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Polarized electron-deuteron deep-inelastic scattering with spectator nucleon tagging
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Background: Deep-inelastic scattering (DIS) on the deuteron with detection of a proton in the nuclear fragmen-
tation region (spectator tagging) represents a unique method for extracting the free neutron structure functions
and studying their modifications by nuclear binding. The measured proton momentum controls the nuclear con-
figuration during the DIS process and enables a differential analysis of nuclear effects. Combined with electron
and deuteron polarization, spectator tagging can be used to extract the free neutron spin structure functions and
explore spin-dependent nuclear effects. Such measurements would become possible with the future electron-ion
collider (EIC) with polarized electron and deuteron beams and forward proton detectors.

Purpose: Develop theoretical framework for polarized deuteron DIS with spectator tagging. Calculate the
differential cross section and spin observables with spectator tagging; separate low-energy nuclear structure from
high-energy DIS process; calculate the polarized deuteron spectral function; study the dependence on the tagged
proton momentum; formulate procedures for neutron spin structure extraction.

Methods: The spin density matrix formalism is used to describe general deuteron polarization in collider exper-
iments in relativistically covariant form (vector and tensor polarization, pure states and ensembles). Light-front
(LF) quantum mechanics is employed to factorize nuclear and nucleonic structure in the DIS process. The po-
larized deuteron LF wave function in the proton-neutron degrees of freedom is constructed in a 4-dimensional
representation (4-vectors, bispinors), which avoids the use of explicit Melosh rotations and permits efficient eval-
uation of spin sums. Correspondence with nonrelativistic deuteron structure in the rest frame is established. The
polarized deuteron LF spectral function is constructed to summarize the relevant deuteron structure information.
Tagged deuteron structure functions are calculated in the impulse approximation (IA). Free neutron structure
functions and spin asymmetries are extracted using complex analyticity in the tagged proton momentum (pole
extrapolation).

Results: General formulas for the polarized tagged deuteron cross section in relativistically invariant form (de-
polarization factors, structure functions, spin asymmetries). Analytic and numerical results for the polarized
deuteron LF spectral function and the nucleon LF momentum distributions (vector and tensor polarization, S
and D-waves). Practical expressions for the polarized tagged deuteron structure functions in the IA, permit-
ting studies of the tagged proton momentum dependence and free neutron structure extraction through pole
extrapolation.

Conclusions: Tagged DIS provides new tools for precise neutron spin structure measurements. D-wave depolar-
ization can be eliminated through the tagged proton momentum dependence. The neutron spin structure function
g1n can be extracted efficiently from the tagged deuteron helicity asymmetry (1 states only, 0 state not needed).
The methods can be extended to study tensor-polarized observables, spin-orbit effects in deuteron breakup, and
exclusive and diffractive scattering processes.
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I. INTRODUCTION

Exploring the spin-dependent partonic structure of the
nucleon and the numerous polarization-induced phenom-
ena in QCD processes is a principal objective of mod-
ern nuclear physics; see Refs. [IH4] for a review. This
program requires measurements of deep-inelastic lepton
scattering (DIS) on both the proton and the neutron.
Proton and neutron data are needed to separate the
isovector and isoscalar combinations of the nucleon spin
structure functions, which are subject to different short—
distance dynamics (QCD evolution, higher—twist effects,
small-z asymptotics) and give access to different com-
binations of the parton densities (non-singlet quarks vs.
gluons and singlet quarks) [5H9].

The isovector structure function g1, — g1, exhibits pure
non-singlet QCD evolution and provides direct access to
the flavor-nonsinglet polarized quark densities. Its mo-
ment (integral over ) can be used for precision studies of
perturbative QCD and extraction of the strong coupling
constant, see Refs. [I0HI7] and references therein, and
is asymptotically constrained by the Bjorken sum rule,
a fundamental prediction of current algebra that can be
tested experimentally [I8]. The isoscalar structure func-
tion g1,+g1 exhibits singlet evolution and can be used to
extract the polarized gluon density and the flavor-singlet
polarized quark densities. Both isospin combinations are
needed to determine the flavor decomposition of the po-
larized quark densities and their contributions to the nu-
cleon spin; see Refs. [BHI] and references therein. The
subasymptotic power corrections to the spin structure
functions give access to higher-twist matrix elements de-
scribing non-perturbative quark-gluon correlations in the

nucleon, for which theoretical calculations predict a sig-
nificant isospin dependence [19H22], consistent with em-
pirical extractions [23, 24]. Neutron and proton data
together are also needed to explore the dynamical mech-
anisms causing single-spin asymmetries in semi-inclusive
DIS, where there are signs of large isovector structures,
see Refs. [25] 26] and references therein.

Neutron spin structure functions are measured in DIS
on polarized light nuclei, principally the deuteron d = 2H
and 3He. Experiments have been performed at SLAC
[27H34] , DESY HERMES [35, [36], CERN SMC [37],
CERN COMPASS [38H40] and JLab 6 GeV [13, 41-44],
and will be extended further with the JLab 12 GeV
Upgrade [45]. The extraction of the neutron structure
functions from the nuclear DIS data faces considerable
theoretical challenges; see [46H54] and references therein.
The DIS process can happen on the protons or neutrons
in the nucleus, causing dilution of the neutron signal.
Spin depolarization occurs due to higher partial waves in
the nuclear wave function. Nuclear binding modifies the
apparent neutron structure functions through the Fermi
motion and dynamical effects (EMC effect at > 0.3; an-
tishadowing at  ~ 0.1; nuclear shadowing at = < 0.01).
These modifications reveal different aspects of nucleon
interactions in QCD and are themselves objects of study.
In spin structure measurements with polarized 2He, the
presence of A isobars in the nuclear wave function (non-
nucleonic degrees of freedom) [52, 53] modifies the ef-
fective neutron polarization compared to non-relativistic
nuclear structure calculations [48], 55].

The main difficulty in the theoretical treatment of the
nuclear modifications lies in the fact that they strongly
depend on the nuclear configurations present during the
DIS process. Both the state of motion and the strength of
interaction of the active nucleon depend on the configura-
tion and exhibit considerable variation, as determined by
the quantum-mechanical motion of the interacting sys-
tem. In inclusive measurements one attempts to account
for these effects by modeling their dependence on the
nuclear configuration and summing over all configura-
tions. The resulting theoretical uncertainty represents a
significant source of the systematic error in neutron spin
structure function extraction. Efforts should be made to
reduce this theoretical uncertainty as the experimental
data are becoming more precise. Another strategy is to
consider alternative measurements that permit control of
the nuclear configuration during the DIS process.

DIS on the deuteron with detection of a proton in the
nuclear fragmentation region, e +d — ¢’ + X + p, rep-
resents a unique method for performing neutron struc-
ture measurements in controlled nuclear configurations
[56]. The proton is detected with momenta p, < 300
MeV in the deuteron rest frame. At such momenta the
deuteron can be described with good accuracy in terms of
nucleonic degrees of freedom (pn), and its wave function
in nucleonic degrees of freedom is known well both in
non-relativistic and in LF quantum mechanics (see be-
low). Configurations with A isobars are suppressed in



the isospin-0 system [56]. The detection of the proton
identifies DIS events with active neutron and eliminates
dilution. The measurement of the proton momentum
controls the nuclear configuration during the DIS process
and enables a differential treatment of nuclear effects. By
extrapolating the proton momentum dependence to the
unphysical region one can reach pn configurations where
the neutron is effectively free, and nuclear binding ef-
fects and final-state interactions disappear, which makes
possible the extraction of free neutron structure (pole
extrapolation, or on-shell extrapolation) [57]. The tech-
nique is theoretically appealing and practically feasible.
If it could be applied to polarized electron-deuteron scat-
tering with proton tagging, one could use it to extract the
free neutron spin structure function.

Measurements of DIS on the deuteron with proton tag-
ging have been performed in fixed-target experiments at
JLab with 6 GeV beam energy with the CLAS spectrom-
eter and the BoNuS proton detector [58, 59]. The data
provide constraints on the Fy,/F5; structure function
ratio and the d/u quark density ratio at large x. The
measurements will be extended to 11 GeV energy with
the BoNuS and ALERT detectors [60, [6I]. The BoNuS
setup detects only protons with momenta p, 2 70 MeV,
as slower protons cannot escape the target; the measure-
ments therefore use only a small part of the deuteron
momentum distribution and preclude accurate on-shell
extrapolation. The setup is also limited to unpolarized
targets. Other DIS experiments with proton and neutron
tagging at larger momenta p,, ~ few 100 MeV explore
the EMC effect and its connection with nucleon short-
range correlations [62H64].

The future Electron-Ion Collider (EIC) at BNL will
greatly expand the capabilities for DIS measurements
on the proton and on light and heavy ions [65] 66].
The proposed design will enable electron-proton col-
lisions at center-of-mass (CM) energies /5, ~ 20-
140 GeV and luminosities ~ 1023103 ¢cm=2 s7!, and
electron-deuteron collisions at electron-nucleon CM en-
ergies y/seny ~ 20-100 GeV and similar luminosities per
nucleon [67, 68][] In DIS on the deuteron at the col-
lider, the spectator nucleon moves forward with approx-
imately half the deuteron beam momentum and can be
detected with forward detectors integrated into the inter-
action region. The development and integration of such
forward detectors have been a priority of the machine
design effort and have made major progress. The cur-
rent conceptual design includes a magnetic dipole spec-
trometer with multiple active elements for forward pro-
ton detection, and a zero-degree calorimeter for forward

1 For a given ion/proton storage ring design (ring radius, magnetic
field, etc.), the energy per nucleon in a relativistic ion beam
with A > 1 is generally lower than that of a proton beam by a
factor Z/A (the nuclear charge to mass number ratio). When the
ion/proton beams collide with an electron beam of fixed energy,
the squared CM energies per nucleon of the collision are therefore
related as sey = (Z/A) Sep-

neutron detection. The apparatus can detect protons
with transverse momenta from zero to ~ few 100 MeV
with a resolution < 30 MeV, and longitudinal momenta
from ~ 0.5-1.5 times the nominal spectator momentum;
for details and neutron detection see Ref. [69]. The EIC
thus provides excellent capabilities for deuteron DIS with
proton tagging. The collider offers many advantages over
the fixed-target setup: protons can be detected down to
zero momentum in the deuteron rest frame; the magnetic
spectrometer provides good momentum resolution; and
tagged measurements can be performed with polarized
deuteron beams.

Polarization of the deuteron beams in the EIC is re-
garded as technically possible and considered as a fu-
ture option [68]. Maintaining deuteron polarization in
a storage ring is more challenging than proton polar-
ization, as the small magnetic moment of the deuteron
renders spin manipulation more difficult. Possibilities
for realizing deuteron polarization in the EIC circular
storage ring are under investigation; see e.g. Ref. [70].
(A unique solution to the problem of deuteron polariza-
tion is a figure-8 layout of the ion ring that compensates
the spin precession within one turn, as was proposed in
an earlier alternative EIC design [71].) Together with
the forward detection capabilities, deuteron polarization
raises the prospect of using polarized deuteron DIS with
proton tagging for precision measurements of neutron
spin structure at EIC. The setup could also be used for
measurements of bound proton spin structure with neu-
tron tagging, of spin-dependent diffractive processes on
the deuteron with proton and neutron tagging, and of
tensor-polarized deuteron structure. The physics poten-
tial such measurements at EIC has been explored in an
R&D project [72H74).

In this article we develop the theoretical framework
for DIS on the polarized deuteron with spectator tag-
ging. The development proceeds in three steps. In the
first step, we derive the general expressions of the dif-
ferential cross section of polarized electron-deuteron DIS
with spectator tagging for the case of arbitrary deuteron
polarization (vector and tensor), including the spin asym-
metry observables corresponding to specific polarization
states in colliding-beam experiments (depolarization fac-
tors). In the second step we separate the high-energy
DIS process from the low-energy nuclear structure us-
ing methods of light-front quantization, calculate the
deuteron structure elements entering in the description
of tagged DIS in the impulse approximation (IA), and
study their properties (limiting cases, sum rules). In the
third step we evaluate the longitudinal spin asymmetries
in polarized tagged DIS, study their dependence on the
tagged proton momentum analytically and numerically,
and formulate the procedures for neutron spin structure
extraction, including pole extrapolation. We find that
the neutron spin structure function g1, can be extracted
efficiently from the tagged longitudinal spin asymmetry
formed with the deuteron’s +1 spin states only (without
the 0 state, involving effective tensor polarization). We



comment on possible extensions of the methods to the
study of tensor-polarized observables, spin-orbit effects
in deuteron breakup, and exclusive scattering processes.
Many of the applications considered here were originally
discussed in the work of Ref. [75]. Some preliminary re-
sults of our study were reported earlier in Ref. [76].

Our theoretical treatment of deuteron structure in
tagged DIS employs the methods of LF quantization of
nuclear systems developed in Refs. [46, [56] and summa-
rized in Ref. [77] (for a general review of LF quantiza-
tion, see Refs. [78H80]). High-energy processes such as
DIS probe the nucleus at fixed LF time 2t = 2% +2%. A
description of the nucleus in terms of nucleonic degrees
of freedom at fixed 27 permits a smooth matching of
nuclear and nucleonic structure, preserves the partonic
sum rules for the nucleus (baryon number, LF momen-
tum, spin), and exhibits a close correspondence with non-
relativistic nuclear structure. The LF wave function of
the deuteron in nucleon degrees of freedom can be ob-
tained by solving the dynamical equation with realistic
NN interactions or constructed approximately from the
nonrelativistic wave function. The deuteron and nucleon
spin states are introduced as LF helicity states, or boost-
invariant extensions of the rest-frame spin states, and the
deuteron LF spin structure is obtained in direct analogy
to the nonrelativistic system (S and D waves). In the tra-
ditional “3-dimensional” formulation of LF spin structure
one describes the nucleons by LF 2-spinors that are re-
lated to the canonical 2-spinors by the Melosh rotation,
and constructs the deuteron LF wave function from the
3-dimensional wave function in the center-of-mass frame.
In the present work we employ a “4-dimensional” for-
mulation [75, RI], in which the nucleons are described
by LF bispinors and the coupling to the deuteron is im-
plemented through a 4-dimensional vertex function (the
equivalence of the two formulations is demonstrated in
Appendix . It permits efficient evaluation of the sums
over the nucleon LF helicities and leads to LF formulas
in close analogy with those of relativistically covariant
quantum field theory (Feynman diagrams). In particu-
lar, in the 4-dimensional formulation the effective polar-
ization of the neutron in the deuteron (at a given LF
momentum) can be described by a spin density matrix
of the same form as that in covariant field theory, with
the entire deuteron structure information condensed in
an axial 4-vector (polarization vector).

The article is organized as follows. In Sec. [[I] we re-
view the formalism of relativistic spin density matrices
of the spin-1/2 and spin-1 system, which will be used
throughout this work. In Sec. [[TI] we present the gen-
eral expressions of the cross section and structure func-
tions of tagged DIS on the polarized deuteron with vector
and tensor polarization, including the spin asymmetries
measured in colliding-beam experiments. We express the
kinematic factors (effective polarizations, depolarization
factors) in manifestly relativistically invariant form as
suitable for colliding-beam experiments. In Sec. [[V] we
summarize the elements of LF quantization and describe

the deuteron LF wave function in the 4-dimensional for-
mulation of the spin structure, including its correspon-
dence with the nonrelativistic wave function. In Sec. [V]
we develop the formalism for the evaluation of nucleon
one-body operators in the polarized deuteron at fixed
LF momentum of the spectator. We derive the effec-
tive spin density matrix of the neutron, calculate the
LF momentum distribution of the neutron in the polar-
ized deuteron, and study its momentum and spin de-
pendence. In Sec. [VI we calculate the polarized tagged
DIS cross section and the spin asymmetries in the TA,
separating nuclear and nucleonic structure, and study
the dependence on the tagged proton momentum. In
Sec. [VIT] we study the analytic properties in the tagged
proton momentum and discuss the strategies for neutron
spin structure extraction through pole extrapolation. In
Sec. [VIII] we summarize the methodological and practical
results and discuss possible extensions of the methods to
other scattering processes and to nuclei with A > 2. Ap-
pendix [A] summarizes the definition and properties of the
LF helicity spinors used in the calculations. Appendix [B]
describes the 3-dimensional formulation of the deuteron
spin structure in LF quantization and demonstrates the
equivalence to the 4-dimensional formulation used in the
calculations.

Some explanations are in order regarding the limita-
tions of the present study. In the polarized tagged DIS
cross section we consider only the structures after inte-
gration over the azimuthal angle of the proton (in the
frame where the deuteron and the virtual photon mo-
menta are collinear); these structures correspond to those
measured in “untagged” DIS and are used for neutron
spin structure function extraction. When the azimuthal
angle dependence is included, the number of independent
structures in the polarized tagged DIS cross section for
the spin-1 target becomes very considerable, especially in
the case of tensor polarization; this case will be consid-
ered in a separate study [82).

In the treatment of nuclear structure effects we limit
ourselves to the TA, which is sufficient for studying the
tagged spin asymmetries used for neutron structure ex-
traction and their analytic properties at small proton mo-
menta. FSI in unpolarized tagged DIS at intermediate x
(~ 0.1-0.5) were calculated in Ref. [77] and found to be
moderate at proton momenta <100 MeV (in the deuteron
rest frame); the calculations could be extended to the
polarized case. In the practical applications we consider
the leading-twist longitudinal spin asymmetries used for
tagged measurements of the neutron spin structure func-
tion g1,; our general expressions cover also the power-
suppressed transverse spin asymmetry and the contri-
butions of go,, and the IA calculations could easily be
extended to these observables.



II. SPIN DENSITY MATRICES
A. Spin-1/2 particle

We begin by reviewing the formalism of spin density
matrices for ensembles of spin states (mixed polarization
states) of spin-1/2 and spin-1 particles. We focus on
the relativistically covariant representation of the density
matrices in terms of 4-vectors and tensors, which will be
used throughout the subsequent calculations.

Consider a relativistic spin-1/2 particle with spin
states labeled by the quantum number A = :i:%; the exact
definition of the spin states is not needed here and will
be specified later. An ensemble of spin states is described
by the density matrix in spin quantum numbers,

pAN), D p(AA) =1. (2.1)
A

Each spin state of the particle corresponds to a bispinor
wave function u(p, A), normalized such that du = 2m,
where p is the 4-momentum and m the mass. The spin
density matrix in bispinor representation is defined as

p = p(A\N) ulp, Na(p, N),
AN

tr[p] = 2m. (2.2)

A general spin observable is given by a matrix in spin
quantum numbers O(X, A). In the bispinor representa-
tion it corresponds to a bilinear form
ON,A) = u(X,p)Tu(A,p), (2.3)
where the specific form of the matrix I' depends on the

observable. The expectation value of the observable in
the spin ensemble is then obtained as

(0) = > p(\X)O(N,\) = tr[pT].

FBY

(2.4)

The spin density matrix Eq. (2.2) transforms covariantly

under Lorentz transformations. It can be decomposed

into an unpolarized and a polarized part,
p = p[unpol] + p[pol]. (2.5)

The unpolarized part depends only on the particle 4-

momentum and is given by

(2.6)

plunpol] = 3(py+m)  [py=p"y,l.

The polarized part is parameterized in terms of a real
axial 4-vector s (“polarization 4-vector”)

plpoll = 3(py+m)(sy)y°,  sp =0, (2.7a)

st

1
_ KD 9
i Calmeih (2.7b)

where we follow the conventions of Ref. [83]E|

7 = —iryly?y 2.8a)

tr [7a76777675] _ 47;6(15'\/6, 60123 —1.

(2.8b)

The polarization 4-vector is, up to a factor, equal to the
axial current of the particle. Specifically, in the parti-
cle’s rest frame, p[RF] = (m,0), the components of the
polarization 4-vector are

s[RF] = (0,8), 0<|S|><1, (2.9a)
St =Y p(A\ X))o (XN, (2.9b)
AN

S is the polarization 3-vector in the rest frame, and
al(N,A) = (N[e¥|\)(i = 1,2,3) are the matrix ele-
ments of the spin operator between states with spin pro-
jections A and X [if the spin is quantized along the
z-axis, these matrix elements are the Pauli matrices:
a'(N,A) = (6%)aa]. It follows that the 4-vector in any
frame satisfies

0 < |s% < 1.

52 < 0, (2.10)

B. Spin-1 particle

The spin-1 particle can be treated in analogy with the
spin-1/2 case; see Ref. [84] 85] for a general discussion.
The spin states of the spin-1 particle are labeled by the
quantum number A = (—1,0,1). An ensemble of spin
states is described by the density matrix
> p(AA) =1.

