FSI's change effective polarizations p,,) by 10-15 %,
it occurs that effects of GEA-FSI in the dilution factors and in the EP compensate each other to a
large extent: i.e., the products p’ (S’) dr (SI) and p”? ) d’f(‘ ) are essentially the same [6]. Then the
usual extraction of Eq. (2.8) is safe, as shown at & = 8.8 GeV in Fig. 2.



Neutron Parton Structure And The Light-front Spectral Function Of 3He Emanuele Pace

. . . . . 5t
s o —— PWIA
(&
Al - -~ FSI
4+
— = 3t
S 3 S
(e 4=
G 2L
2+
1F
1F
0 = 1
0 0.6 0.8 1.0 1.2 1.4
(00 04

Figure 1: Neutron unpolarized and transversely polarized distributions in 3He in TA (full lines) and with
FSI (dashed lines) for the initial electron energy &= 8.8 GeV and Q% = 5.73 (GeV/c)2 (preliminary results).

0.001~ - Extracted PWIA -8.0x10™*+ - e Extracted PWIA
’ —-—--Extracted FSI —-—--Extracted FSI

r —e— "Free" neutron//' -1.6x1 0—3 L —eo— "Free" neutron

-0.05+ 4
’ 2.4x10°
-0.10+ :
-0.15 Nt
4.0x10°r T B
-0.20L— ————— 03 04 0
0.2 0.3 04 0.5 0.2 0.3 04 0.5
Xg5) Xp)

Figure 2: Neutron asymmetries extracted (Eq. (2.7)) from the 3He Sivers (left panel) and Collins (right
panel) asymmetries, with and without FSI, in the actual kinematics of JLab [2] (preliminary results, see [7]).

3. Light-Front Dynamics and the Light-Front Spectral Function

An explicit construction of the 10 Poincaré generators that fulfills the proper commutation
rules in presence of interactions was given by Bakamjian and Thomas [10] : i) only the mass
operator, M, contains the interaction, and ii) it generates the dependence upon the interaction of the
three dynamical generators in LFHD, namely P~ and the transverse rotations . M is obtained
adding to the free mass M, of the system an interaction V. There are two possibilities: M? =
Mg + U (then for two particles one can easily embed the NR phenomenology) or M = My+ V. The
interaction, U or V, must commute with all the kinematical generators, and with the non interacting
spin. Then it has to be invariant for translations and rotations, as in the NR case.

For the three-body case the mass operator is Mpr(123) = My(123) + VBT, where My(123) =
\/ m?+k? + \/ m2 4+ k3 + \/ m? 4 k3 is the free mass operator, V57 a BT two-body and three-body
force, and k; (i = 1,2,3) are intrinsic momenta with k; +k; + k3 =0 [9].

The NR mass operator is written as MN% = 3m + Yici3 kiz/2m + VIR + VZIXR + V3A1’R + V{g’;
and must obey the commutation rules proper of the Galilean group, leading to translational and

rotational invariance. Those properties are analogous to the ones in the BT construction. This
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allows us to consider the standard NR mass operator as a sensible BT mass operator, and embed it
in a Poincaré covariant approach: Mpr(123) ~ MR .

To obtain within the LFHD a Poincaré-covariant spin-dependent SF for a three-particle system
in the bound state [¥y;S, T;), eigenstate of the mass operator Mgy (123) and polarized along S, let
us use the LF overlaps 1z (7s, Ts; &, €;J.J; 10, K|¥0; S, T;) in place of their NR counterparts in the
definition of the SF. The state 1y (7s, Ts; &, €;J,J; 70, K| is the tensor product of a plane wave for the
knocked-out constituent (say particle 1) with intrinsic momentum &, and a fully interacting intrinsic
state for the spectator system (say particles 2 and 3), with energy &, all moving in the intrinsic
reference frame of the cluster (1,23). When applications to DIS or SIDIS processes are concerned,
the issue of macrocausality has to be considered, i.e., if the subsystems which compose a system
are brought far apart, the Poincaré generators of the system have to become the sum of the Poincaré
generators corresponding to the subsystems in which the system is asymptotically separated. The
packing operators [9], which make it possible to include the macrocausality in the bound state, are
not considered in the present approximation. However, we implement macrocausality in the tensor
product of a plane wave for the knocked-out constituent times a fully interacting intrinsic state for
the spectator pair. Then, the LF spin-dependent SF for the three-nucleon system (*He or *H) is [8]

Pk ,k,8) = ' z:dep < M+%)

Y Y r(r Ts o, 8500510"  &K|[W0: S, T2) (S, Tes Wo K, 073038, 0, T, Ts) Lr (3.1
JJzoc Tsts

where T = £1/2, M3 is the nucleus mass, p (&) the density of the two-nucleon eigenstates (p(€) =
V€ m m/2 for the two-body continuum states and p(€) = 1 for the deuteron bound state), J the
spin and Ty the isospin of the two-body state, o the set of quantum numbers needed to completely
specify this eigenstate, and Mg = 2v/m? + me its mass. From & Mg, k| one can define k" =
E(1,23), where #(1,23) is the free mass of the cluster (1,23)

m’+|x [P Mg+ (K]
§ (1-¢)
The overlap 1 (ts, Ts; &, €;J.J; 10, K|¥o; S, ) is defined as follows [8]
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where Kj3 is the intrinsic momentum of the (23) pair, k is the intrinsic nucleon momentum in
the (123) system (k; = k,, since we choose the 3He transverse momentum P, = 0), kt =
& Mo(123) = k™ My(123)/.#,(1,23), with My(123) the free mass of the three-particle system

m?+ |k |? n M35+ |k |?