A

p(AN), (2.11)

Each spin state corresponds to a 4-vector wave function

e“(p, A), e = —1, ep = 0. (2.12)
The spin density matrix in 4-tensor representation is de-

fined as

P =3 p(AN) €(p, N (p, X) (2.13a)
AN
papaﬁ = paﬁpﬁ =0, pte = —L (2.13D)

A general spin observable is given by a matrix in spin
quantum numbers O(N; A). In the 4-tensor representa-
tion it corresponds to a bilinear form

OWN,N) = #*(V)Rgac™(N), (2.14)

2 In this convention the sign of 4 is opposite to the Bjorken-Drell
convention.



and the expectation value in the ensemble is obtained as

(0) = Zp(A,A/)O(AI,)\) = paﬂRﬁa' (2.15)

AN

The spin density matrix Eq. (2.13a) can be decomposed
into an unpolarized, a vector-polarized, and a tensor-
polarized part,

p*? = pPlunpol] 4+ p*Plvector] + p®?[tensor]. (2.16)

The unpolarized part is given by

1 aph

L <_gaa n pl;)
3 P

The vector-polarized part is parameterized in terms of

a real axial 4-vector s [cf. Eq. (2.7b)) for the spin-1/2
particle]

p*P[unpol] = (2.17)

p®P[vector] = ﬁe“ﬁ'yépys& sp = 0, (2.18a)
st = p*P (L") pa, (2.18b)
(L#)P = ﬁ.e’”ﬁ“py, (2.18¢)
(LM)*F = —(LMP>,  (L*)*Pp, = 0. (2.18d)

Here M is the particle mass, and the antisymmetric ma-
trices (L*)*? are the 4-dimensional representation of the
generators of spatial rotations. In the particle’s rest

frame p = (M,0) the components of the axial vector
are
s[RF] = (0,8), 0<|SP?<1, (2.19a)
St =3 p(A X)L, ). (2.19D)
AN

S is the polarization 3-vector in the rest frame, and
Li(N,X) = (N|LY\) is the angular momentum operator,
represented as a matrix in the spin quantum numbers \’
and A. Again it follows that in any frame

32<0,

0<|s? < 1. (2.20)
The description of vector polarization of the spin-1 par-
ticle is thus completely analogous to that of the spin-1/2
particle.

The tensor-polarized part of the density matrix
Eq. is specific to the spin-1 system. It can be
parameterized in terms of a real, symmetric, traceless
4-tensor tH,

p*P[tensor] = —t*, (2.21a)

tf =P e =0, pat™® = t*Fpg = 0.

(2.21b)

In the rest frame the 4-tensor components are

t%[RF] = t*°[RF] = 0,

TV = T4, T% = 0.

t9[RF] = TV, (2.22a)
(2.22b)

T% is the conventional 3-dimensional polarization ten-
sor in the rest frame. Its general decomposition, posi-
tivity conditions, and other properties, are described in
Ref. [8'3]E| In the present study we need only a special
tensor structure, which can be constructed directly in 4-
dimensional form (see below); we therefore do not need
to consider the general properties of the 3-dimensional
tensor.

In applications we need the spin density matrices of
pure states polarized along some given direction. They
can be constructed in 4-dimensional form, as a super-
position of the unpolarized, vector-polarized and tensor-
polarized parts with certain parameters. The vector-
polarized part is expressed in terms of the special axial
4-vector

s*(N,A) = AN*, pN =0, N? = —1, (2.23)
where the 4-vector NV defines the direction of polarization
and A = (—1,0,+1) is the spin projection along that
direction. Note that s* = 0 in the state with A = 0. The
tensor-polarized part is expressed in terms of the special
tensor

t*P(N, A)

1l
—_
N
N
Q
>®
hs]
Q
=

(2.24)

X
—N
\
)
:_/u)—‘
- >
1l
S 1

—
——

The density matrices of the pure states polarized in the
direction NN are then given by

p*?(N,A) = p*’lunpol]
p®Plvector, s(N, A)]

_|_
+ p*?[tensor, t(N, A)],

1 p°p®
L ap PP nans
(g +p2 NN)

(2.25a)

PPN A1) = 5

+ ﬁeaﬂ%m&, (2.25b)
p*P(N,0) = NoNP. (2.25¢)

Egs. (2.25b)) and (2.25¢) can be verified in the rest frame,
by considering the case of polarization along the z-axis,
N = (0,e,), and comparing with the explicit expression

3 The prefactor accompanying the tensor in Eq. (2.21a)) is con-
ventional. We choose —1 in order to simplify the subsequent
covariant expressions. Reference [85] uses —/2/3.



of the density matrix in terms of the polarization vec-
tors; the general relation then follows from relativistic
covariance.

Notice that the pure states with projections 41 involve
the unpolarized, vector-polarized and tensor-polarized
parts of the density matrix, while the state with projec-
tion 0 involves only the unpolarized and tensor-polarized
parts. Conversely, the unpolarized, vector-polarized and
tensor-polarized parts are expressed as combinations of
pure spin states as

p*’ [unpol]

= %[P‘”B(Nﬂrl)+p°“ﬂ(N7—1)+pa5(N,0)], (2.26a)

p®P[vector, s(N, £1)]

= i% [p*?(N,+1) — p**(N, -1)] , (2.26b)

p*Pvector, s(N,0)] = 0, (2.26¢)

p®P[tensor, t(N, £1)]

= é [p*P(N,+1) + p*?(N, —1) — 2p*F (N, 0)] , (2.26d)

p®P[tensor, t(N, 0)]

= 3 [P (N, 1) + 0P (N, =1) = 25°(N,0)].
(2.26e)

The relations demonstrate how vector and tensor polar-
ization can be prepared as a superposition of pure polar-
ization states. The vector-polarized part can be prepared
by taking the difference of the two pure states with £1.
To prepare vector and tensor polarization, one needs a
superposition of all three polarization states with +1 and
0.

In spin asymmetry measurements we encounter the dif-
ference and sum of pure states with projection +1,

1., -
3 PPN +1) = p* (N, =1)]
= paﬁ[vector,s(N,+1)]
)
= meaﬁ'ﬁpﬂv&? (2.27a)
1 af af
2PN, +1) + 5PN, 1))
= paﬂ[unpol] + paﬁ[tensor,t(N,+1)]
1 opP
=2 <_ga5 T % - NaNﬁ) : (2.27D)

The difference Eq. (2.27a)) involves only the vector-
polarized part of the density matrix; the sum Eq. (2.27b)),
involves both the unpolarized and the tensor-polarized

pes pOle pe’
7]
q
X
=]
pd, pOld pp

FIG. 1. Polarized tagged DIS on the deuteron, Eq. (3.1]).

parts. The sum appears in the denominator of spin asym-
metry measurements (see below). Inclusion of the tensor-
polarized part of the density matrix is therefore necessary
in the calculation of spin asymmetries of the spin-1 sys-
tem. Notice one important difference between spin-1/2
and spin-1 systems: In the spin-1/2 system both the po-
larized and the unpolarized density are formed from the
“maximum-spin” +1/2 states, while in the spin-1 system
only the polarized density is formed from the “maximum-
spin” +1 states, and the unpolarized density requires the
0 spin state in addition. This has consequences for the

number of experimental spin asymmetries that can be
formed in the spin-1 case (see Sec. [[IT GJ).

III. POLARIZED TAGGED
ELECTRON-DEUTERON SCATTERING

A. Kinematic variables and cross section

We now discuss the general form of the cross section
and structure functions of tagged DIS on the polarized
deuteron. The structural decomposition and kinematic
factors are presented in invariant form. The information
on the polarization of the deuteron enters through in-
variants formed out of the 4-vector s* and the 4-tensor
" (cf. Sec. [, which can be evaluated in any frame
(“effective polarizations”). The cross section formulas
presented here are general and make no assumption re-
garding composite nuclear structure; results of specific
dynamical calculations will be described in Sec. [VI} The
expressions are given with exact kinematic factors includ-
ing 1/Q? suppressed terms; simplifications pertaining to
the DIS limit will be made only in the dynamical calcu-
lations in Sec. [VIl Our notation and conventions follow
those of Ref. [77] unless stated otherwise.

We consider polarized deep-inelastic electron scatter-
ing on the deuteron with detection of an identified proton
in the deuteron fragmentation region (“tagged DIS,” see

Fig. ,
e(pe, pol,) + d(pa, poly) — €' (per) + X + p(pp)-(3.1)

pe and py are the 4-momenta of the electron and deuteron
in the initial state; pol, and pol; indicate the variables
characterizing their experimental polarization, which will
be specified below. p. and p, are the 4-momenta of the
scattered electron and the detected proton in the final



state. The 4-momentum transfer is defined as the differ-

ence of the initial and final electron 4-momenta,
q = Pe— Per- (3.2)

The kinematics is described by the invariants

(pape) > 0, (pag) > 0, Q% = —¢* > 0. (3.3)
The conventional scaling variables are defined as
_q2
Ty = , 0<ag <1, 3.4a
2(pag) (342)
y= P9 g (3.4b)
(pape)

The variable z4 is the conventional Bjorken variable for
scattering on the deuteron. The rescaled variable

T = 214, 0<z<2, (3.5)

corresponds to the effective Bjorken variable for scatter-
ing from a nucleon in the deuteron in the absence of nu-
clear binding. We use x4 in the general kinematic formu-
las in this section (for easier comparison with standard
formulas), and z in the dynamical calculations (for sim-
pler matching with nucleon structure functions). The
invariant variables involving the tagged proton momen-
tum are described in detail in Ref. [77] and will be quoted
below.

The differential cross section of polarized tagged DIS,
Eq. , in leading order of the electromagnetic inter-
action is given by

2o,y
Qb

X (Wt (Wa) | dTp, (3.6)
where Qe = €2/(47) &~ 1/137 is the fine structure con-
stant, d¢e is the differential of the azimuthal angle of
the scattered electron around the incident electron direc-
tion, and dI'}, is the invariant phase space element in the
tagged proton momentum [77]. The expression in brack-
ets is the contraction between the electron and deuteron
scattering tensors. The initial electron is in a pure spin
state described by its helicity A, = i%; we neglect the
electron mass (m, — 0) and assume helicity conservation
A, = A.. The electron tensor is given by

d¢e’

doled 'Xp| =
oled — €' Xp] -

dzq dQ?

wf” = wi”(per, pe; Ae)
= (€' (pL, Ae)[J"|e(pe, Ae))”
(€ (pe, M) T”|e(pe, Ae)), (3.7)

where J# is the electromagnetic current operator at
space-time point z = 0. The tensor consists of an unpo-
larized (helicity-independent) and a polarized (helicity-
dependent) part,

X

wh” = wh[unpol] + w’” [pol], (3.8a)
wg” unpol] = 4plp] — 2(¢"p¢ + pla”) + ¢°g"", (3.8b)

wh [pol] = (2A¢)2ie" *P qope 5. (3.8¢)

The deuteron is in an ensemble of spin states described
by a general density matrix in spin quantum numbers,
pd, cf. Eq. . The deuteron tensor is given by the
ensemble average

Wi = Wh" (pa, 4, pplpa)

= Y palra; Aa) W (pa, 4 pp| Ny Aa), (3.9a)
AdAd
Wi (Pas 4, Pp| N Aa)
= (4m)7' Y (2m)* 6 (g +pa — pp — px)
X
x (p(pp), X|J*|D(pa, Aa))" <p(pp)7X|J”\D(pd,/\é))>gb)

The last expression is a generalized scattering tensor de-
fined as a matrix between pure spin states, Ay and Mg,
which generally involves non-diagonal elements \j # 4.
The deuteron density matrix can be expressed in covari-
ant form and parameterized by an axial 4-vector and a

4-tensor, cf. Egs. (2.16]) et seq.,

pa < sh,thY. (3.10)

The averaged deuteron tensor Eq. (3.9a)) can therefore
be organized into an unpolarized part, a vector-polarized
part linear in s4, and a tensor-polarized part linear in tq,

Wi (pa> 4, pplpa)
= W}"[unpol] + W} [vector] + W}"[tensor]. (3.11)

The further structural decomposition of these terms can
be performed by using the polarization parameters sq
and t4 as building blocks in the construction of indepen-
dent tensor structures. This technique permits a simple
derivation of the spin structure of the polarized cross sec-
tion and represents the main motivation for working with
the covariant form of the spin density matrix (Sec. .
The deuteron tensor satisfies the transversality condi-
tions

Wi =0, wWi¥q, =0, (3.12)

which express the conservation of the electromagnetic
current. Because they hold for any polarization state,
the conditions must be satisfied by the individual terms
in the decomposition Eq. and constrains their ten-
sor structure.

For constructing the independent tensor structures, we
introduce a set of orthonormal basis vectors in the sub-
space spanned by the 4-momenta p, and ¢ (“longitudinal
subspace”). With

o= g (Pad)d”

= Pq 2 (qL) = 0, L* > 0, (3.13a)
2 2
Paq
L’ = (QZ) (1++%) = @(1—5-72)7 (3.13b)
d
M20? 422 M2
2 MO Lnally (3.13¢)

(pag)? Q?



where My is the deuteron mass, we define the unit vectors

uo_ LH by q*
eL = \/ﬁ7 eq = 7q2,
e? =1, e; = -1, (ereq) = 0. (3.14)

By constructing normalized tensors out of the unit vec-
tors, we separate “geometry” from “structure” and ob-
tain the invariant structure functions with a natural nor-
malization.

B. Unpolarized part

The unpolarized part of the deuteron tensor Eq. (3.11))
is symmetric in the indices pv. Its decomposition is of
the form (this is different from Ref. [77]; see below)

W, [unpol] = *%géiy Floua + %gi‘,” Fuou,na
+ (ppr-dependent structures),  (3.15)
gy = g" +eler —elel, (3.16)
gt = efey. (3.17)

g4 is the projector on the “transverse” subspace, orthog-

onal to the longitudinal subspace. In Eq. we omit
tensor structures that depend on the transverse part of
the proton momentum; these structures correspond to
terms in the cross sections that depend on the azimuthal
angle of the tagged proton momentum in the collinear
frame and vanish upon integration over the latter (cf.
Sec. . The invariant structure functions multiplying
the tensors depend on x4 and @2, as well as on variables
specifying the momentum of the final-state proton (to be

described in Sec. [II1 1)),

Foura(z, Q% {pp}), etc.  (3.18)

Fouvrae =
Here and in the following, we use a notation analogous to
that of Refs. [82] 86] to identify the structure functions
corresponding to different electron, deuteron, and virtual
photon polarization:

F[elcctronfdcutcron, photon]d»

electron = U, L
deuteron = U, Sy, St, Ty, Trr, Trr
photon = L,T

(3.19)

(the precise meaning of the labels will become clear in
the following). While more burdensome than the con-
ventional notation in simple cases, the new notation is
physically meaningful and greatly helps with managing
more complex expressions involving vector and tensor po-
larization. The unpolarized deuteron structure functions

in Eq. (3.15]) are related to those of Ref. [T7] as
Fra(Ref. [T7]) = Fyu,)a,
Frqa(Ref. [T7]) = Fyurja + Fluv,L)a

They are related to the conventional unpolarized struc-
ture functions Fi4 and Foy as

(3.20a)
(3.20D)

Fuuma = 2Fa, (3.21a)
_ 2y F2d
Fovna = T+ )Td — 2F1q, (3.21b)
1
Fiq = §F[UU,T]d7 (3.21c)
zq (] + Fj
Fyy = 4 (Fuv.ma _ wu.na) (3.21d)
147~
The longitudinal-transverse (L/T) ratio is defined as
F 1 A F
Ry = dwvnd _ (140 )P (3.22)
Fuumra 2xqF14

For computing the contraction of the unpolarized elec-
tron tensor Eq. with the unpolarized deuteron ten-
sor Eq. 7 one introduces the virtual photon polar-
ization parameter

g1 (1) [umpol]
=7 (we) u [onpol]

1—y—~2%y%/4
— v y/2 — (3.23)
l—y+y /2477y /4
which satisfies the relation
2-y)?1-¢

y? 1+4e€
The contractions of the electron momentum p, with the
momenta pg and g can then be expressed in terms of ei-
ther of the variables y or €. Specifically, the contractions
of p, with the longitudinal basis vectors Eq. (3.14]) are

= 1+72.

(3.24)

_Q [l4+e QO -y/2)
(erpe) = V1T = NEh (3.25a)
(egpe) = —% (3.25D)

The contraction of the wunpolarized electron ten-
sor Eq. (3.8b)) with the unpolarized deuteron tensor

Eq. (3.15) is obtained as
(we )y [unpol] W/ [unpol]
Q2
= 1. (Fovma + €Fuv,Lja)

1
+ (ppr-dependent structures) (3.26a)
2
=1 GF[UU,T]d(l + eRy)
+ (ppr-dependent structures). (3.26b)



The expression does not include structures that explicitly
depend on the proton transverse momentum. We note
that, if such structures were included, the unpolarized
deuteron tensor would no longer be symmetric and have
a non-zero contraction with the polarized electron tensor,
resulting in an electron single-spin dependent term in the
cross section [82].

C. Vector-polarized part

The vector-polarized part of the deuteron tensor
Eq. depends linearly on the axial 4-vector sq and
contains terms antisymmetric and symmetric in pv (the
symmetric term corresponds to a single-spin dependence
of the unpolarized electron scattering cross section that is
forbidden in strictly inclusive DIS but allowed in tagged
DIS; see below). In constructing the independent ten-
sor structures we must take into account that the ax-
ial 4-vector is orthogonal to the deuteron momentum,
(pasa) = 0. It is convenient to introduce an alternative
set of longitudinal basis vectors aligned with py rather
than ¢. With

Lf: = qlu_ (pdgq)pélla (de*) = 0, (327&)
Py
2 2
L? = —M(1+72) = - I? (3.27b)
P M
we define unit vectors
7 7
. _ D . Lk
efi = d2’ BIL* = =
Dy _L*
e2 =1, 2, = —1, (eqers) = 0 (3.28)

The relation between the two sets of unit vectors,

Eqgs. (3.14) and (3.28)), is

<6d>:1<\/1+17\/1j772><z> (3.29)

The antisymmetric term in the vector-polarized deuteron
tensor is then decomposed as

€Lx Y

v 7
W, [vector] = ie”wgeq,p {eL*,o— erxr YFLs.)d
+ (eL*,a €L« T go'r) F[LST]d} 521—

+ (ppr-dependent structures).  (3.30)

Again we omit terms corresponding to azimuthal-angle
dependent structures. The factor v in first term ensures
proper normalization of the tensor,

1

VoS (3.31)

’)/:
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The polarized deuteron structure functions in Eq. (3.30))
are related to the conventional structure functions g4
and go4 as

Firs,a = 2(91a — 72 924), (3.32a)
Firspa = —27(914 + 924), (3.32D)
Flrs,ja = vFLsra
= .32
g1d 21+ 72) ; (3.32¢)
—vF — F
goq = L LSeld 7 CILSrld, (3.32d)

2v(1+~2)

The symmetric term of the vector-polarized deuteron
tensor is parameterized as

v 1 v v
Wi vector] = —L (¢hX" + XPef) Fus,
+ (ppr-dependent structures), (3.33a)
Xt = ePep yeqpsan (3.33b)

X is a true 4-vector constructed from the axial 4-vector

Sd-
To compute the contraction with electron tensor, we
expand the electron 4-momentum in the basis vectors

Bq. 629,

plet = (edpe) 65 - (eL*pe) el[i* + p};T7 (3-34)

where

(eape) = % <\/1+721/1J_FE+1> - % (3.35a)

Q [1+e€
= = 1 2
2y 1—e+ i

_ _Q(l +7%y/2) (3.35b)

YVI+9?

Q%
2(1—¢)

(CL*])E)

2
Per = —

Q@ -y-7/4)
= — 5 . (3.35¢)
(1+7%)y
The spacelike 4-vector per is the “transverse” part of the
electron 4-momentum, i.e., the component orthogonal to
the longitudinal subspace spanned by pg; and g or the
related unit vectors. We define transverse unit vectors as

"
6# — peT
TLT — 5 )
Vv _peT
b _pa — ke
ey = Peqaeraperi, = ¢“epaeqper
2 _ 2 _
e = epy = —L (3.36)



et is along the direction of p.7 in transverse space, while
ers is orthogonal to it. With these definitions, the set

{ed, ers, er1, er2} (3.37)

provides a complete orthonormal basis of the 4-
dimensional space and can be used to expand other kine-
matic vectors [the relation to the other basis set with e,
and ey, is given by Eq. } We expand the deuteron
polarization 4-vector sg4 in the second basis set. The con-
traction of the electron tensor with the vector-polarized
deuteron tensor is obtained as

(we) ww [pOl] WH" [vector]

2
= (2A€) & {m SL F[LSL]d
+ \/m ST COS¢S F[LST]d

+ (ppr-dependent structures) } , (3.38a)
(we) o [unpol] W4 [vector]

= ﬂim Stsin¢s Flusr)d

+ (ppr-dependent structures), (3.38b)

where the effective vector polarizations are defined as

S, = (er«Sd), (3.39a)
Stcosps = —(er18q4), (3.39Db)
STSin(bS = —(eTQSd). (3390)

They are given in invariant form, as contractions of the
deuteron polarization 4-vector sq with the kinematic vec-
tors of the scattering process, and can be evaluated in
any frame, depending on the experimental setupE| In
Sec. [[ITF] we derive their specific values in colliding-beam
experiments with polarized beams. Note that the effec-
tive polarizations satisfy the relation (“sum rule”)
St + 57 = —s3 = |84, (3.40)
where |Sy|? is the squared modulus of the deuteron po-
larization vector in the rest frame, cf. Eq. (2.19al).
Some comments are in order regarding the symmetric

term of the vector-polarized deuteron tensor Eq. (3.33b))

4 In Egs. (3.39b)) and (3.39c) we express the contractions of sq with

the transverse basis vectors, er; and eps, in terms of a magni-
tude St > 0 and an angle ¢g. This does not imply reference
to any particular frame, as both parameters are unambiguously
defined in terms of the invariant 4-vector contractions. In the
collinear frames of Sec. @ ST and ¢g do indeed correspond
to the magnitude and azimuthal angle of the transverse compo-
nent of the spin vector. The same applies to the effective tensor
polarizations introduced in Sec. @
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and the resulting deuteron spin dependence in unpolar-
ized electron scattering Eq. . This term describes
a dependence of the unpolarized electron scattering cross
section on the deuteron spin perpendicular to the elec-
tron scattering plane (normal single-spin asymmetry). In
strictly inclusive electron scattering such a single-spin de-
pendence is forbidden in leading order of the electromag-
netic interaction (one-photon exchange) and can appear
only in higher orders (two-photon exchange) [87)88]. Be-
cause tagged DIS is semi-inclusive scattering, in which
one places conditions on the hadronic final state, the
standard argument prohibiting a single-spin dependence
in leading order is not applicable. We therefore cannot
rule out a single-spin dependence of the tagged DIS cross
section, even after integration over the azimuthal angle
of the tagged proton momentum in the collinear frame
(see below). There certainly are non-zero single-spin de-
pendent terms in the azimuthal-angle dependent tagged
DIS cross section [82].

D. Tensor-polarized part

The tensor-polarized part of the deuteron tensor
Eq. depends linearly on the 4-tensor ¢4, Eq. .
Its decomposition in independent structures can be de-
rived using the same methods as for the vector-polarized
part in Sec. [[ITC] We expand the tensor ¢4 in the basis
Eq. and construct all independent structures satis-
fying the transversality condition Eq. . In this way
we obtain the decomposition

W [tensor]

= - e eT.(td)po (95 Flury, ma + €€l Fury, ,1)d)

2
- %eﬁ* (97" et + 977¢1) (ta)po Flumeria
+ % (97" 97" — €1’ €7") (ta) po Flumrr)a

_ b uvpo eq.p (€1)or €Lew (ta)™ Flor, p)a

+ (ppr-dependent structures), (3.41)
where
B v wov B v uv LN N TN 74
gr = g FTegeq —€rer = g F€L.CL. — €464
_ JT N A4
= —el ety — ey, (3.42a)
pro vpo — vpo
€p = etrp €Lp€qo = emr €d,p CLx,0
_ v B oV
= €T1€T2 — 6T26T1 . (342b)

Again we omit terms corresponding to azimuthal-angle
dependent structures. The first two terms in Eq.
are symmetric in pr and have the same structure as the
unpolarized deuteron tensor Eq. . The third and
fourth term are likewise symmetric in pv. These terms



contribute to the cross section of unpolarized electron
scattering from the tensor-polarized deuteron. For refer-
ence we note that our symmetric tensor-polarized struc-

ture functions in Eq. (3.42b|) are related to the byg4, ...bsq
structure functions of Ref. [84] byﬂ

F[UTLL,L]d

1 1
- {2(1 + ) zgbrg — (1 +~2)? <3b2d + bsq + b4d>

—(1++%) (;b2d - b4d> - (;bgd - bgdﬂ . (3.43a)

F[UTLL,T]d

2 v (1 1
= — 2(1 +y )bld - ;d gbzd — §b3d R (3.43b)

Fur,ra

v 2y (1 2
- -2l Zhog — oy — 2
22, {( +7%) <3b2d b4d) + (Sde b3d>:| ;

(3.43¢)
2
¥4 (1 1
—— | =b2g — =b3q | -
.y (6 2d ~ 5 3d>

The tensor-polarized part of the deuteron tensor also con-
tains a structure antisymmetric in uv, analogous to that
appearing in the vector-polarized part Eq. . This
structure is absent in inclusive DIS but may be non-zero

in tagged DIS (cf. the discussion in Sec. [I1I C]).

The contraction of the electron tensor with the tensor-
polarized part of the deuteron tensor Eq. is com-
puted in the same way as for the vector-polarized part.
We obtain

Flurera = (3.43d)

(we) o [unpol] W4 [tensor]

Q2
= 1—¢ {TLL (F[UTLL,T]d + 6F[UTLL,L]d)

LV 26(1 + 6) Tt cos ¢TL F[UTLT]d

+ € Trrcos 20t Flurer)a
+ (2Ae)v/2e(1 =€) Trrsingr, Firr, 1)a

+ (ppr-dependent structures) } ,

+

(3.44a)

5 Ref. [84] considers inclusive DIS on the tensor-polarized
deuteron, while we consider tagged DIS. The correspondence
pertains to the tagged structure functions that survive integra-
tion over the proton momentum, which are the ones listed in

Eq. .
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where the effective tensor polarizations are defined as

Trr = (epstaers) = €, (ta)po €], (3.45a)
Trrcosor, = —(eritaerns), (3.45b)
Trrsingr, = —(erataers), (3.45¢)

Trrcos2¢r, = (eritaer:) — (erataers). (3.45d)

They are given in invariant form, as contractions of the
deuteron polarization 4-tensor t; with the kinematic vec-
tors of the scattering process. Regarding the representa-
tion of the transverse contractions in terms of magnitudes
and angles, the same comments apply as in the vector-
polarized case.

E. Cross section summary

Combining the results of Secs. [ITB], [IIC| and [T D]
and using Eq., we can now assemble the general ex-
pression of the cross section of polarized tagged electron-
deuteron scattering. We separate the terms independent
of the electron helicity (U) and proportional to the elec-
tron helicity (L).

2ra2, y? der
doled — ¢’ Xp| = Wiye) dzq dQ? 2¢7r

X (Fioya + Fipja) dlyp,

(3.46a)

Fna = Fovma + €Flov,nd
+ Trr (Fury,,ma + €Fur,, ,1)a)

+ V2e(1 +¢€) Srsings Flus,ja
+ 2e(1+¢€) Tprcos o, Flury 1)a
+ € Trr cos 201, Flur,,)a

+ (ppr-dependent structures), (3.46b)

Fina = (2A¢) {\/ 1—€ Sy Flrs,ja

+ V/2¢(1 =€) Srcos s Firs,)a
+ 2e¢(1 —¢€) Tprsin gy, F[LTLT]d

+ (ppr-dependent structures) } . (3.46¢)
The expression includes all terms that do not depend on
the azimuthal angle of the tagged proton momentum in
the collinear frame and do not vanish upon integration
over that variable. The effective polarization parame-

ters are defined in Eqs. (3.39) and (3.45). The invariant
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FIG. 2. The experimental deuteron polarization in a frame
where the deuteron and electron momenta are collinear (beam
axis). The vectors NH and IN| indicate the directions of
parallel and perpendicular polarization. The angle ¢n of N
is measured relative to the plane defined by the beam axis
and the scattered electron momentum.

structure functions depend on x and Q?, as well as on
variables specifying the tagged proton momentum (to be

described in Sec. , cf. Eq. (3.18]).

F. Effective polarizations

In the cross section Eq. the information about
deuteron polarization is contained in the invariant effec-
tive polarizations Egs. and , which are de-
fined in terms of contractions of the deuteron polariza-
tion 4-vector and 4-tensor with kinematic vectors of the
scattering process. In experiments the deuteron polar-
ization is prepared with respect to some fixed axes deter-
mined by the experimental setup. In order to evaluate
the cross section and spin asymmetries one has to ex-
press the invariant effective polarizations in terms of the
experimental polarizations specific to that setup. Here
we consider the situation that the experimental polar-
izations are specified in a reference frame in which the
electron and deuteron 3-momenta are collinear and de-
fine an axis (see Fig. ,

Pe || Pa- (3.47)
This covers two cases of interest: (a) Fixed-target ex-
periments (py; = 0), in which the deuteron polariza-
tion is specified relative to the electron beam axis; (b)
Colliding-beam experiments, in which the beams collide
head-on (zero crossing angle) and the deuteron polariza-
tion is specified relative to the common beam axis. We
refer to the common axis as the “beam axis” and de-
note the directions parallel and perpendicular to it by ||
and 1. We consider pure deuteron spin states polarized
along a fixed axis (parallel or perpendicular to the beam
axis), and denote the spin projection along this axis by
Ay = {il,O}ﬁ The covariant deuteron density matrix

6 It is important to distinguish between the frames in which the
electron and deuteron momentum are collinear, Eq. (3.47) (in
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for these pure polarization states is obtained from the
general expressions in Sec. Eqgs.(2.23)) et seq.

In pure deuteron spin states polarized parallel to
the beam axis, the polarization 4-vector is of the form

B, @29,

sh = AgN*,  paN = 0, N% = —1. (3.48)

The 4-vector N can be expanded covariantly in the elec-
tron and deuteron 4-momentum as

1 M?
Nt = — |p" — d pg:| 3.49
My [ ¢ (pepa) (3.49)
In the deuteron rest frame its components are
y2 _ pE
NHRF] = (0, _ﬁ , (3.50)
Pe

and one sees that Ay = +1 (—1) corresponds to deuteron
polarization opposite to the direction (in the direction)
of the electron momentum. The effective vector po-
larizations Eq. (3.39) are calculated as contractions of
Eq. (3.48), using Eq. (3.35b) and (3.40). We obtain

2
g, = LWz, (3.51a)
V1+92
v/ 1—y— 2% /4
St cosps = — Ag, (3.51b)
V1472
Srsingg = 0. (3.51c)

The polarization 4-tensor in the same pure states is given

by the general formula Eq. , with the unit vector
N of Eq. and the spin projection Ay. The effective
tensor polarizations, Eq. , are calculated as con-
tractions of that 4-tensor. In the case Ay = £1 they can
be obtained from the vector polarizations Eq. as

1
Tor =5 (387 — 1), (3.52a)
1
Tyrr cos o, = §SLST cos Pg, (3.52b)
. 1 .
Trrsingr, = §SL St sin ¢g, (3.52¢)
1
Trr cos 2¢r, = 55’%(0052 bg — sin? os) (3.52d)

[Ag = +1 only].

which the experimental polarization is prepared), and the frames
in which the virtual photon and the deuteron momentum are
collinear, Sec. (in which the theoretical analysis of the cross
section is performed). We use “parallel” and “perpendicular” to
refer to the directions in electron-deuteron frame, and “longi-
tudinal” and “transverse” to refer to the directions in virtual
photon-deuteron frame. The term “collinear frame” per se al-
ways refers to the virtual photon-deuteron frame.



The explicit expressions are

1 [3(1+1%9/2)°

Trp = = -1 3.53
LG 1442 ’ (3:53)
1 y(1+~%y/2)\/1 —y —~2y?/4
Tircosér, =5 112 ;
(3.53b)
TLT sin d)TL = 0, (353C)
19* (L—y—*y/4)
TTT COs 2¢TT = 5 1+ 72 (353(1)
[Ad = :tl]. (3536)

In the case Ay = 0 the effective tensor polarizations are
given by (—2) times the expressions in Eq. (3.53)), cf.

Eq. (2:24).
In pure deuteron spin states polarized perpendicular
to the beam direction, the deuteron polarization vector

is again of the form of Eq. (2.23)) and Eq. (3.48)), but with

a different 4-vector IV, satisfying the conditions

peN = 0, paN = 0, N?2=-1 (3.54)

(in a frame where p. and py are collinear, the first two
conditions require that p.N = 0). An explicit repre-
sentation can be found by expanding the 4-vector in the

basis Eq. (3.37) and imposing the conditions Eq. (3.54)),
(er1pe) €7, — (e«pe) €7y
V(er1pe)® + (en«pe)?

+ singn ey ,

N#* = coson

(3.55)

where the angle ¢ is a free parameter. In the deuteron

rest frame the vector components become
N*[RF] = (0, N), p.N = 0, (3.56a)

Der — (pepe’)pe/“)e‘2

N = coson
\/|pe’ ‘2 - (pepe’)2/|pe|2
. Pe’ X Pe
+ singpy ———, 3.56b)
|pe’ X pe| (

and one identifies ¢y as the angle of the polarization di-
rection relative to the plane spanned by the vectors p.
and p. (electron scattering plane). With the polariza-
tion 4-vector given by Eqs. (3.48) and (3.55)), the effective
vector polarizations Eq. (3.39) for perpendicular polar-
ization are evaluated in the same manner as in the case
of parallel polarization, and we obtain

Y1 —y—~*y%/4

St = cospn Ag, (3.57a)
V1492
1 2
St cos pg = w cos oy Ay, (3.57b)
V1+92
St singg =singy Ag. (3.57¢)
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The deuteron polarization tensor in the perpendicular
polarized states is again given by the general formula
Eq. , with the unit vector N given by Eq. .
The effective tensor polarizations for perpendicular po-
larization are evaluated in the same manner as for par-
allel polarization. In the case Ay = £1 they again can
be obtained from the perpendicular vector polarizations

Eq. (3.57) through the relations Eq. (3.52)). The explicit

expressions are

1 [37%(1 —y — 72y?/4
TLL:6 7 117;/2!/)(:052@\;—1,
(3.58a)
Ly(1++%y/2)\/1 —y — v2y2/4
TLTcos¢TL=§7( wy/i+72y 7y?/
x cos® oy, (3.58b)

1 9y/1-—y—72y2/4

Tprsingr, = cos ¢ sin gy,
2 /1 + ,YQ
(3.58¢)
11472y +%y2 /4 .
Trr cos2¢r, = 3 ’yly—i- VZ v/ cos? ON — sin® ON
(3.58d)
[Ag = £1].

In the case Ay = 0 the effective tensor polarizations are
given by (—2) times the expressions in Eq. .

The effective polarizations depend on the kinematic
variables 24,y and Q%. For a fixed ed collision energy,
y is determined by x4 and Q?, and the polarizations are
functions of z4 and Q2 only. For the following applica-
tions it is useful to study their scaling behavior in the
DIS limit, Q% — oo with z4 fixed. The effective vector

polarizations Eqgs. (3.51)) and (3.57) scale as

{SL, Srcosps} = O{1, v} (Il pol.),
(3.59a)

{SL, St cos¢pg, Srsinps} = O{v, 1, 1} (L pol.),
(3.59b)

where v = 2z4M,;/Q is the parameter governing kine-
matic power corrections, cf. Eq. (3.13c). Thus || polariza-
tion along the beam axis induces mostly L polarization,
while | polarization induces mostly T polarization, as
expected. The scaling behavior of the effective tensor po-
larizations follows from that of the vector polarizations,

cf. Egs. (3.53) and (3.58)),
{Trr, Trrcosor,, Trrsindr, , Trr cos2¢r, }

B { O{1,7,0,7%} (|| pol.) }
(L pol.) '

(3.60)
O{1, v, v, 1}



Ty r, is of order unity for both || and L deuteron polariza-
tion. Other than it, the only tensor polarization that is
not power-suppressed in the DIS limit is T7r cos 2¢7,. for
1 deuteron polarization. Note that these statements re-
fer to the kinematic scaling of the effective polarizations,
not to the dynamical scaling of the structure functions.

In this section we have derived the effective polariza-
tions for the two idealized situations of pure deuteron
spin states polarized parallel or perpendicular to the
beam direction (in a frame where the deuteron and elec-
tron momenta are collinear). More complex experimen-
tal situations can be treated as a superposition of the
cases considered here: the cross section is linear in the
deuteron density matrix, and more general polarization
vectors/tensors can be represented as sums of the ones
considered here. This includes the case of colliding-beam
experiments with finite crossing angle at an EIC [67] [71].

G. Spin asymmetries

Experiments typically measure sums and differences of
cross sections in different electron and deuteron polariza-
tion states and their ratios (spin asymmetries). We now
derive the expressions for the spin asymmetries between
pure deuteron spin states polarized parallel or perpen-
dicular to the beam axis (see Sec. . We consider the
asymmetries formed with all three deuteron spin states
(Ag = £1,0) and those formed with the two maximum-
spin states only (Ay = £1) and compare their properties.
In the following we write the dependence of the differen-
tial cross section Eq. on the electron and deuteron
spin projections as

dO’H(Ae,Ad), doi (N, Ag), (3.61)
where || and L distinguish parallel and perpendicular
deuteron polarization with respect to the beam axis.

We first consider sums of the cross section over
deuteron spin states. The average of the cross section
in all three deuteron spin states is

1
3 [dCTH (:I:%, +1) + dO’H(:E%, -1+ dO’H (:l:%, O)]
1
=3 [doy (£3,+1) +doy (£1,-1) + do i (+3,0)]
=[] (Foura + €Fuu,nja) » (3.62)
where [...] denotes the differential phase space and flux

factors of Eq. (3.46). The average involves only the unpo-
larized structure functions. The result is the same when
averaging over || and L deuteron spin states. It does not
depend on the electron spin [as expressed by the nota-
tion £ in Eq. ], so that no additional averaging
over the electron spin is required in order to isolate the
unpolarized structure functions.
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The averages of the cross section in the two deuteron
spin states with projection +1 only are

1
3 [da'“(i%, +1) + d0‘|(i%7 —1)]

= [.][Flovma + €Fovna
+ DH[TLL] (F[UTLL,T]d+€F[UTLL,L]d)
+ Dywr Foreela + Dyjiree) Furesia) » - (3.63)

1
3 [doy(£5,+1) + do i (+35,—-1)]

= [.] [F[UU,T]d + 6F[UU,L]d
+ DL[TLL] (F[UTLL,T]d+€F[UTLL»L]d)
+ DJ_[UTLT]F[UTLT]d + DJ_[TTT]F[UTTT]d

+ Drrya)Fietiea) (3.64)

They involve the unpolarized and tensor-polarized struc-
ture functions. The functions D) (“depolarization fac-
tors”) are given by

DH[TLL] = TLL[Ad = :|:1]

1[30++%/2°

6 132 Y (3.652)
Dywree) = V2e(1+€) Tyrcos pr, [Ag = +1]
/2y =Py g
I+ (1 —y+y2/2+~%2/4) :
Dyirrr) = € Trrcos 207, [Ag = +1]
201 _ o — ~202/4)2
-3 . L=y - /4)2 ST (3.65¢)
2 (14+92)(1 —y+y?/24+~2%y%/4)



Dy, = Tro[Aa = +1]

_ 113920 -y —+%2/4)

2
6 112 cos” oy — 1|, (3.66a)
DJ-[UTLT] = \/m Ty7 cos o7, [Ag = £1]
= Y(1+79%y/2)(1 -y =y /4) (1~ y/2) cos? o
(1+2) 1 —y+y?/2+2y2/4) ;
(3.66b)
Diipryy) = V2e(1 —¢€) Tprsingr, [Ag = +1]
1 'yy(l 7y,,}/2y2/4) .
T2 . (366
2 Tyt 22t 2gp/a (s onsinon. (366
Dyp,p) = € Trrcos2¢r,[Ag = £1]
1/1 2 4,2 /4
=3 < +v1y++vz VA L2 bx — sin® ¢N>
1—y— 2,2 4
TV (3.66d)

L—y+y2/24 22 /4

In Eq. (3.65) Tr etc. are the effective tensor polar-
izations for || polarization with Ay = £1 as given in
Eq. ; in Eq. they are the same quantities
for L polarization as given in Eq. . Note that the
results are different for || and L polarization. In the
case of || polarization, Eq. , the summation over
the two deuteron spin states has canceled all electron-
spin dependent terms in Eq. , so that the result is
independent of the electron spin. It is therefore not nec-
essary to average explicitly over the electron spin. In the
case of L polarization, Eq. , the summation over
the two deuteron spin states leaves intact the electron
spin-dependent term in Eq. ,

~ (2Ae)TLT sin (;STL F[LTLT]d-

(3.67)

One must therefore average explicitly over the electron
spins if one wants to remove the electron spin depen-
dence.