M5(123) = = (1-¢)

(3.4)
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and M3, = 4(m? + |kp3|?) the mass of the spectator pair without interaction ! In Eq. (3.3) one
has k, = 3 [k — (m>+ |k |*)/k"], Ex3 = \/M%+ |k|? and Es = /M2 + |k[>. Furthermore
D ir,c’ N
Melosh rotation Ry (K) is the rotation between the rest frames of the particle reached through a LF

(R,J[,,(f()) is the Wigner function, needed for coupling angular momenta in LFHD, and the

boost or a canonical, rotationless boost [9]. In our calculations, we identify the instant form (IF)
overlaps of Eq. (3.3) with the NR wave functions for the two-nucleon and the three-nucleon [16]
systems, corresponding to the NN interaction AV18 [17].

We are presently planning to test our extraction procedure of neutron asymmetries from >He
asymmetries using the LF SF and including in our LF description the FSI between the jet produced
from the hadronizing quark and the two-nucleon spectator system through an extension to the LF
framework of the GEA of Refs. [13, 14], as we did in the NR case [5, 7].

4. Light-front momentum distribution and preliminary results for the EMC effect

From the LF SF one can obtain the momentum distribution f;‘(n) (2)

f?(z):/oldg/dm/dx m Tr[27(E ko k,S)] 5(1—%) @.1)

that naturally fulfills normalization and momentum sum rule

.MA/m 1 MA/m M
/0 dz f7(z) =1 MSR = Z/o dzz [Zf)(2)+(A-2)f}(z)] = A—; (4.2)

because of the symmetry of the three-body bound state (see [8]). To investigate whether the LF SF
can affect the EMC effect, we first evaluated the nuclear structure function Fj'(x) (x = Q*/2mv)
as a convolution of the nuclear SF and of the nucleon structure function for the proton and the
neutron. Then we obtained the ratios

_ A (x)
ZFH )+ (A-2) ()

Ry (x) (4.3)
and RY¢(x)/RY(x). For the two-body channel an exact calculation was performed. In the three-
body channel average values for k>3 were inserted in Eq. (3.3). Our preliminary results are shown
in Fig. 3 and encourage us in performing the full LF calculation.

5. Conclusions and Perspectives

An investigation of SIDIS processes off >He beyond the NR, impulse approximation approach
is presently being carried out. A Generalized Eikonal Approximation has been used to deal with the
FSI effects and a distorted spin-dependent spectral function, still non relativistic, has been defined
[5, 7]. It has been shown that the formula (2.8) can be safely used to obtain both the Collins and
Sivers neutron asymmetries from the measured Collins and Sivers asymmetries of *He [7].

A Poincaré covariant description of A=3 nuclei, based on the LFHD, has been proposed [8].
The BT construction of the Poincaré generators allows one to embed the successful NR phe-
nomenology for few-nucleon systems in a Poincaré covariant framework. Then a LF SF can be
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Figure 3: 3He EMC effect. Solid line: result for the LF SE, with exact calculation in the 2-body channel, and
average energies in the 3-body one: < k3 >= 113.53 MeV (proton), < kp3 >= 91.27 MeV (neutron), cor-
responding to the average kinetic energy of the intrinsic motion of the (23) pair in the continuum spectrum.
Dotted line: result with the approach of Ref. [18] for the SE. Experimental data are from Ref. [19].

defined that exactly fulfills both the normalization and the momentum sum rule. The nucleon SF for
3He, has been evaluated by approximating the IF overlaps in Eq. (3.3) with their NR counterparts,
calculated with the AV18 NN interaction, since it fulfills rotational and translational symmetries.

Let us stress two important features of our LF spectral function : i) the definition of the nu-
cleon momentum X in the intrinsic reference frame of the cluster (1,23); and ii) the use for the
calculation of the LF spectral function of the tensor product of a plane wave of momentum X times
the state which describes the intrinsic motion of the fully interacting spectator subsystem. These
new features allows one to take care of macrocausality and to introduce a new effect of binding in
the spectral function.

A first test of our approach is the EMC effect for 3He. The 2-body contribution to the nucleon
SF has been calculated with the full expression, while for the 3-body contribution average values
for < k§3 > have been used. In the comparison with experimental data, encouraging improvements
clearly appear with respect to the non-relativistic result. Therefore, relativistic effects generated by
the fulfillment of Poincaré covariance at the nucleus level, seem to be required to identify unam-
biguously new, genuine QCD phenomena inside the nucleus itself.

Our next steps will be the full calculation of the EMC effect for 3He, including the exact
3-body contribution, and the introduction of the FSI through the GEA within the LFHD.
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