We now turn to differences of the cross section between
deuteron spin states. Here we must take into account
that the tagged DIS cross section Eq. contains the
term

~ St sings Flus,d, (3.68)

which depends on the deuteron spin but not on the elec-
tron spin. In order to isolate the electron spin-dependent
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structure functions Firg,| and Frs,) we form double
spin differences with respect to both the deuteron and
electron spin, in which the single-spin dependent term
Eq. drops out. The double differences of the cross
section with respect to the deuteron spin +1 (|| or L)
and the electron spin are given by

1
i [doy(+%,+1) — doy (=3, +1)
—do|(+3,-1) + doy (-3, -1)]

=[] (Pyise) Flosiga + Dyise) Fisgia) s (3:69)
1
1 [doi(+3,+1) —doy(—5,+1)
—doy (+3,-1) +doi(—3,—1)]
= [] (DL[SL] F[LSL]d + DL[ST] F[LST]d) ) (370)
where the depolarization factors are
DH[SL] =V 1-— 62 SL[Ad == 1]
y(1—y/2)1+%y/2)
= , 3.71
1—y+1y2/2+~2y%/4 ( a)
DH[ST] =V 26(1 — 6) ST COS ¢S[Ad = 1]
_ o A202
_ -y —*?/4) (3.71b)

L—y+y?/2+~2y2/4

DJ_[SL]:\/l—EQ SL[Ad:1]
1-y/2)y/1—y—7%2/4
_ (1 —y/2) Y=V o, (3.72a)

1—y+y?/2++%y%/4

DL[ST] = \/m St cos ps[Ag = 1]
_y(L+7%y/2) V1 -y —72y?/4

L—y+y?/2+%y%/4

COS PN -

(3.72b)

In Eq. S, and St cos ¢g are the effective vector
polarizations for || polarization with A; = 1 as given in
Eq. (3.51)); in Eq. they are the same quantities for
1 polarization as given in Eq. .

From the spin sums and differences one can form two
different ratios (spin asymmetries). The ratios of the
spin differences Egs. and (3.70)) to the three-state
average of the cross section Eq. (3.62)) are
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i [doy (3, +1) — doy(=3,+1) — doy(+3, ~1) + doy(~3, ~1)]

A =
184 = T do (43, +1) + doy (=%, +1) + doy (+3, 1) + doy (=%, 1) + do| (+3,0) + doy (—1,0)]
D F + D F
_ I[Sc] '[LSL]d [I[ST] [LST]d7 (3.73)
Foura + €Flou,nja
N B ildoy (+3,41) —doy (=3, +1) —do i (+4, 1) +do (%, -1)]
1(3)d =

Loy (+3,41) +do (-1, 41) +doy (+5,-1) + dor(—3,—1) + do L (+1,0) + doy (—3,0)]

Dis,) Flusyja + Dijsy) Flrsea (3.74)
Fuura + €Flou,nja

[Here we have written the denominator as a sum over the electron spin in order to emphasize the similarity with the
numerator; because the expression in Eq. is independent of the electron spin this sum is optional and we could
just as well use the expression for a fixed electron spin.] The ratios of the spin differences Egs. and to
the two-state averages of the cross section, Egs. and Eqgs. , are

[doy (+1,+1) — doy (=3, +1) — doy(+1, —1) + doy (=, —1)]
[dUH(-l-%, +1) + dUH(—%, +1) + dUH(—&-%, -1)+ do'”(_%7 _1)}

1
Aja =1
4

Dysu) Firspya + Dyjisr) Fiosria

~ Fuuma + eFuona + Dyry) (For,, ma + €Fory,.a) + Djwre] Foriela + Dymer Fore,d
(3.75)

ildoi(+3,41) —doy (=3, +1) —do i (+3,—1) +do (-1, -1)]
ildoy(+4,+1) +do (-1, 4+1) +do i (+3,—1) + doy (-3, —1)]

Dis.) Flospya + Digse) Flosed

" Fuuma + €Fuvna + Diryy) Fure, md + €Fury . n1a) + Dipwree Fluriea + Direr) Fluteed
(3.76)

Now the tensor-polarized structure functions appear in the denominators with the depolarization factors Eqs. (3.65)
and (3.66). Both the three-state asymmetries, Aj3)q and A (3)4, and the two-state asymmetries, Aj2)q and A (2)4,
can be used for neutron structure extraction from tagged DIS and other spin physics studies and are calculated below.

The scaling behavior of the depolarization factors in the DIS limit can be inferred from that of the effective
polarizations, Egs. (3.59) and (I F|), and from the explicit expressions given above,

{Dyis.1> Dysey} = O{1,7}, (3.77)
{Dyiry0)s Dyjorer)s Dyires)y = O{L,7,7°} (3.78)
{D1is.y Dispy} = Ofy. 1}, (3.79)

{DL[TLL]v DL[UTLT] bl DL[LTLT] b DL[TTT]} = O{]‘) ’Y? /77 1}' (3'80)
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Up to power corrections O(7), the three-state and two-state asymmetries therefore simplify to

Dys.) Firs.yd

A = , 3.81
&) Foura + €Fluu,nd (3:81)
Aj@)a = Dilse) Hrsyd (3.82)
Foura + €Fovna + Dyry) (Flor,,ma + €Fur,,,114)
D51 Firsr)d
A = z L , 3.83
L(@d Fouvra + €Fluu,n)d (3.83)
D F
AL@)a= [5r] ~[L57)d . (3.84)
Fovra + €Fuopja + Diry) (Flure, rja + €Flory, pja) + Diwer) Futer)a
[
Note that, with our definition of the structure functions,
all asymmetries are O(1) in the DIS limit. In the asym- D — 2D D
metries for || polarization, the numerators involve the 11 = 2(Dugse) — vDiisr)
longitudinal spin structure function Frs, 4. The denom- o o
inator of Aj(2)4 differs from that of A(3yq by the tensor- _ (1 +99)y" /1 -y —7*y?/4 cos dx
polarized term Fiyr, , 11a+€FuT, )4, which has a form 1—y+y2/2+~%y2%/4 ’
similar to the unpolarized term Fiyy,rjq + €Fluu,)q (this (3.88a)
will become apparent in the dynamical calculations be-
low). In the asymmetries for | polarization, the nu-
merators involve the transverse spin structure function Dis = —2v(vDys,) + DJ_[ST])
Fips;1a- The denominator of A (3)4 differs from that of
A (3)¢ by two independent tensor-polarized terms and —29(1 + ) yy/1 —y — 2y2/4
thus has a more complex structure. = 1—y+42/2++2y2/4 cos oy,
For reference we note that in terms of the conven- (3.88b)
tional structure functions the three-state asymmetries and scale as
Eqgs. (3.73)) and (3.74) are expressed as
{Dy1, D2} = O{1,~%}, (3.89)
{Di1,Di2} = O{y,7} (3.90)

_ Dipgua + Dy2g2q
2(1 + eRy)F1q4 ’

(3.85)

Di1gia + D12924
A = 3.86
L3 2(1+ €Rg)Fiqg (3.86)

where the depolarization factors are now given by

Dy = 2(Dys,) — vDjjis))

201 +")y(1 —y/2 —v*y*/4)

= : 3.87
1—y+y?/2+7%y/4 (3872)
Do = =2v(yDjs,) + Djisz))
S e (3.87b)

L—y+y?/24+ 22 /4

In Aj(3)q the structure function g; appears in the scaling
limit, while go appears as a power correction ~ 1/Q?%. In
A (3yq the structure functions g; and g, appear at the
same level, but the entire asymmetry is power-suppressed

~1/Q

H. Collinear frames

In the theoretical description of tagged DIS we consider
the process Eq. in a frame where the deuteron mo-
mentum py and the momentum transfer g are collinear
and define the z—axis of the coordinate system (see
Fig.|3). This condition does not specify a unique frame,
but rather a class of frames that are related by boosts
along the z—axis (“collinear frames”). We describe the
4-vectors in this frame by their LF components

vt o= 0¥ 107, vr = (v7,0Y), (3.91)
and use the notation

(3.92)



FIG. 3. Tagged deuteron DIS in the collinear frame,
Eq. . The deuteron 3-momentum pg and the momen-
tum transfer g are collinear and define the z-axis (g points in
the negative z-direction). The initial and final electron mo-
menta, pe and p./, define the zz plane (both have positive x
components). The deuteron vector polarization is described
by the longitudinal (2-) spin St and the transverse (zy-) spin
vector St (the azimuthal angle ¢g is measured relative to the
positive z axis). The tagged proton momentum p, has both
longitudinal and transverse components (azimuthal angle ¢,).

The LF components of the 4-momenta p; and ¢ in the
collinear frame are

M2
pa = [pdﬂ =2, OT:| : (3.93a)
Pq
Q2
q = [—Sdpj y —— OT] : (3.93b)
fdpd

where the parameter £, is related to the scaling variable
Zd

2:17d
14+ /1472

Note that in our convention the 3-vector g points in the
negative z-direction, ¢* = (¢* — ¢7)/2 < 0.

The collinear frames are a class of frames related by
boosts along the z-axis (longitudinal boosts). The boosts
are performed by changing the LF components of the 4-
vectors as

§a = g + O(?). (3.94)

+ +

[T vT,or] = [eTvT e url, (3.95)
where 7 is the rapidity. If the + and — components are
expressed as multiples of pd+ and 1 /p;r, the boosts can
be effected by simply changing the value of p} from the
one in the “old” frame to the one in the “new” frame.
In this sense pz{ serves as a parameter that identifies a
particular representative of the class. In particular, the
class of collinear frames includes the deuteron rest frame,
in which

py = Ma. (3.96)
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In this way one can construct a boost-invariant theo-
retical description that can easily be matched with the
deuteron rest frame. The deuteron polarization 4-vector
in any collinear frame is given by

+ M.
Pg G2 d qz
= |45, ——955, S 3.97
Sd Md d» p}_ dy»RPdT | ( )

where S7 and Syr = (5%, 5Y) are the components of the
polarization 3-vector in the rest frame, cf. Eq. (2.19al),

Sd - (SdTa S;)v
|Sal?

(3.98a)

(S7)%+1Sar|* < 1.

(3.98b)

In the collinear frames the longitudinal unit 4-vectors
Eq. (3.28) have only + and — components,

+
D4 My
= |4, —,0 3.99
€d |:Md7pj7 T:|7 ( a‘)
+
Dg M,
L= | Pe Mg | 3.99h
= [ - ,| (3.99b)

The transverse unit 4-vectors have only transverse com-
ponents, which are chosen as the x and y directions,

€1 = [0,07 635] 5 €Ty = [O,O7 ey] s (3100)
such that the electron scattering plane is the xz plane,
and the electron has a transverse momentum along the
positive z-axis. It is straightforward to compute invari-
ants from these 4-vectors and express them in terms of
deuteron rest-frame variables. Specifically, one sees that
the invariant effective vector polarization parameters, de-
fined in Eq. , coincide with the longitudinal and
transverse component of the 3-dimensional deuteron po-
larization vector in the rest frame

S, = i,
(St cos ¢s, Srsings) = (S7,57) = Sar.

(3.101a)
(3.101b)

The angle ¢g can be regarded as the angle of the trans-
verse component of the deuteron spin in the rest frame
(or any collinear frame) relative to electron scattering
plane, measured from positive z-axis (see Fig. |3).

In a similar way one can infer the form of the deuteron
polarization 4-tensor in any collinear frame. For the LF
components of a 4-tensor w*” we use the notation [cf.

Eq. (3.99)]

Wit wi— W

The LF components of the deuteron polarization 4-tensor



in any collinear frame are then given by

[ (p(‘;)Q 2z __Tzz ﬁTZ] |
M3 Mg, i
ty = ~T3 T ——2T% | (3.103)
N (pg)? Py
P pzi M ij
—d gz 4 T
Md d p; d d ]

where T7%, T3 and T;j (i,j = x,y) are the components
of is the deuteron polarization 3-tensor in the rest frame,

iJ iz
T, T}

Ty T3
Eq. for the polarization 4-tensor is a straight-
forward generalization of Eq. for the polarization
4-vector.

In experimental or theoretical applications one needs
to infer the LF components of a 4-vector in the collinear
frame from those given in another frame. This can eas-
ily be accomplished using the 4-vector basis Eq. .
From the timelike and spacelike longitudinal vectors, eq
and ey, we construct the light-like vectors eq + er,

(ed:I:eL*)2 =0, (eq + ers)(eq —ers) = 2. (3.105)

Their components in the collinear frame are [cf.

Eq. (3.99)]

2M,
ea+er. = {o,f,oT}, (3.106a)
Py
2p$
—ere = |24 0,07 . .106b
€d €r, |:Md 0 T] (3 06)

The scalar products of the vectors with an arbitrary vec-
tor v are

M,
(eq +er«)v = —fv*‘, (3.107a)

(eq —ers)v = 2w (3.107Db)
They project out the + and — LF components of the
vector. The transverse components are projected out as

(3.108)

The expressions in Egs. (3.107) and (3.108]) are invariant
and can be used to compute the LF components starting
from an arbitrary representation of the vector v and the
basis vectors (e.g., in a frame associated with the exper-
imental setup). Conversely, the components of v in any
frame can be obtained from the LF components in the
collinear frame by expanding v in the basis vectors,

v® = —(er1v), v¥ = —(erav).

My + p; —
vt = ﬁv (ed+eL*)“+2Mdv (ea —ers)V

+ v¥el + vVel, (3.109)
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and evaluating the expression with the basis vector com-
ponents in the desired frame.

I. Spectator momentum variables

The invariant structure functions in the tagged DIS
cross section Eq. depend on kinematic vari-
ables specifying the final-state proton momentum, cf.
Eq. . Several sets of variables are used in ex-
perimental analysis and theoretical studies (proton 3-
momentum in deuteron rest frame, LF components in
collinear frame, invariant momentum transfer); their re-
lation and kinematic limits are summarized in Ref. [77].
In the following calculations the proton momentum is
specified by its LF components in the collinear frames,

= %
Oép = ppT .

, (3.110)
Py

The fraction o, is boost-invariant (same in all collinear
frames) and can be expressed in terms of invariants that
can be evaluated in any frame, cf. Eq. (3.107)),

o - 2eaterdpp (3.111)
P (eq + €r«)Pd ’

the same applies to p,r, cf. Eq. (3.108]). In the deuteron
rest frame, o, is given by

2E+z z 2
0 = (Ep pp):1+pp+o(lpp| €

My m m2 ' 'm)’
(3.112)
where m is the nucleon mass and €4 the deuteron binding

energy; typical values of «, are therefore of the order

Pyl
lap — 1] ~ Wp < 0.1. (3.113)
The range of ), is kinematically limited by the conserva-
tion of 4-momentum in the tagged DIS process, which im-
plies the conservation of LF plus momentum, Eq. (3.93),

ap/2 < 1—¢&q (3.114)

The invariant phase space element in the proton momen-
tum is expressed in terms of oy, and p,r as

) d3p
dr, = [2(2m)?] ' =2
P Ep

do
= 2O L Py

(3.115)

The structure functions in Eq. depend on «, and
the modulus of the transverse momentum, |[p,r|. The
dependence on the azimuthal angle of the transverse mo-
mentum with respect to the z axis, ¢, (see Fig.[3)), is real-
ized explicitly in the decomposition of the cross section,
which follows from the decomposition of the hadronic
tensor; Eq. shows only the terms that are inde-
pendent of ¢, and survive integration over that variable.



IV. DEUTERON LIGHT-FRONT STRUCTURE
A. Light-front nuclear structure

We now describe the elements of LF nuclear structure
used in the theoretical calculation of the tagged DIS cross
section. The basic method was developed in Refs. [46] 50]
and is summarized in Ref. [77]. In this section we present
the formalism for the treatment of polarized deuteron
structure in the covariant approach of Refs. [75] 8I] and
its connection to nonrelativistic deuteron spin structure.
The evaluation of nucleonic operators and the calculation
of the tagged DIS cross section are discussed in Secs. [V]
and [VI1

High-energy processes such as DIS probe the nucleus
with energy transfers much larger than the hadronic mass
scale and result in hadron production over wide rapid-
ity intervals. One would like to construct a theoretical
description that starts from the nucleus as a system of
protons and neutrons and produces the DIS final state
by scattering on the nucleons, with eventual corrections
due to nuclear binding effects. That such an approxima-
tion can be obtained is not obvious, as the nuclear ini-
tial states relevant for the process might a priori involve
states with energies of the order of the excitation energy,
which in a relativistic context can no longer be described
in terms of nucleonic degrees of freedom. The notion of
energy, and therefore the relevant states, depend on the
relativistic quantization scheme adopted for the descrip-
tion of the process. LF quantization, which describes the
evolution of the process in LF time xt = ¢ + z (with
the z-direction along the reaction axis), is unique in that
the energies of the intermediate states do not grow with
the collision energy but remain finite in the high-energy
limit. It therefore permits a composite description of the
nuclear initial state in terms of nucleon degrees of free-
dom, which is then matched with the high-energy scat-
tering process on the nucleons, with finite effects due to
nuclear binding.

In LF quantization the spin degrees of freedom of par-
ticles and composite systems are described by light-front
helicity states (see Fig. . They are prepared by start-
ing from the spin states in the rest frame, p™ = m
and pr = 0, quantized along the z-direction, perform-
ing first a longitudinal boost to the desired plus mo-
mentum pt # m, and then a transverse boost to the
desired transverse momentum pr # 0. The states thus
defined are invariant under longitudinal boosts and trans-
form kinematically under transverse boosts. They differ
from the so-called canonical spin states, which are pre-
pared by performing a standard boost along the particle’s
3-momentum direction as in equal-time quantization, be-
cause boosts along different directions do not commute.
The difference between the two states is a spin rotation,
the so-called Melosh rotation. The explicit form of the
nucleon bispinors for LF helicity states and canonical spin
states, and the Melosh rotation connecting them, is given
in Appendix [A] In the following we use a representation
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FIG. 4. LF helicity and canonical spin states. The diagram
shows the sequence of boosts leading from the rest-frame to
the particle state with LF momentum p™ and pr.

of the deuteron LF wave function in which the LF he-
licity character of the nucleon spin states is encoded in
the explicit form of the bispinors and thus no explicit
Melosh rotations appear; the rotations are needed only
in proving the equivalence of this representation to the
3-dimensional canonical spin structure in the CM frame

in Sec. [[V.C|and Appendix

B. Light-front wave function in 4-dimensional form

The LF quantization is performed in the collinear
frames, Sec. where the deuteron has LF plus
momentum p; (arbitrary) and transverse momentum
par = 0; the deuteron 4-momentum components are [cf.

Eq. (3.93)]

M2

pa = [p;ﬁ f,OT] (4.1)

Pq
The deuteron spin is described by the LF helicity, Aq,
which coincides with the rest-frame spin projection be-
cause the states have zero transverse momentum. The
expansion of the deuteron state in pn states is described
by LF wave function (see Fig.

\I’d(apappT§)\pv)\n‘)‘d); (4'2)

the definition of the matrix element and normalization
of the states are given in Ref. [77]. The wave function is
normalized such that

da, d?
Z /M\IJ{?(O‘pvppT;Ap»Anp‘ﬁi)

X \Ild(apvppT; Apa )\nlAd) = 6()‘:% )‘d) (43)

It is a function of the proton LF momentum fraction oy,
and transverse momentum p,7; the corresponding values
for the neutron are

oy = 2 —ap, PnT = —DpT- (4.4)
The wave function is symmetric under the interchange of
proton and neutron variables (momentum and spin) and

satisfies the relation

\I/d(apa PpT; )‘pv An‘)‘d)

= U4(2 — ap, —Pp1; An, Ap| Ad)- (4.5)
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FIG. 5. The deuteron LF wave function, Eq. (4.2]), describing
the expansion of the deuteron state in pn states.

The spin structure of the deuteron LF wave function
can be established on general grounds. It describes the
coupling of the proton and neutron LF helicities, and the
LF orbital angular momentum, to the overall LF helicity
of the deuteron. In the following we use a representa-
tion in which this coupling is expressed in 4-dimensional
form, through invariants constructed out of the nucleon
LF bispinors and a deuteron polarization 4-vector [81].
The LF wave function is written in the form

\I’d(apa PpTs )\p7 )\n‘)‘d)

= ULf (pna )\n) Ty (ppypn) ULF (pp7 /\p) €gn(ppn7 /\d)
(4.6)

Here p, and p, are the 4-momenta of the proton and
neutron, whose LF components are

Loy 2(ppr| +m?)
Qpp, byr
Pp = p2d ) £ I y PpT | » (473‘)
i QpPq
o _ |Gzl 2pplemt)
n ) s —HPpT | > .
I 2 (2 — ap)py v
Py = pi = m’. (4.7¢)

The LF plus and transverse components are determined
by the variables a;, and p,r; the minus components are

fixed by the mass-shell conditions Eq. (4.7c). Further-
more,
ULF (pnu )\n)7 ULF(pZN )‘p)7 (483')
(Pny —m)urr =0, (ppy +m)vrr =0, (4.8b)

are the LF bispinor wave functions of the nucleon states
with 4-momenta p, and p,, and LF helicities A, and A,
whose explicit form is given in Appendix In Eq. ,
Dpn is the total 4-momentum of the pn pair,

M2

Ppn = Pp +pn = p—d~_7 7_1:_7 0T ) (49&)
Pq
4(|p2| + m?

P2 = M2, = Apyrl +m7) (4.9b)

(2 — o)
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M, is known as the invariant mass of the pn pair. Note
that the plus and transverse 4-momentum components
(LF momenta) of the pn pair are the same as those of
the external deuteron state, but the minus component
(LF energy) is different,

(4.10a)

p:)_n = p:ir’ Ppn,T = Pdr (: O)a

P # P71 (4.10b)
and the invariant mass of the pn pair is different from
the deuteron mass
2 2
My, # Mj. (4.11)
These relations reflect the choice of momentum and en-
ergy variables specific to LF quantization. Finally, in
Eq. (4.6)), €5y, is the 4-vector spin wave function of the pn
system with 4-momentum p,,, and mass M,

+

pd z pn _z
€pn(Ppns Aa) = €5, ——2"ed €ar | (4.12a)
e My, Py
enbpn = 0, €, = —(e3)° —€ip = —1, (4.12b)

in which €3 and eqr = (€%, ) are the components of the
deuteron 3-vector spin wave function in the deuteron rest
frame,

€1 = €4(\g) = (€ar,€7), e = 1 (4.13)
Note that the pn 4-vector Eq. (4.12) is different from the

deuteron 4-vector,

+
P . Mg
ed(pdv)\d): Middeda_pjedvedT s (4143‘)
d
€apa =0, & = —(5)* — ey = —1. (4.14b)

The particular form of Eq. is necessary to ensure
the equivalence of Eq. with the 3-dimensional spin
structure of the pn pair in the CM frame, as explained
in Sec. [[VC|and Appendix

The function I'y, in Eq. (4.6)), a matrix in bispinor space
and a 4-vector, connects the nucleon bispinors and the
deuteron 4-vector to an invariant form. It may be re-
garded as a function of the 4-momenta p, and p,, and
its form is constrained by standard 4-dimensional rela-
tivistic covariance. Taking into account the equations
for the nucleon spinors, Eq. , it can be decomposed
in independent covariant structures a

re = Fa(pp7pn) = ’}/aGl + AaG27 (415)

7 The decomposition of the nucleon-deuteron coupling Eq. (4.15)) is
analogous to that of the nucleon coupling to the electromagnetic
current and involves the same number of independent structures.



where A is the difference of the nucleon 4-momenta,

Appn =0, A*=—M2 +4m?,

(4.16)

AEpp_pna

and G 2 are scalar functions of the invariant mass of the
pn pair,

Gl,g = Gl,g(Mpn). (417)

The functions G contain the dynamical information
about deuteron structure in LF quantization. They can
be matched with the 3-dimensional radial wave func-
tions in equal-time quantization, and their explicit form
is given in Sec. [[V.C|

Together, Eqs. (4.6) and provide a represen-
tation of the LF spin structure of the deuteron in 4-
dimensional form. Its advantages are: (a) The repre-
sentation of Egs. and avoids the use of ex-
plicit Melosh rotations, which appear in the standard
construction of the LF wave function starting from a 3-
dimensional wave function with canonical spinors. The
rotations are contained in the explicit form of the LF
bispinors. (b) The representation of Egs. and
permits efficient evaluation of the sums over nucleon spin
degrees of freedom in observables, given by overlap inte-
grals of the LF wave functions. Sums over the nucleon
LF helicities can be converted to traces over spin den-
sity matrices in bispinor representation, which can be
evaluated using standard techniques. (c) Overall, the
representation enables a 4-dimensional treatment of spin
structure within the essentially 3-dimensional approach
of LF quantization.

C. Center-of-mass frame variables

In the LF wave function Eq. the pn configuration
is specified by the LF momentum variables oy, and p,r.
An alternative representation of the LF wave function is
obtained by using as variables the proton 3-momentum
in the CM frame of the pn pair. This representation of-
fers a simple way of realizing rotational invariance in LF
quantization, permits matching of the invariant functions
Eq. with the equal-time wave functions, and en-
ables the construction of a nonrelativistic approximation
to the LF wave functions. In the following calculations we
deal with the LF components and the ordinary compo-
nents of 4-vectors at the same time and use the notation

[cf. Eq. (3.92)]

[v*

v, o7l (UO,'U)7 (4.18)
to distinguish both sets of components in a given frame.

The CM frame of a given pn configuration is defined as
the frame in which the proton and neutron have opposite
3-momenta in the sense of ordinary vector components.
This frame is a member of the class of collinear frames
and can be reached from any other collinear frame by a

longitudinal boost (see Fig. @ To show this, we use the

/—k I 2 0('py—ppT
= . *o——
longit. boost
----------- 4--- «—>
K z
® o—
/ k l (Xp,I’pT

CM frame gen. collinear frame

FIG. 6. The CM frame variables for the deuteron LF wave
function. In a general collinear frame the wave function de-
pends on the longitudinal and transverse momenta, «, and
ppr (right). By a longitudinal boost any such frame is con-
nected with the CM frame of the pn pair, in which the wave
function depends on the 3-momentum k and exhibits rota-
tional symmetry (left).

fact that a collinear frame in the class is specified by the
value of p in that frame (see Sec. [IIl H). The CM frame
of the pn configuration is the special collinear frame with

pr[CM] = My, (4.19)

In this frame the total 4-momentum of the pn configura-
tion, Eq. (4.9a)), has LF components

DPpn [CM] = [Mpvu Mpna OT]a (420)
and therefore ordinary components
Ppn|CM] = (Mpp,0). (4.21)

The individual proton and neutron 4-momenta have LF
components

a,My, (2 — ay,)M,,

pp[CM]:{ o ! 2'3) b ,ppT}, (4.22a)
2—a,)M,, oa,M,,

pn|CM] = {( 2’7) . p2 P ,—ppT} , (4.22b)

such that the ordinary components satisfy (we suppress
the label [CM])

po =3t +p,) = 30 +p,) = py, (4.23a)
v =3t —p,) = -3 —p,) = —p;, (4.23b)
DPnT = —DPpT, (423C)

i.e., they have the same energy and opposite 3-momenta.
In this frame the proton and neutron 4-momenta can
therefore be expressed in terms of the common 3-
momentum vector as

pp[CM] = (E, k), (4.24a)
pa[CM] = (E,-k), (4.24D)
E = B(k) = V[k>+m? (4.24c)



The relation of the CM momentum k to the LF variables
ap and ppr is

Mpn,
k* = 21) (Oép—l), kT = PpT, (4.25&)
k?
ap = 1+ %, My, = 2E. (4.25b)

The CM momentum can therefore serve as a kinematic
variable alternative to the LF variables,

k «— {ap,ppT}. (426)
The relation between the integration measures is
da, d? 3k
/ % OBl _ / . (4.27)
ap(2 — ap) E(k)

In the CM frame the polarization vector of the pn sys-
tem, Eq. , has 4-vector components (LF and ordi-
nary)

epn[CM] = [€5, —€7,€ar] = (0,eq).  (4.28)
This is the same form that the deuteron polarization vec-
tor has in the deuteron rest frame, cf. Eq. with
pj = My. The CM frame thus permits a particularly
simple representation of the deuteron spin structure. We
use this representation extensively in the calculations in
Secs. [V and [VIL

In the CM frame the pn LF wave function can be can
be formulated as a 3-dimensional relativistic wave func-
tion in the 3-momentum variable k. It is constructed us-
ing angular momentum wave functions (S and D waves),
canonical nucleon spinors, and the Melosh rotations me-
diating the transition from canonical spin to LF helic-
ity (see Appendix. The dynamical information is con-
tained in the radial wave functions of the S- and D-waves,

which are normalized such that
dk k2
ir [ G B0+ 50 = 1 (4.30)

Using the fact that the CM frame is a special collinear
frame, one can then establish the correspondence be-
tween the general LF wave function Eq. and the
3-dimensional wave function in the CM frame. The proof
involves expressing the LF bispinors in Eq. in terms
of canonical bispinors in the CM frame, reducing the bi-
linear form in the canonical bispinors to two-component
spinors, and comparing with the 3-dimensional wave
function (see Appendix . As a result, one obtains
the relation between the invariant functions Gy 2(M2,),

Eq. (4.17) and the 3-dimensional radial wave functions

24

in the CM frame, fo(k) and fo(k):

G = i (\/ifo - fz) , (4.31a)

1

G2 = SERe

[V2(E = m) fo+ @E+m) f5]  (4.31b)

(G2 = Gi2(M2),  fo,f2 = folk), f2(K)]
where the LF and CM variables are related by Eq. .
In particular, the correct normalization of the LF wave
function, Eq. , is obtained from the normalization
condition for the radial wave functions Eq. . Equa-
tion @ allows one to express the dynamical elements
in the 4-dimensional representation of the deuteron LF
wave function in terms of 3-dimensional wave functions
with well-known properties and represents an essential
tool in the LF structure calculations.

D. Nonrelativistic approximation

The dynamical elements in the deuteron LF wave func-
tion can be determined by solving the dynamical equa-
tion for the two-nucleon bound state (in its differential
or integral form) with an effective NNV interaction formu-
lated at fixed LF time. The specific form of the dynami-
cal equation, the physical conditions for the truncation to
the two-nucleon sector, and the technical issues relating
to rotational invariance, are discussed in Refs. [56] [89].
Alternatively, one may construct an approximation to
the deuteron LF wave function from the nonrelativistic
wave function obtained with an effective nonrelativis-
tic NN interaction (potential). This approach allows
one to incorporate the extensive knowledge of NN in-
teractions in nonrelativistic nuclear theory into the LF
nuclear structure calculations. The nonrelativistic ap-
proximation turns out to be fully adequate for nucleon
rest-frame momenta |p,| < 300 MeV and is used in the
present study.

In the nonrelativistic limit k% < m?, the relativistic
radial wave functions in the CM frame, Eq. , ap-
proach the nonrelativistic radial wave functions,

fok) = vV frwk)  (L=0,2).  (432)
The factor /m results from the normalization convention
for the nonrelativistic radial functions, which differs from

Fo. (30),

zm/%WwMW+ﬁWW}=1. (4.33)

A nonrelativistic approximation to the relativistic radial
functions is provided by

fuk) = VEF) fru(k) (4.34)



The approximation becomes exact at small momenta
k? <« m?; it satisfies the relativistic normalization condi-
tion Eq. and is therefore correct “on average” also
at large momenta; altogether the approximation thus has
an interpolating qualityﬁ In the numerical studies in this
work we use Eq. with the non-relativistic deuteron
wave functions obtained from AV18 NN potential [90].

V. NUCLEON OPERATORS

A. Matrix elements of nucleon operators

We now present the methods for evaluating matrix el-
ements of nucleon operators in the polarized deuteron
state described by the LF wave function of Sec. [[V] In
the following applications we consider nucleon one-body
operators (vector and axial current, tagged DIS cross
section in TA); the methods can easily be extended to
two-body operators (correlations, FSI). The matrix el-
ements of nucleon one-body operators in the polarized
deuteron state can be computed in a simple manner us-
ing the 4-dimensional form of the deuteron LF wave func-
tion, Eq. . We limit ourselves to matrix elements at
zero momentum transfer (charges, nucleon LF momen-
tum densities); the formulas can easily be generalized to
include momentum transfer.

Let O,, denote a generic nucleon one-body operator
coupling to the neutron. Its expectation value in a po-
larized deuteron ensemble is given by

<On> = Z pd(>\d7 >\Id) <d7pd7 )\Id|0n|d7pd7 )‘d>7 (51)
AdsAd

where py is the deuteron spin density matrix, and Ay and
Mg are the LF helicities of the deuteron states, which coin-
cide with the rest-frame spin projections (pgr = 0). The
matrix element of the nucleon operator between deuteron
states with LF helicities Ay and \j; in Eq. can be
calculated with standard methods, by inserting a com-
plete set of proton-neutron intermediate states, and is

8 In Eq. the nonrelativistic wave function on the right-hand
side is evaluated at the LF CM momentum k = |k| defined in
Eq. , which is not identical to the proton 3-momentum in
the deuteron rest frame, |pp|, but differs from it by corrections
of the order p,/m in the nonrelativistic limit. By expanding the
variable |k| in pp/m one can derive a simplified version of the
nonrelativistic approximation, in which the nonrelativistic wave
function is evaluated directly at the rest-frame momentum |py|,
and certain factors (1 — pj/m) account for the anisotropy of the
LF description; see Ref. [77] for details. This approximation no
longer has the interpolating quality of Eq. .
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FIG. 7. The deuteron matrix element of a one-body neutron
operator (zero momentum transfer). The intermediate proton
state has LF momentum «, and pp7 and LF helicity \,; the
neutron states have LF momentum 2 — o, and —pp7, and he-
licities A\, and \},. The variables describing the intermediate
state are integrated/summed over.

obtained as [77] (see Fig. [7)
<d7pd7 )\él‘on|d7pd7 >\d>

[ day o 2
_/?dpPT > 2—ay,)?

P Ap: A An
X \I'Z(amppT; )\pv Agzl)\:ﬂ \I/d(apvppT§ )‘pa )‘n|>\d)

X <n7pn7/\;l‘0n|n;pn;)\n> (52)
The integration is over the LF momentum variables of
the proton; the LF momentum of the neutron is given by

ap = 2 - Qp, PnT = —PpT- (53)
The factor 2/(2 — a,)? results from the normalization of
the deuteron and nucleon states in LF quantization [77].
In Eq. the summation is over the LF helicities of the
proton and neutron intermediate states, Ay, A, and \),.
U, and ¥ are the deuteron LF wave function Eq.

and its complex conjugate.

(N, Dy A |On |1, Dy An) (5.4)
denotes the matrix element of the operator between neu-
tron states with 4-momentum p,, [with LF components
given by Eq. (5.3)] and LF helicities A,, and \j,.

To evaluate the spin sums in Eq. 7 we substitute
the deuteron LF wave functions by their representation
as bilinear forms in LF bispinors, Eq. . The matrix
element of the nucleon operator between neutron states
can likewise be represented as a bilinear form

<napna )\/7L|On|napna >\n> = I_LLF(Pn, )\/n) Fn uLF(pna )\n)a

(5.5)
where the bispinor matrix I',, is specific to the operator
and governs the dependence of the matrix element on the
LF helicities A, and A,. The summations over \,, A},
and A, in Eq. (5.2)) can then be carried out and give rise



to the bispinor projectors [cf. Appendix [A]

Z ULF (pp7 >\p)77LF (ppa )\n) = (ppfy - m), (5'63)
AP

Z ULF (Pny An)ULF (Prs An) = (pny +m)
An

(same for A,). (5.6b)

The deuteron expectation value Eq. (5.1]) is then obtained
as a bispinor trace,

doy o 2+tr[IL,T,]
bt 2l ntnl
/ p ber (2-ap)?’

I, = (/’pn)a'8 (Pny +m)Ta(ppy — m)Ts(pny +m),
(5.7b)

(On) (5.7a)

(Ppn)™? = {epnepn) = D paAas Xo)ep (Aa)epn (Aa)-
Ad,Ad
(5.7¢)

II,, in Eq. is a matrix in bispinor indices and
represents the effective neutron spin density matrix in
the deuteron for a given proton LF momentum «;, and
ppr [or equivalently, for a given neutron momentum
Eq. ] It depends covariantly on the neutron and
proton 4-momenta, p, and p,, and the parameters char-
acterizing the deuteron polarization. It satisfies the con-
ditions

(5.8)

(pn'}/ - m)Hn = 0, Hn(pn'}/ - m) = 0.

which follow from the Dirac equation of the neutron
bispinors. pp, in Eq. is the ensemble average of
the pn polarization vectors, Eq. , with the deuteron
spin density matrix and represents the spin density ma-
trix of the pn configuration in the polarized deuteron in
LF quantization. It depends covariantly on the total 4-
momentum of the pn system, py,,, as well as on the axial
4-vector and 4-tensor characterizing the deuteron polar-
ization, sq and t4. It satisfies the conditions

(5.9)

pzm,a(ppn)aﬁ =0, (Ppn)aﬁppn,ﬁ =0,

which follow from Eq. ; they are analogous to those
satisfied by the deuteron density matrix but involve the
4-momentum of the pn system rather than that of the
deuteron. Explicit expressions for II, and p,, will be
derived in the following.

The representation of the expectation value of
Eq. has several important advantages: (a) The
projectors resulting from the summation over the nucleon
LF helicities, Eq. , do not “remember” the specific
form of the LF helicity spinors; they are the same as
for canonical spinors summed over the canonical spin.
(In the 3-dimensional formulation of spin structure, this
comes about because the Melosh rotations cancel when
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summing over the nucleon LF helicities; see Appendix|Al)
This implies that the “knowledge” of the specific choice
of the LF spin states resides only in the function I'®,
Eq. , and the spin density matrix of the pn config-
uration, ppn, Eq. (5.7¢). (b) The covariant definition of
pprn. and II,, constrains their dependence on the proton
and neutron 4-momenta and the deuteron polarization
vector and tensor and greatly simplifies the calculation.
(¢) The neutron spin density matrix Eq. can be
computed in closed form and has a simple structure. It
can be compared with the density matrix of a free neu-
tron, Eq. 7 and interpreted accordingly. (d) Prod-
ucts of gamma matrices and bispinor traces are easily
evaluated. Equation will be our main tool in the
subsequent deuteron structure calculations.

B. Neutron spin density matrix

We now evaluate the effective neutron spin density ma-
trix in the polarized deuteron, Eq. . We first derive
explicit expressions for the spin density matrix of the pn
system, Eq. , taking into account the properties of
the LF spin wave functions Eq. and the conditions
Eq. . We then calculate the contraction in Eq.
with these expressions and convert the result to a form
that can be compared with the free neutron density ma-
trix. We consider separately the contributions of the un-
polarized, vector-polarized, and tensor-polarized parts of
the deuteron spin density matrix, Eq. , to the neu-
tron density matrix, Eq. , and write

II,, = II,[unpol] + II,[vector] + II,[tensor]. (5.10)

The unpolarized part of the pn spin density matrix is
given by

a B
(ppn)aﬁ[unpol] = : <_9aﬁ + n];pn> . (5.11)
3 Mg,

It corresponds to the general form of Eq. (2.17) but in-
volves the 4-momentum of the pn configuration instead
of that of the deuteron, cf. Eq. (4.12). Substituting

Eq. (5.11) in Eq. (5.7b]), we obtain the effective neutron

density matrix in the unpolarized as
1
IT,,[unpol] = g(pn’y +m) [(12m* — 2A%)G3
—4mA*G1Gy + (A2)2G§]

[GLQ = G172(MP”)]' (512)
The result has been simplified by making use of gamma
matrix identities and the properties of the projectors
Eq. (5.6)). The effective neutron density matrix has the
form of the density matrix of a free neutron with 4-
momentum p,, multiplied by a certain function of the



invariant mass of the pn pair, which is quadratic in the

scalar functions G2, Eq. (4.17).

The vector-polarized part of the pn spin density matrix
is given by

« Z «
(ppn)*[vector] = o€ pyn yspns. (5.13)
pn

Here s, is the polarization vector of the pn configuration
in the collinear frame,

+
— pd z Mpn z
Spn = S 5 775 ; SdT y (514&)
p Mpn d p(—ii,- d
($pnPpn) = 0, (5.14b)
2, = —(S5)2— |Sar> = —|S4%,  (5.14c)

where S7 and Sgr are the components of the deuteron
polarization vector in the rest frame,

Sd - (SdTysj)a
Again the form of Egs. (5.13)) and (5.14]) corresponds to

that of the deuteron spin density matrix and polarization
vector, cf. Eq. , only the quantities are constructed
with the pn 4-momentum rather than the deuteron 4-
momentum. Substituting Eq. in Eq. , we
obtain the effective neutron density matrix induced by
deuteron vector polarization,

|Sq4> < 1. (5.15)

I, [vector] = 2(p,y +m)(sn7)7°, (5.16a)

s& = 2M,, (2mGraf — A*G2a3) Gy, (5.16b)
at = (gos - %) o, (5.16¢)
ay = (gaﬁ - AZ§’6> s (5.16d)
Sppn = 0, aipn =0, aspn, = 0. (5.16e)

The specific form of Eq. is obtained by making
extensive use of gamma matrix identities and the prop-
erties of the projectors Eqs. (5.6]). The effective neutron
density matrix Eq. depends on the axial vector
Sn, Eq. , which may be regarded as the effective
polarization vector of the neutron in the deuteron. It is
constructed from the the auxiliary 4-vectors a; and as,
which are projections of the pn polarization 4-vector sy,
on the subspaces orthogonal to p, and A. Note that the
two structures in Eq. individually satisfy the con-
dition p,s, = 0 for any value of the scalar functions G,
and Gs.

The tensor-polarized part of the pn spin density matrix
is parameterized as

(ppn)“ﬁ[tensor] = _(tzm)aﬂ7 (5.17)
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where t,,, is the polarization 4-tensor of the pn configu-

ration and satisfies
(tpn)aﬁ = (tpn)ﬁav

(bpn)% = 0, (5.183)

ppn,a(tpn)aﬁ = (tpn)aﬂppn,ﬁ = 0. (5.18b)

The tensor can be constructed in analogy to the polar-
ization 4-vector of Eq. (5.14). Its LF components in the
collinear frame are [in the notation of Eq. (3.102))]

[ (pj)QTzz T?% p; TZj 1
M2 d —td Mp d
pn n
M? M. .
ton = _T Pz _ZPnel | (5 19)
: . T (pg)? pg ¢
p 21 M, Nz iJ
ﬁTd - pi 1y T
n d .

where T7%, T3 and T;j (i,j = x,y) are the components
of is the deuteron polarization 3-tensor in the rest frame.

The pn tensor in Eq. (5.19) has the same form as the

deuteron tensor, Eq. (3.103)), only with the deuteron mass
in the boost parameter replaced by the pn invariant mass.
Substituting Eq. in Eq. , the effective neu-
tron density matrix induced by the deuteron tensor po-
larization is obtained as

1
1L, [tensor] = 5(}%’7 + m) (pntpnpn)

x 8 (GT+A%G3 —4mG1Gy) . (5.20)

One observes that the neutron density matrix induced by
deuteron tensor polarization has has the same form as
the unpolarized density matrix Eq. . The deuteron
tensor polarization enters in the neutron density matrix
only through the contraction (pntpnpr). This encodes the
constraints from rotational and relativistic covariance.
It implies that the tensor polarization of the deuteron
cannot induce an effective spin polarization of the neu-
tron. Altogether, Eq. (5.10), with the parts given by
Egs. (5.12)), (5.16) and (5.20)), describes the effective neu-
tron spin density matrix in a polarized deuteron ensemble
with general vector and tensor polarization,

The neutron spin density matrix becomes particularly
simple when expressed in terms of the CM frame vari-
ables [see Sec. Eq. (£31)]. This representation
allows one to identify the contributions of the S- and
D-waves and relate the effective neutron polarization to
3-dimensional deuteron structure. The unpolarized part
of the neutron density matrix, Eq. , becomes

M, funpol] = 3 (puy + m) (73 + f3)

[fo.2 = fo2(k)].

In the vector-polarized part, the pn polarization 4-vector
Eq. (5.14)) is in the CM frame given by (we give both the
LF and ordinary components, cf. Sec. |[V C)

Szm[CM] = [557_S§7SdT} = (07 Sd)7

(5.21)

(5.22)



i.e., it has the same components as the deuteron polar-
ization 4-vector in the deuteron rest frame. It is straight-
forward to compute the neutron polarization vector from
the formulas in Eq. (5.16)). The 4-vector products in

Eq. (5.16¢) and (5.16€) can be evaluated directly in the
CM frame and become

= 5,0 [CM] po[CM] = Sk, (5.23a)

SpnPn
sy = $,,[CM] A[CM] = —2S4k.  (5.23b)

Altogether we obtain the vector-polarized part of the
neutron spin density matrix in the CM frame as

I, [vector] = §(ppy +m)(sa7)7°, (5.24a)
sn|CM] = (s%,sn), (5.24b)
o Sak £\’

E—m (Sqk)k
o = (s SRR ) 0

E +2m (Sdk)k:> fo }

K2 ) V2

(5.24d)

+ (2sd -

(o-5)

The components of s, in an arbitrary collinear frame
can be obtained from Eq. by forming the LF plus
and minus components in the CM frame, and perform-
ing a longitudinal boost to the desired value of pj (cf.

Secs. and

X

sECM] = (s + s2)[CM], (5.25a)
p+

s [arb. coll.] = -4 sFT[CM], (5.25b)
M,

s, [arb. coll.] = MT s, [CM], (5.25¢)
Py

sprlarb. coll.] = s,7[CM]. (5.25d)

In the tensor-polarized part, the pn polarization 4-tensor
Eq. (5.17) is in the CM frame given by (we give the or-
dinary components)

(tpn)*?[CM]

(tpn)?P[CM] = 0, (5.26a)

(tpn)?[CM] = (T4)" # 0, (5.26b)
where (T;)¥ are the components of the 3-dimensional
deuteron polarization tensor in the deuteron rest frame.
The contraction in Eq. ((5.20) becomes

(Pntpnpn) = (KTak). (5.27)
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We obtain the tensor-polarized part of the neutron spin
density matrix in the CM frame as

3(kT k)
k|2

(8%

1
I, [tensor] = —i(pn'y +m)

(5.28)

Together, Egs. (5.21)), (5.24) and (5.28)) specify the neu-
tron spin density matrix in terms of the CM frame vari-
ables.

The structure of the neutron spin density matrix in
terms of the CM frame variables shows several interesting
features. (a) The unpolarized part, Eq. (5.21)), is the sum
of S- and D-wave probabilities of the CM wave function,
as expected. (b) The vector-polarized part of the neutron
spin density matrix, Eq. , involves mixing of the S-
and D-waves. This is a consequence of the relativistic
spin rotations involved in the transition from canonical
spin states to LF helicity states (Melosh rotations; in our
formulation they are contained in the explicit form of the
LF helicity bispinors). (c) The tensor-polarized part of
the neutron spin density matrix, Eq. @, is propor-
tional to the D-wave. This is natural, as tensor polariza-
tion would be absent for a pure S-wave bound state in
the CM frame and cannot be induced by relativistic spin
rotations (|AL| < 1).

The neutron density matrix Eq. (5.10)), with the parts
given by Eqs, d (5.20)), or equivalently by
Egs. (5.21)), (5.24)) and ([5.28)), contains the full informa-
tion on the effective neutron polarization (longitudinal
and transverse spin, spin-orbit correlations) in a general
polarized deuteron ensemble. We use this density ma-
trix to calculate the neutron LF helicity distributions
in Sec. [VC] and the tagged DIS structure functions in
Sec. [V1I

In the following applications we need the effective neu-
tron spin density matrix in a pure deuteron spin state
polarized along a given direction. It can be obtained by
evaluating the general expressions for the neutron den-
sity matrix derived in this section, Eqs. , and
, with the specific values of the rest-frame polariza-
tion 3-vector and 3-tensor corresponding to the pure spin
state given in Sec. [[IB] For a state with spin projection
Mg along a rest-frame direction IN, with |[N|? = 1, the
neutron density is obtained as

IT, [pure](N, Ag) = II,[unpol] + II,[vector]|(Sq)

+ II,[tensor](Ty) (5.29a)



Sy = AN, (5.29b)
1. o
Ty = — (09 = 3N'NY)
1, \g==+1
X {(_2)7 Ay =0 }, (5.29¢)
(KTuk) = — [IK? ~ 3(NH)?]
1, Ay =+1
x {(2)’ o } (5.29d)

where the general expressions of the terms in Eq. (5.29al)

are given by Eqs. (5.21)), (5.24)) and ([5.28]). The 3-tensor
of Eq. (b.29¢) represents the rest-frame components of

the special tensor Eq. (2.24]).

C. Neutron light-front momentum distributions

We now want to calculate the LF momentum distribu-
tions of nucleons with given LF helicity in the deuteron.
The simplest way is to calculate the expectation value of
the plus component of the vector and axial vector cur-
rent in the deuteron (i.e., the deuteron’s vector and axial
charge) in the TA, and represent it as an integral over the
LF momentum of the nucleons. A formal definition of
the LF momentum distributions can be given using the
second-quantized nucleon number operators or light-ray
operators.

The expectation value of the isoscalar vector current
in a deuteron ensemble is of the general form
<J¢_> = QP;_ 9va» (5.30)

where g4 = 2 is the vector charge (baryon number) of
the deuteron. In the IA the current is the sum of the
proton and neutron currents. The deuteron expectation
value can be computed as the sum of the nucleon con-
tributions, using the general formulas of Sec. [V'A] The

matrix element of the vector current between neutron
states with LF helicity A\, = £1/2 is

(1 Py Al I3 (1, Py An)

= UL (P, An)Y ULE (P, An) gv (5.31a)

= 2p6(An, A7) gv, (5.31b)
where gy = 1 is the isoscalar vector charge of the nu-
cleon. The matrix element is diagonal in the LF helicities
and independent of their value. The vector current thus

“counts” the helicity-independent (or averaged) number
of neutrons. According to Eq. (5.7a) the neutron contri-
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bution to the deuteron expectation value is given by

do 2 tr[IL,, ]
J+ — 14 d2 n

< V> gV/ ap ppT (2 - ap)2

= Py gva- (5.32)
We identify the function
tr[IL,y "]

S , = ——— 5.33
d(op, Ppr) 2 ap)? p; ( )

as the helicity-independent LF momentum distribution of
neutrons in the deuteron ensemble. In accordance with
nuclear physics terminology we refer to it as the deuteron
LF spectral function (see explanation below). It is a func-
tion of the proton LF momentum variables and satisfies

da
/afdePpT Silappyr) = 54 = 1. (534)

D 2gv

The trace in Eq. receives contributions from the
unpolarized and tensor-polarized parts of the neutron
density matrix. Substituting the explicit form of the neu-
tron density matrix in the CM frame variable, Egs.

and (5.28)), and using

1
Strleny+m)n*] = 2p7 = (2—ay)pj (5.35)
we obtain
Si = Sglunpol] + Sy[tensor], (5.36a)
2, 42
Suloy pyr)unpol] = 052 (5.36D)
—a,
3 (kTuk)
Sa(ayp, ppr)[tensor] = 3o, KE
fz) f2
X (2fo+ =) —=. 5.36
( Jo 2 ) 2 (5.36¢)

The LF momentum-dependent prefactor could equiva-
lently be expressed in terms of the CM momentum vari-
able as

1 E

T E—k

e (5.37)

we leave it in its original form, as in this form it can
be combined with similar factors appearing in integrals
over the LF momentum. Using the relation Eq. (4.27]
one easily verifies that the unpolarized part Eq. (5.36b|
satisfies the normalization condition Eq. , and that




the tensor-polarized part Eq. (5.36¢]) averages to zero,

da
/ —£ d2ppT Sd(aznppT)[unpOl]

3
R ! (5.38a)
/dap d*p ppr Salap, Ppr)[tensor]
(kKTak)
~ / a0 S = o (5.38D)

Eq. { m holds because the polarization tensor in the
CM frame is traceless, cf. Eq. - These relations
ensure the conservation of baryon number in the deuteron
LF structure.

The helicity-independent neutron distributions also
satisfy a LF momentum sum rule. Because the functions

Sd(apa ppT) [unpol] and Sd(apappT) [

Qp Qp

ap, Egs. (5.38a) and

tensor] (5.39)

are symmetric under o, — 2 —

(5.38b)) imply
do
/J d2ppT
Qp

d
[ CE o 2 0y) Sulap.yr)ltensar] = o.
(5.40D)

(2 = ap) Sa(ap, ppr)[unpol] = 1,
(5.40a)

This relation ensures LF momentum conservation in
tagged DIS on the deuteron (see Sec. .

In a similar way we can obtain the spin-dependent neu-
tron LF momentum distribution in a vector-polarized
deuteron. The expectation value of the isoscalar axial
vector current in the deuteron ensemble is

(1)

where we used the explicit form of polarization vector in
collinear frame, Eq. . Here g a4 is the axial charge of
the deuteron, which is a property of the deuteron bound
state and cannot be determined from first principles. The
axial current is the sum of proton and neutron currents.
The matrix element of the neutron axial current between
nucleon states with LF helicity A, = £1/2 is

(5.41)

= 2Mys) gaa 255 p 9ad,

<napna A;L|JX|napna )\n>

= Urp (P, An) (=7 Y7 ure (pns An) 94 (5.42a)

= 2pj{ (2)\n) (5()\»,“ )‘/n) gA,

where g4 is the isoscalar axial coupling of the nucleon.
The matrix element is again diagonal in the LF helici-
ties, but the diagonal value is now proportional to the

(5.42b)
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LF helicity. The axial vector current with matrix —y*~°
therefore counts the difference between the number of
neutrons with LF helicities +1/2 and —1/2. The calcu-
lation of the deuteron expectation value proceeds analo-
gously to Eq. , and we identify

tr[I, (—79°)]
(2 —ap)? p;lr

as the helicity-dependent LF momentum distribution of
neutrons in the deuteron ensemble. It satisfies

d
/ 2 Ppyr ASa(ap, ppr) = Si (g“) , (5.44)
ay 294

ASy(ap, ppr) = (5.43)

which may be regarded as the nucleon spin sum rule.
Only the vector-polarized part of the neutron density ma-

trix Eq. (5.10]) contributes to the trace in Eq. (5.43)),

AS; = ASg|vector]. (5.45)
With Eq. (5.24]) we obtain
1
6l (=7 97)] = Str((pny +m)(527)7° (=777)]
= 2ms;. (5.46)

Using the explicit expressions for the neutron polariza-
tion vector in the CM frame, Eq. (5.24]), we obtain

o ()

ASy (O‘pv ppT) =

% (C’O fo— C\j‘?) , (5.47)
where
Co = Co(k)
m [ Sdk (Sdk)kz
= _—— |95 — 4
(2-a,)E _Sd m m(E + m)] » (5.482)
Cy = Ca(k)
_ m _72527 _ Sak | (E+2m) (Sak)k*
T Q2-a)E | T m|k|? '
(5.48b)
These factors can also be written in the form
(E + k?)|kp|?
Co(k)= S5 — z
o) = S 2 + erl?)
(E+4+k*)(E —k*+m)
— S.rk 5.49
B+ m)(n + Jer) ) (5:4%)
(E+2m)(E + k*)|kr|?
k) = z _ z
W) = S T R
(E+ k*)[—|k|]? + (E + 2m)k?]
k
7+ TP k)
(5.49b)



where we have used that

(E+k*)(E—k*) = E? — (k*)?

= m? + |kr|?, (5.50a)
kz
2-ap = 1- %, (5.50b)
1 E E(E + k)
= = . (5.50
2—q E —k* m? + |kr|? (5:50¢)

The factors Cy and Cy describe the effect of the nucle-
ons’ orbital motion on the neutron LF helicity. In the
3-dimensional representation of the deuteron LF wave
function they arise from the Melosh rotations connect-
ing the canonical nucleon spinors with the LF helicity
spinors (see Appendix . In the 4-dimensional represen-
tation employed here this information is encoded in the
specific form of the effective neutron polarization vec-
tor s,, Eq. . Note that the factors are equal to
unity at zero transverse momentum, cf. Egs. and

(5-400).

Co(k),Ca(k) = 1 at kp =pyr =0, k* arbitrary,

(5.51)

as is expected of the Melosh rotation.
In the CM representation Eq. one can eas-
ily evaluate the normalization integral of the polarized
nucleon dlstrlbutlon Eq. - Using the relation

Eq. one obtalns
9Ad

<29A) 5a
doy 1o

= 7 d ppTASd(apvppT)
d*k f2 ) ( sz2>

= — 2V f —

[ (0-35) (on -4

dk k2 f . Cafs
4 (fo - \/§> (Cofo Y; ) , (5.52)

where Cj,Cy are the angular averages of the factors
COaCQ7

_ dQ
Co(k) = ka Co(k)

mS; (m.  E+k

E+m<k —+ ) (5.53a)
~ dQ
Cy(k) = /47:02( )

mSZ E+k

(5.53b)

Notice that structures proportional to Syrkr average to
zero, so that the averages are proportional to 57, as it
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should be. The expansion in k/m of the averages is

_ B 1 k? k!
Co(k) = S [ L= 35+ 0(7”4” (5.54a)
. 4 k? et

Neglecting terms O(k?/m?), the integral Eq. (5.52) be-

comes
o5 (1 ) (o )
o[5 (5-5)
= [PF (54— )
— - ng, (5.55)

where we have canceled the factor S7 on both sides. Here

wo = 47 (5.56)

is the D-state probability of the deuteron wave function
in the CM frame. Equation has the same form
as the nonrelativistic result for the deuteron axial charge
including the D-state correction.

Some explanations are in order regarding the definition
of the LF spectral function and the correspondence with
nuclear physics terminology. (a) The deuteron spectral
function S; describes the LF momentum distribution of
neutrons in the deuteron as a function of the proton LF
momentum and is normalized as Eq. ; this defini-
tion is appropriate for tagged DIS experiments where the
proton momentum is measured and will be used in the
following. The conventional neutron LF momentum den-
sity is defined as a function of the neutron LF momentum
and related to the spectral function as

o
Na(on, Pur) = OTSd(Oép,PpT)

p
[ap =2 — an, Ppr = —Par),  (5.57)
such that its normalization is
day,
/ /d2pnT Ni(on, por) = 1. (5.58)

(b) The spectral function represents the nuclear structure
information entering in the IA. In the general case of a
nucleus with A > 2, it describes the probability density
for removing a nucleon with a given momentum, while
leaving the A — 1 remnant system with a given excita-
tion energy (the momentum of the A — 1 system is fixed
by the removed nucleon momentum) [91]. The nucleon
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FIG. 8. The deuteron spectral function Sy in the unpolarized
deuteron, Eq. . It describes the helicity-independent
LF momentum distribution of neutrons in the unpolarized
deuteron as a function of the proton LF momentum. The
plot shows the dependence on «, for several values of |ppr|.

momentum density is then obtained by integrating over
the excitation energy of the A — 1 system. In the par-
ticular case of the deuteron with A = 2, the remnant
system is the single spectator nucleon, whose energy is
fixed by the momentum, so that the spectral function
depends on the momentum variable only and coincides
with the momentum density up to a factor accounting
for the normalization, cf. Eq. .

D. Distribution in unpolarized deuteron

The expressions Eqs. (5.36) and (5.47) describe the

LF momentum distributions of neutrons in a deuteron
ensemble with arbitrary polarization (vector, tensor). It
is instructive to consider the distributions in some spe-
cial cases. In an unpolarized ensemble (S = 0,7 =
0) only the helicity-independent neutron distribution

Egs. (5.36b)) is present,

[+ 13
Si(ap, ppr) = , (5.59a)
p P 2 _ ap
ASd(ap,ppT) = 0. (559b)

One notes that (a) in the helicity-independent distribu-
tion the S- and D-waves of the CM-frame wave function
do not mix; (b) the helicity-dependent distribution is zero
for arbitrary neutron LF momentum, i.e., no LF helicity
polarization is induced by the orbital motion.

Figure [§ shows the helicity-independent neutron dis-
tribution in the unpolarized deuteron as a function of
a, for several values of |p,r|. One observes: (a) The
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distribution is maximal at «, = 1 and |pyr| = 0 and
drops steeply when increasing |a, — 1| or |pyr|, as im-
plied by the nucleon momentum distribution in the CM
frame. (b) An asymmetry between the distributions at
ap, > 1 and < 1 is caused by the flux factor 1/(2 — a,)
in Eq. . Figure |§| shows the ratio of the neutron
distribution resulting from the D-wave only to that re-
sulting from S- and D-waves (i.e., the total distribution),

Sa(ap, ppr) [D-wave]
Salap, ppr) [S+D-waves|

(5.60)

This ratio can be regarded the probability for sampling
the D-wave component of the CM motion when observ-
ing a proton (or neutron) with given LF momentum. One
observes: (a) The D-wave probability vanishes at «, = 1
and |p,r| = 0, corresponding to CM momentum |k| = 0.
(b) The D-wave probability becomes unity at LF mo-
menta corresponding to |k| &~ 400 MeV, where the S-
wave function in the CM frame goes through zero [90];
(¢) The D-wave probability decreases again at large CM
momenta.

E. Distribution in deuteron helicity states

In a pure deuteron state with LF helicity +1 the
helicity-independent neutron distribution is

Sa(ap, pyr)[pure +1] = Sq(ay, ppr)[unpol]
+ Si(ap, ppr)[tensor].  (5.61)

Here the tensor-polarized part is given by Eq. ,
evaluated with the special tensor Eq. , and with
the contraction given by Eq. , for polarization
along the z-direction, N = e,

Sa(ap, Ppr)[tensor]

_ 1 f2\ f
= —2 — apCT <2f0 + 2) 72, (5.623)
_ . (KTE) 1 3(k*)?
or = e =3 = 5 ]
3|kr|?
- 2||kT|L . (5.62b)

Combining this with the unpolarized part given by

Eq. (5.36b|), we obtain

Sa(ap, pyr)[pure +1]

1 Jfo\ [fa
=3 a, [fg +f3—Cr (Qfo + \/§> \/ﬁ} . (5.63)

The helicity-dependent neutron distribution is

ASy(ap, ppr)[pure +1]

_ 1 J2 Ca fo
() (o),

(5.64)
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FIG. 9. The D-wave fraction in the deuteron spectral function, Sg[D-wave]/S4[S+D-waves|, in the unpolarized deuteron,
Eq. (5.60). The 2-dimensional plot shows the ratio as a function of o, and |ppr|.

where Cy, Cy are the factors of Egs. (5.48a) and ([5.48b))
with S5 =1 and Sgr =0

C() = Co(k)
m r kz (k,z)Q
= |1- =4 =7 .
(2—-ap)E | m + m(E—i—m)}’ (5.652)
Cy = Cy(k)
m [ k* (E + 2m) (k*)?
= — |2 - — + ———— |
(2—ap)E | m m|k|?
(5.65Db)
which can also be written in the form
(E + k?)|kr|?
Co(k) = 1-— , 5.66
o(k) (E +m)(m? + |kr]?) (5.662)
E+2 E + k¥)|kr|?

(m? + [kr[?)|k[?

One may also consider the distributions of neutrons with
LF helicity +1/2 and —1/2 in the deuteron state with
LF helicity +1,

1
Sat[pure +1] = 3 (Sq £ ASy) [pure +1],  (5.67a)

{84, AS4}[pure +1] = (Sqy £ Sq—) [pure +1].
(5.67b)

The functions Sy4 are positive for arbitrary LF momenta
Sax > 0,

ASy] < Sa. (5.68)

The positivity can be proved using the explicit expres-
sions given above and will be demonstrated by the nu-
merical results below. The functions S;+ have a prob-
abilistic interpretation as the distributions of neutrons
with helicities “along” or “against” the deuteron helicity.

The effective polarization of the neutron in the
deuteron depends on the proton LF momentum. An in-
teresting effect is observed at zero transverse momentum,
ppr = kr = 0, and arbitrary longitudinal momentum
ap # 1,k* # 0. In this kinematic limit the factors Cj
and Cy in AS,; are unity, Eqs. (5.66a) and (5.66b)), and
the factor Cr in Sy is also unity, Eq. (5.62b)). The dis-
tributions Eq. thus become

Sa(ap, ppr = 0)[pure +1]

= ASq(ayp, ppr = 0)[pure +1]

= Sd+(apvppT = 0)[pure +1]

_ 1 f2)°
=5 < — \/§> , (5.69a)
Sa—(ap, ppr = 0)[pure +1] = 0, (5.69b)

and the neutron is completely polarized along the direc-
tion of the deuteron LF helicity. This happens because
configurations with neutron LF helicity opposite to the
deuteron involve LF orbital angular momentum L, # 0,
which requires non-zero transverse momentum. It is re-
markable that the 4-dimensional representation of the
deuteron LF wave function reproduces this effect without
explicit reference to orbital angular momentum states.
Notice that the distribution at p,r includes contributions
from the S- and D-wave of the CM wave function.
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FIG. 10. The deuteron spectral function ratio Sq+/(Sa+ + Sa—), Eq. (5.70), in the pure deuteron spin state with LF helicity
+1. It describes the probability that a neutron observed at the given LF momentum has LF helicity +1/2, i.e., is polarized
along the deuteron spin direction. The 2-dimensional plot shows the ratio as a function of o, and |ppr|.

Figure [T0] shows the ratio

St 1 (1 L As,

Si 1S, 2 S, ) ,  0< (ratio) <1,

(5.70)
in a pure deuteron spin state with LF helicity +1. It
describes the probability that a neutron observed at a
given LF momentum has LF helicity +1/2 (along the
deuteron spin direction); the probability that it has LF
helicity —1/2 (opposite to the deuteron spin direction) is
given by 1 minus the ratio. The dependence on the LF
momentum shows several interesting features: (a) The
ratio is close to unity in the region 0.8 < «;, < 1.2 and
|ppr| < 200 MeV, which corresponds to CM momenta
|k| < 200 MeV, where the S-wave dominates in the CM
wave function. (b) The ratio is equal to unity at [ppr| =0
for arbitrary o, as implied by Eq. . Exceptions are
the points a;, = 0.7 and 1.3, which correspond to values
of k at which the combination of radial wave functions
(fo— f2/v2) in Eq. vanishes (singular points). (c)
The ratio becomes small at o, ~ 1 and |p,r| > 400 MeV.
In this region the D-wave dominates in the CM wave
function, and the effects of relativistic spin rotations are
large.

In sum, one sees that the neutron polarization in the
polarized deuteron can effectively be controlled by select-
ing certain regions of the LF momentum. This feature
can be exploited in tagged DIS experiments (see below)
and represents an important advantage of spectator tag-
ging.

The integrals of the deuteron spectral functions over
the proton transverse momentum p,r describe the dis-
tributions of neutrons with respect to the longitudinal

LF momentum fraction «,, only,

Sa(ap) = /d2ppT Sa(ap, Ppr), (5.71a)

ASy(ay,) = /depT ASy(ap, Ppr), (5.71b)

which are normalized such that

/02 Do {S4(0y), ASs(0y)) = {1, gAd} (57)

D 2ga

These functions are the analog of the parton distributions
in the parton model of hadron structure and appear in
the description of p,r-integrated tagged DIS measure-
ments on the deuteron. Figures [TI] and [[2] show the
integrated LF momentum densities obtained with our
deuteron LF wave function. One observes: (a) The
integrated distributions are concentrated in the region
a, ~ (0.9,1.1), corresponding to nucleon CM momenta
k < 100 MeV. (b) The neutrons are overwhelmingly po-
larized along the direction of the deuteron LF helicity.
The integrated distribution Sgz— is at the level of a few
percent of S;4. The magnitude of the distribution is
consistent with their normalization integrals: in the non-
relativistic limit, using Eq. 7 we find

525t [ || Eesistan)| x e

(5.73)
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FIG. 11. The deuteron spectral functions Sq and ASg, in-
tegrated over the proton transverse momentum, in the pure
deuteron spin state with LF helicity +1. These functions
describe the helicity-independent and helicity-dependent LF
momentum distributions of neutrons in the deuteron with LF
helicity +1.

VI. TAGGED DIS IN IMPULSE
APPROXIMATION

A. Impulse approximation

We now calculate the cross section of polarized tagged
DIS on the deuteron, using the LF methods developed in
Secs. [[V] and [V] We restrict ourselves to the IA, where it
is assumed that (i) the current operator couples only to
a single nucleon; (ii) the DIS final state produced from
the active nucleon evolves independently from spectator.
The IA result contains the nucleon pole and dominates
the tagged DIS cross section at small proton momenta.
The justification of the IA and steps of calculation are de-
scribed in Ref. [77]. Here we focus on the aspects specific
to electron and deuteron polarization.

In tagged DIS on the deuteron in a general ensemble of
spin states, described by the density matrix pg(Ag, \y),
the deuteron tensor given by

Wi (pasq:pp) = (W)")

- Z pd()\da)\:i) Wé“/(pd7q7pp‘)\:17)\d)a
AdsAd

(6.1)

where the tensor on the right-hand side is the nondiag-
onal deuteron tensor between LF helicity states with Ay

and Ay, cf. Egs. (3.9a) and (3.9b)). In the IA in a collinear

35

T

——
positive S,

negative S, ———

S (@)
N

0.6 0.8 1 12 14

FIG. 12. The deuteron spectral functions Sg4 and AS4—, in-
tegrated over the proton transverse momentum, in the pure
deuteron spin state with LF helicity +1 (cf. Fig. . These
functions describe the LF momentum distributions of neu-
trons with LF helicity +1/2 and —1/2 in the deuteron with
LF helicity +1. The plot shows S;— multiplied by 10.

frame, the latter is obtained as (see Fig. e

Wéw(pda Q7pp‘)\él7 >\d)
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= Z [2(27)”] [PETRE

Ap: AnsAn
X \I/:;(amppT; )\pv )\{nl)\:i) \I/d(apappT§ )‘p; )\n|)\d)

X W (pny @ Ay An)- (6.2)

The «; dependent factor and the quadratic expression in
U* and W4 represent a particular momentum density of
the deuteron LF wave function. The tensor

W (P, @ Ans An) (6.3)
is the tensor for inclusive DIS on the neutron. It is
evaluated at the on-shell neutron 4-momentum with LF
components Eq. (5.3), and at the effective 4-momentum
transfer

qd = q+Dpd—DPn— Dp, (6.4a)

Pnt+q = q+pi—pp (6.4b)

which accounts for the effects of LF energy nonconser-
vation in the intermediate state [77]. The neutron spin
states are described by their LF helicities A}, and )\,,, and
the tensor is generally non-diagonal in these variables.
The summation over the nucleon LF helicities in
Eq. (6.2) and deuteron spin in Eq. can be per-
formed using the neutron spin density matrix formalism
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FIG. 13. The deuteron tensor in tagged DIS in the IA. Only
the spin quantum numbers of the deuteron and nucleon states
are shown.

described in Sec. [V A] The neutron tensor is represented
as a bilinear form in LF bispinors,

W#V(pn7aa A;zy)‘n) = ’aLF(p'ru)\/n) ng(prua)

X ULF (P, An), (6.5)

where I'#” is matrix in bispinor indices, whose specific
form is given below. The deuteron tensor of the ensemble,
Eq. (6.1]), can then be expressed as a bispinor trace,

2
(2 —ap)?

X tr[ I, (pa, Pp; $n) TEY (P, @) ],

where II,, is the effective neutron spin density matrix
Eq. (5.70)). [In contrast to Eq. (5.7a)), there is no integra-
tion over the proton LF momentum variables o, and oy,
as those are fixed to the tagged proton values.]| Equa-
tion represents the TA result for a general deuteron
ensemble.

To determine the tagged DIS structure functions, one
evaluates the tensor equation Eq. with the spe-
cific form of the neutron tensor (unpolarized, polarized)
and the neutron spin density matrix (unpolarized, vector,
tensor), and derives equations for the structure functions
by taking suitable components of the tensor equation.
To separate the various structure functions one needs to
use both + and T' LF components of the deuteron and
nucleon tensors. It is known that in LF quantization of
interacting spin-1/2 systems the + and 7' components of
the current operator have different status: the 4+ current
components are formed from the independent canonical
degrees of freedom and are free of interactions (“good
components”); the T components involve dependent de-
grees of freedom and thus depend on the interactions
(“bad components”). The use of bad components in the
TA therefore generally must be regarded as an approxima-
tion. However, studies have shown that the interaction
effects in the T' components of the current are suppressed
in the DIS limit Q2 > m?, z fixed, i.e., that they do not
affect the result for the leading structure functions in the
DIS limit (leading-twist approximation) [46, 92]. In the
following calculations we consider only the leading struc-
ture functions in the DIS limit (unpolarized, polarized),
for which the use of T' components is justified. This is

W (pa, 4, pp) = [2(27)°]

(6.6)
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supported by the fact that the IA structure functions in
the DIS limit satisfy the sum rules for baryon number,
LF momentum, and spin (see below).

We note that the calculations could in principle be ex-
tended to power-suppressed structures in the DIS limit,
such as the spin structure functions Fipg,)q or gaq (see
Sec. [[IIG). In this case the interaction effects in the
T components of the current could no longer be ne-
glected, and new considerations would be needed — the
so-called angular conditions on the current matrix ele-
ments [46] [02].

B. Unpolarized electron scattering

Unpolarized electron scattering involves the symmetric
parts of the deuteron and neutron tensors. The symmet-
ric part of the neutron tensor is diagonal in the neutron
LF helicities and independent of the value of the helicityﬂ

WY (Pns @ Ay An)[symm]
= 6(An, An) WEY (pp, @) [symm)].

In the bilinear form Eq. (6.5)) the tensor is therefore rep-
resented by the unit matrix in bispinor indices

(6.7)

1
rev = — W [symm].

— (6.8)

The unpolarized symmetric deuteron tensor is then ob-

tained from Eq. as

284 [unpol]

W [unpol] = [2(27)?] W [symm]. (6.9)

2 —ay

The relation between the tensors is, up to a factor, given
by the helicity-independent neutron distribution in the
unpolarized deuteron, Eq. .

The decomposition of the symmetric neutron tensor
is of the same form as that of the unpolarized deuteron

tensor Eq. (3.15)),

Wi [symm] = L(efey — eker — ") Fuurn

+ efel Fluu,in, (6.10)
where now the basis vectors ey, and e, are constructed
with the 4-momenta p,, and ¢, and the structure functions
depend on invariants formed with the latter. Substitut-
ing this form in Eq. , taking suitable components
of the tensor equation (uv = ++ and TT), one obtains
expressions for the tagged deuteron structure functions

9 We neglect the transverse spin dependence of the unpolarized
nucleon tensor due to two-photon exchange effects [87), [88]; cf.

Sec. @



[77]

Fuuma(@, Q% ap, ppr)

= [2(27)?] 284 (0, pyr) [unpol]

2 a Fourn(F,Q%),
(6.11a)
F[UU,L]d($7Q2§O‘pappT)
= [2(27)?] 2Sd(ap2,1?2)[unp01] Flou,un (T, Q%),
P
(6.11D)
oz
xr = 2_ap, (6.11C)

Z is the effective scaling variable for scattering on the
neutron, which takes into account its longitudinal LF mo-
mentum in the deuteron. The expressions Eqs. f
(6.11c) are valid in the DIS limit Q% > m?, neglecting
kinematic corrections O(m?/Q?). The corresponding ex-
pressions for the tagged deuteron structure functions Fiq

and Fyg, Eq. (3.21)), are
Fld(xa Q2; Qp, ppT)
)3] QSd(aP7pPT)iunp01i

= [2(27 o F1,(7,Q%), (6.12a)
Faa(x, Q% ap, ppr)
= [2(27)*] Sa(ap, ppr)[unpol] Fy,(Z,Q%).  (6.12b)

The tagged deuteron Fs; and the neutron Fb,, are related
directly by the neutron momentum distribution in the
deuteron.

The neutron momentum distribution satisfies the LF
momentum sum rule Eq. ( . It implies that the in-
tegrated tagged structure function [see Eq. (3.115)); note
the kinematic limit a; < 2 — ]

Ff.@?) = e [ [,

X FQd(I7Q2;ap7ppT) (613)

satisfies the sum rule

/delm(x,Q2) = /ldEan(&Q?). (6.14)
0 0

It shows that spectator tagging only fixes the neutron
LF momentum in the deuteron but does not change the
integral of the distribution.

The tensor-polarized part of the symmetric deuteron
tensor is obtained from Eq. as

284[tensor]

W/ [tensor] = [2(27)%] 2o,

x W [symm)], (6.15)
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where the tensor-polarized neutron distribution is given
in Eq. m, and the symmetric neutron tensor is
the same as above. Equation ) holds for an en-
semble with general tensor polarization The calcu-
lation of the tensor-polarized structure functions pro-
ceeds in the same way as for the unpolarized deuteron.
Here we quote only the expressions for the tensor struc-
ture functions Fiyr,, 114 and Flyr,, 1)d, Which appear
in the calculation of spin asymmetries in the scaling
limit (see Sec. and below). They can be obtained
with the special polarization tensor associated with pure
states, Eq. , choosing the polarization along the
z-direction, N = e,. We obtain

TrFur,, ma(z, Q% oy, Ppr)

= [2(27)°)

2S4(ap, ppr)[tensor]

Fuuma (T, Q%),

2—ap
(6.16a)
TroFur,, . a4z, Q% ap, Pyr)
284( vy, tensor
= p(emy) PO birlleot g 02,
—a,
(6.16h)

where Sy(ayp, ppr)[tensor] is the neutron distribution

given in Eq. ((5.62a)).

C. Polarized electron scattering

Polarized electron scattering involves the antisymmet-
ric parts of the deuteron and neutron tensors. The an-
tisymmetric part of the neutron tensor depends on the
neutron LF helicities. This dependence can be expressed
in the form

WE (P, G An, An) [antisymm]

= AHVp(p’ru (7) Sﬁ,gen(pn, )\{,“ )\n), (6173)
Sfl,gen(pna Alnv >\n)

1
= o tUrF (Pns An) (—rypfyf)) ULF (Drs An)- (6.17Db)

The axial 4-vector s, gen is defined as a function of the
LF helicities, A\, and A},, and represents the general po-
larization 4-vector of the free neutron. The tensor A’“’

is given by [cf. Eq. -

17 — 1%
AH p = 56# “Teq,o {eL*TeL*p’YF[LSL]n

+ (6L*7—6L*p + ng) F[LSTi”}

where the basis vectors er, and e, are constructed with
the 4-momenta p,, and g, and the structure functions de-
pend on invariants formed with the latter. In the bilinear
form Eq. the antisymmetric neutron tensor is there-
fore represented by the matrix

= LAW

o (6.18)

» (=7"7°).



The trace in Eq. now involves the vector-polarized
part of the neutron density matrix, Eq. (5.16)),

1
[0 = o A, g (pay + m)(507)7” (=377°)]
= A" s, (6.19a)

where s,, is now the effective neutron polarization vec-
tor in the deuteron, Eq. ((5.16b|). Altogether, the vector-
polarized deuteron tensor is obtained from Eq. as

2

W4 (pa, g, pp)[vector] = [2(2)?] G—a) A, s
(6.20)
In the last expressions
A s = WY (pu, @, sn)[antisymm] (6.21)

is the antisymmetric neutron tensor, evaluated with the
effective polarization 4-vector s,,, Eq. . All the in-
formation pertaining to the deuteron wave function (ra-
dial functions, polarization, etc.) is contained in s,,. The
entire effect of averaging with the effective neutron den-
sity matrix has been to replace the general neutron polar-
ization 4-vector of the free neutron in Eq. with
the specific polarization 4-vector of the neutron in the
deuteron of Eq. (5.16b). This simple result is achieved
thanks to the covariant representation of the deuteron
spin structure cf. Secs. [[V] and [V]

We can now derive the expression for the tagged
deuteron spin structure functions. As before we consider
the DIS limit, in which the structure function Firg,)q
is leading and Fj;s,1q is suppressed, and neglect terms
O(m/Q). The derivation proceeds as follows: (a) Take
the tensor equation Eq. in a general collinear frame
with p;r # My; (b) take the deuteron longitudinally po-
larized, corresponding to a rest-frame polarization vector
S = (0r,5%), cf. Eq. . (c) take the non-zero trans-
verse component of the tensor equation, pv = 12. In this
way we obtain, after a brief calculation,

F[LSL]d(x7 Q27 a;D)ppT)

dms;’

= [2(277)3] (2 _ ap)gp;r SZ

Flrs,n(7,Q%).  (6.22)

T is defined in Eq. . The ratio on the R.H.S. is, up
to a factor, equal to the helicity-dependent LF momen-
tum distribution of neutrons in the deuteron state with
LF helicity +1, Eq. , and we can write

Firsyja(z, Q% ap, ppr)

_ ey 285uay pyr)lpure +1]

2—ay

Firsn(Z,Q%).
(6.23)
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The corresponding expression for the tagged spin struc-
ture function g14 is

gld(xa Q27 Qp, ppT)

= [2(27)3] 2A84(ap, ppr) [pure +1]

2—aqp

91(Z,Q%). (6.24)

The formula applies in the DIS limit, where v — 0
and the contribution of the gy structure function is sup-
pressed; the formulas including power corrections can be
derived easily.

The helicity-dependent neutron distribution in the
deuteron satisfies the spin sum rule Eq. . It im-
plies that the integrated tagged spin structure function

int 2y — 31—1 2 dap 2
91q (2, Q%) = [2(2m)”] — [ d°ppr
0 Qp
X gld(x7Q2;ap7ppT) (625)

satisfies the sum rule

2 ) 1
/ do gt (z,02) = 942 / &7 gun(7Q%)  (6.26a)
0

ga Jo

1
2 (]. — ;)OJQ> A di gln(%a Q2)

(6.26b)

Eq. is obtained by changing the order of integra-
tions over x and «a; and substituting by 7, Eq. .
The last expression applies when the axial charge is eval-
uated in the non-relativistic limit, Eq. . We see
that our result for the integrated tagged spin structure
function reproduces the nonrelativistic formula for the D-
state correction to the deuteron spin structure function.

D. Spin asymmetries

Using the results for the tagged spin structure func-
tions in the TA, we now calculate the spin asymmetries
in tagged DIS. In the DIS limit v — 0 only the parallel
spin asymmetries A are present. The scaling variable
y and the virtual photon polarization parameter ¢, and
therefore the depolarization factors Ds,, are the same
for DIS on the deuteron and the (bound) neutron up to
power corrections,

e[deuteron] = e[neutron] + O(m?/Q?), (6.27a)

D”[SL][deuteron] = DH[SL][neutron} + O(mQ/QQ);
(6.27b)

we do not distinguish between the deuteron and neutron
in the notation of these quantities. Following Sec. [ILG]
we consider both the three-state and the two-state asym-

metries, Egs. (3.73) and (3.75)). Substituting the expres-

sions for the tagged structure functions in the IA, the



deuteron three-state asymmetry Eq. (3.73]) becomes

Ajzyalz, Q% ap, ppr)

Dys,) Firspja(@, Q% ap, ppr)
[Fluuma + €Fou,njal(z, Q% ap, ppr)

(6.28a)

AS;(op, ppr)[pure +1] Dyis,] Firs,n(Z, Q%)
Sa(ap, ppr)anpol] [Flyur, + €Fuu, (@, Q?)

(6.28b)

= Dy@yalap ppr) Ay, 7, Q%), (6.28¢)
ASq(ay, ure +1

Dy3yalap, Ppr) = oy, pyr)lp L (6.280)

Sa(ap, pyr)[unpol]

Dyis,) Firsyin (T, Q)

[Flovrm + €Fuu,nn)(T, Q%)
(6.28¢)

A (y,7,Q%) =

The tagged deuteron asymmetry can be factorized into
the neutron spin asymmetry and a function describing
deuteron structure. Aj,, is the ratio of the polarized and
unpolarized neutron structure functions and the depolar-
ization factor; it represents the parallel spin asymmetry

J

Dys.] Fios,i(z, Q% ap, ppr)
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for scattering on the neutron and depends on the nucleon
subprocess variables,  and @2, as well as on . Dy (3)d
is the ratio of helicity-dependent and -independent neu-
tron distributions in the deuteron and depends on the
proton momentum variables «;, and p,r. We refer to
this function as the deuteron depolarization factor. Note
that the unpolarized neutron distribution in Eq.
represents the average of the three pure deuteron states
with LF helicities +1 and 0, so that

AS [pure +1]

3 (Salpure +1] + Sy[pure —1] + Sy[pure 0])°
(6.29)

Dy@ya =

Its explicit form as a function of the CM momentum

variable is
f2 Cafa
(5= 35) (0 -S2)
2+ 13

[fo.2 = fo.2(k); Co2 = Coa(k)].

Dy(3ya =

(6.30)

The two-state asymmetry Eq. (3.75) in the DIS limit
is given by

Aja(z, Q% ap, ppr) =

Now, in addition to the unpolarized structure functions,
the tensor-polarized structure functions Fiyr,, 174 and
Flur, ., ,rja appear in denominator. In the IA they are

given by Egs. (6.16a) and (6.16b)) in terms of the neu-

tron distribution in the tensor-polarized deuteron and the
unpolarized neutron structure functions. In Eq. (6.31))
Dyt is the depolarization factor given by Eq. (3.65a)).

In the DIS limit it becomes

L+ om?/Q).

3 (6.32)

Dz =

Substituting the expressions for the tagged structure
functions in the TA, the asymmetry can be factorized in

a similar way as Eq. (6.28¢),

A 2)a(z, Q% ap, ppr)

= Dyj2)a(ap, Ppr) Ajn(@, Q%) (6.33a)
D) 2)a(ap, Ppr)
= ASi(ap, ppr)[pure +1] (6.33b)

Saloy, pyr)[unpol] + Sy(ay, pyr)[tensor]

|Fuvria + €Fov,na + Dy (Flor, ma + €Flor,,,na)] (2, Q% ap, ppr)

(6.31)

(

The deuteron depolarization factor now includes the
tensor-polarized neutron distribution in the denomina-
tor. Note that the sum of unpolarized and tensor neu-
tron distributions in Eq. represents the sum of
the two pure deuteron states with LF helicities +1, so
that

AS [pure +1]
1 (Salpure +1] + Sy[pure —1])°

DH(Q)d = (6.34)

This function is related to the effective neutron polariza-
tion in the pure +1 state, Eq. (5.70), and is bounded as

—1 < Dyya < L. (6.35)

Its explicit form as a function of the CM momentum

variable is
fa Cafa
(5= J5) (con-2)

f§+f22—CT(2fO+\J;2§>§2§

[fo,2 = fo2(k), Co2,r = Co21(k)]. (6.36)

Dy(2)a =
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FIG. 14. The deuteron depolarization factors Dj(zyq (three-
state asymmetry) and Dj(z)q (two-state asymmetry) in polar-
ized tagged DIS. The graph shows the depolarization factors
at ap, = 1 as functions of |ppr|.

The deuteron depolarization factors D (s)q and Dj(2)q
describe the effective neutron polarization “selected”
by the tagged proton momentum and summarize the
deuteron structure effects in spin asymmetry measure-
ments in tagged DIS. Figure [I4] shows D) (3)q and Dj(2)q
at ap = 1 as functions of |p,r|. One observes: (a) Both
D 3)¢ and Dja)q are unity at a, = 1 and [ppr| = 0,
where |k| = 0 and only the S-wave is present. (b) Dj(3)q
and Dj(2)¢ remain close to unity for [p,r| < 150 MeV,
where the S-wave dominates. The D-wave contributions
raise D) (3)q above unity but lower Dj(2)4, in accordance
with the bound Eq. , showing the effect of the ten-
sor polarized structure in Djz)q. (c) Both Dj(3)4 and
D (2)a decrease significantly at |p,r| 2 150 MeV, pass
through zero at |p,r| = 300 MeV, where the combina-
tion (fo— f2/v/2) vanishes, and become negative at larger
momenta, where the D-wave dominates.

Important differences between the three-state and two-
state depolarization factors appear in the behavior at
small proton momenta. Because the factors Cy, Cy and
Cr become unity at kr = 0,

Djya = 1 at |ppr| =0, «, arbitrary. (6.37)
In contrast, Dj(3)q # 1 for |p|,r = 0 and «,, arbitrary;
the value at |p,r| = 0 is unity only if a;, = 1. Figure
shows D) 2yq and Dj(3)q as functions of |p,r| for several
values of a,. One observes that at small proton momenta
the values of Djj(2)4 are much closer to unity than those of
D) (3)q- This difference can also be seen in the expressions

Egs. (6.30) and (6.36]), when one substitutes the factors
Cy, C5 and Cr by their approximate forms for small CM
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FIG. 15. The deuteron depolarization factors Djs)q (three-
state asymmetry, upper graph) and D) )4 (two-state asym-
metry, lower graph), as functions of |p,r|, for several values
of ap. Note the different scales on the vertical axis in the
upper and lower plots.

momenta k < m,

Co = 1 + O(k/m), (6.384)
3kr|?

Co = 1= =55 + Olk/m), (6.38b)

Op = 1= kel O(k/m) (6.38¢)

T = 2|k|2 m). .O0C

In this approximation

P Ca fa
(o) -5
B 3|kT|2> Jof2 n (1 B 3|kT2) 13

:f3‘<2 PR W) 2
(6.39)

fe+f2-Cr (2]?)4-\];2?)\];25

3lkr|?\ fof 3lkr*\ f3

— 2_(9_ J0/2 1 2

fo ( ke )2 T\ e ) 2
6.39b)

One sees that in Dj(2)q the numerator and denominator
coincide in terms linear in the D-wave and differ only in
terms quadratic in the D-wave; in Dj(3)q the numerator
and denominator differ already in terms linear in the D-



wave. Consequently,

D||(2)d = 1 + terms f%/fg

k . (6.40
D||(3)d = 1 + terms fo/fo } (k] <« m). ( )

D-wave corrections affect D) (2)q at only quadratic order
at low momenta, but D)(3y4 already at linear order.

The deviation of D)) from unity can be computed
using a simple approximate formula. At CM momenta
k < 0.1 GeV the ratio of D- and S-wave functions is
approximately given by

f(k) K
fo(k) A2’
where A\? ~ 0.087 GeV? for the AV18 wave functions [90].

Expanding the ratio of Egs. (6.39al) and (6.39b)) to first
order in f3/fZ, we then obtain

9lkr|? [fz(k?)r
Akl | fo(k)
_ 9lkr ||k

4( )\2)2 :
The expression of the CM momentum variable in terms
of the original LF variables a, and p,r is given in

Eq. (123,

(6.41)

0

Dygya = 1-

~ 1 (6.42)

VII. NEUTRON SPIN STRUCTURE
EXTRACTION

A. Analytic properties of light-front wave function

We are now ready to study the extraction of neutron
structure functions from tagged deuteron DIS measure-
ments. In general, for arbitrary nonzero values of the
proton momentum, the tagged cross section is modified
by initial-state nuclear binding effects beyond those in-
cluded in the pn LF wave function (non-nucleonic de-
grees of freedom, modified nucleon structure), and by
final-state interactions beyond the IA (scattering of slow
hadrons in the DIS final state from the spectator nu-
cleon). These effects can be eliminated by pole extrap-
olation in the proton momentum [57, [77]. The method
uses the analytic properties of the deuteron wave func-
tion to select pn configurations in the deuteron with infi-
nite transverse separation, in which both nuclear binding
effects and final-state interactions are suppressed. It per-
mits model-independent extraction of free neutron struc-
ture. Here we review its use in the unpolarized case, and
then apply it to the polarized case.

To discuss the analytic properties in the proton trans-
verse momentum, we regard the deuteron wave func-
tion as a function of the invariant mass of the pn pair,

Eq. (E-95)
A(lppr[* +m?)

M2 =
i ap(2 — ap)

: (7.1)
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FIG. 16. The kinematic variables oy, and par = |ppr|” in neu-
tron structure measurements with pole extrapolation. The
physical region pf,T > 0 is shown by the shaded area. The
pole position at pf,T = —a% is shown by the dashed line. The
tagged structure functions are measured at fixed o, as func-
tions of pf,T in the physical region as indicated by the solid
line. The measurements are then extrapolated to the pole as
indicated by the dotted line.

which takes values Mgn > 4m? for physical proton mo-
menta. In this variable the wave function has a pole
singularity of the form (we suppress the spin structure
for the moment)

Residue

4 (7.2)
Mgn - Mc%

Vi, ppr) = (less singular),

which follows from the general properties of the LF
bound-state equation. It lies outside the physical region
of proton momenta because M7, > 4m* > Mj. The pole
in the invariant mass implies a pole in the transverse mo-
mentum of the form

Residue .
Ua(ap, ppr) = Porl £ & + (less singular), (7.3)
2
az = ar(ay) = m? — (2 —a,)—2L. (7.4)

4

It lies in the unphysical region |p,r|? < 0 (see Fig. .
The pole position a2 depends on a;,. The minimum value
of a2 occurs at a;, = 1 and is

2
2 M

a2 [min] = m = meg + O(€3) = a?, (7.5)

where €5 = 2m — M, is the deuteron binding energy and

a’® = meg is the inverse squared Bethe-Peierls radius of

the deuteron.
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FIG. 17. Coordinate-space interpretation of the pole extrap-
olation. Left: Physical transverse momenta piT > 0 corre-
spond to pn configurations of finite transverse separations of
the order of the order of the deuteron size. Right: The pole
at piT = —a? corresponds to pn configurations with infinite
transverse separatio. The extrapolation pf,T — —a? effec-
tively selects such large-size configurations.

The singularity in the transverse momentum Eq. (7.3))
has a simple physical interpretation. It is related to
the asymptotic behavior of the transverse coordinate-
space wave function at large transverse separations of
the pn pair. When the transverse momentum-space
wave function is represented as a Fourier transform of
the transverse-coordinate wave function, the singularity
arises from the contribution of large transverse separa-
tions rp — oo to the Fourier integral. In this sense the
singularity describes the presence of pn configurations
with large (infinite) transverse separation in the deuteron
wave function at unphysical momenta. (The interpreta-
tion of the pole in the invariant formulation in terms of
Feynman diagrams is discussed below.)

In the representation of the deuteron LF wave function
in terms of the CM momentum, the invariant mass of the
pn configuration is

2 2 2
M2, = Ak 4+ m?). (7.6)

The pole Eq. ([7.2)) appears through the pole of the S-wave
radial function

folk) = T

= mra (7.7)
|

+ (less singular),
which is obtained from the 3-dimensional bound state
equation and represents a general feature of the weakly

bound system. The residue I" can be inferred from the
non-relativistic approximation (see Sec. [[VD)[] This

10 In the nonrelativistic approximation of Eq. , the residue
of the relativistic wave function would involve the CM energy
evaluated at the pole, E(k? = —a?) = vV/m?2 — a2?. We neglect
the small effect of the binding energy on the residue and set
E(k? = —a?) ~ m. We note that corrections to this approxima-
tion should not be inferred from Eq. , since the factor vVE
is motivated by the normalization condition involving large CM
momenta.
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again shows the close correspondence between the LF
and the nonrelativistic description of the two-body bound
state.

In the large-separation pn configurations described by
the singularity Eq. , nuclear binding effects are ab-
sent, as such configurations are outside of the range of the
nucleon-nucleon interactions. If tagged DIS could be per-
formed in such configurations, the IA cross section could
therefore be computed exactly in terms of the free neu-
tron structure function. Likewise, final-state interactions
would be suppressed, since they require the active nu-
cleon and the spectator to be aligned along the reaction
axis. In this way one could effectively realize DIS on the
free neutron and use it to extract free neutron structure
from tagged DIS. Obviously this is not possible in mea-
surements at physical proton momenta, as the singularity
representing the large-separation pn configurations lies in
the unphysical region. However, the singularity can be
reached by analytic continuation in |p][,T\2 to unphysical
negative values,

ppr|* — —at. (7.8)

Because the values of a2 for a ~ 1 are small, Eq.
and , the singularity is very close to the physical re-
gion and can be reached by extrapolation in |p,r|?. This
opens a practical way of accessing non-interacting large-
size pn configurations in tagged DIS on the deuteron
and extracting the free neutron structure functions (see

Fig. .

B. Pole extrapolation of unpolarized cross section

In unpolarized tagged DIS the free neutron struc-
ture functions are extracted as follows. The unpolar-
ized deuteron spectral function Eq. (5.59al) has a pole in
|ppT|2

284(ap, ppr)[unpol]
2 -0y
R

(Ippr|* + a7)?

2

+ (less singular for |p,r|* = —a?), (7.9)

with residue

R = R(oy) = 2a§mf2, (7.10)

where I is the residue of the 3-dimensional wave function
in Eq. ([7.7). The unpolarized tagged structure functions
therefore have a pole

Fuuma(z, Q% ap, ppr)

R

~ RO ey

Fuuma (T, Q%)

+ (less singular), (7.11)



and similarly for Fjyy,r)jg- The arguments presented
above imply that this pole is a general feature of the
tagged structure function; the pole is contained com-
pletely in the TA cross section; the residue is given by
the free neutron structure function. To extract the free
neutron structure functions, one follows these steps (see
Fig. [16)): (i) Measure the unpolarized tagged DIS cross
section for fixed ay, as a function of |p,r|? in the physi-
cal region |p,r|? > 0. The ranges of these variables are
chosen such that they correspond to nucleon CM mo-
menta of the order of the typical nucleon momenta in
the deuteron, |k| < 100 MeV (ideally, much smaller than
that), which implies

095 ap S1.1,

0< |ppr| <0.1GeV. (7.12)

(ii) Tabulate the measured tagged deuteron structure
functions in |p,r|?, and multiply by

(Ippr|* + a7)?

- (7.13)
to remove the pole factor. (iii) Extrapolate to |pyr|* —
—a3:

2, 22
- . +ay)
F L(70%) = lim (Ippr| T
wu, (T, Q%) ppT2—>—a2T{ 7

X F[UU,T]d(xaQ2§apappT):| . (7.14)

In the region of |p,r| sufficiently close to zero, where
there are no other singularities besides the nucleon pole,
the extrapolation can be performed through a polyno-
mial fit and is model-independent. Notice that the neu-
tron structure function on the left-hand side of Eq. ([7.14])
depends only on the effective scaling variable & = 2:/(2 —
ap), not on x and «,, individually. This makes it possible
to extract the structure function at the same value of
using measurements at different x and oy, thus testing
the extraction procedure.

Figure [18|shows the |p,r|* dependence of the IA spec-
tral function with the pole factor removed,

284 (Ipyr|* +a7)’
2—aq R ’

lim  [.] = 1, (7.15)

|ppr|?——af

which represents the normalized |p,r|?> dependence of the
expression in brackets in Eq. in the TA. One ob-
serves that: (a) The expected variation of the expres-
sion Eq. over the range used for extrapolation,
Eq. (7.12), is < 50%. (b) The D-wave contribution is
small throughout this range and vanishes at |p,r| = 0.
(c) The extrapolation distance increases as «, moves
away from 1, because the pole position —a% moves away
from the physical region; see Fig. [16|and Eq. (7.4). Note
that further modifications of the |p,r| dependence of
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FIG. 18. Pole extrapolation of the unpolarized tagged
deuteron structure function. The plot shows the unpolarized
deuteron spectral functions with the pole factor extracted,
Eq. , at fixed values of oy, as functions of pf,T in the
physical region pZT > 0. Dashed line: S wave contribution
only. Solid line: S+D waves (total). Dotted line: Extrapola-
tion to pZT = —a%. The pole positions —a? are indicated by
the vertical arrows above the plot.

Eq. (7.15)) arise from FSI; however, they vanish at the
pole |p,r|[*> = —a3 and do not affect the result of the
extrapolation [57 [77].

We have presented here the pole extrapolation in the
context of LF quantization, where it emerges from the
analytic properties of the deuteron LF wave function.
An alternative view is obtained in the context of the in-
variant formulation of electron-deuteron scattering us-
ing Feynman diagrams with 4-momentum conservation
and off-shell nucleons. There one regards the tagged DIS
cross section as a function of the invariant 4-momentum
transfer between the deuteron and the proton,

t' = (pg— pp)2 —m?, (7.16)

which is a function of «, and |p,r|. The kinematic
variable ' can be interpreted as the “off-shellness” of
the active neutron in the Feynman diagram sense. The
e+d — e’ + X +p cross section has a pole at t' = 0, cor-
responding to “neutron exchange” between the deuteron
breakup and the DIS process. The residue at the pole is
given by the product of the d — p 4+ n vertex function
squared and the free on-shell neutron structure function;
this can be derived formally from general principles of
S-matrix theory (residue factorization). The pole ex-
trapolation of the cross section is therefore referred to
as “on-shell extrapolation.” The connection with the LF



formulation is established by noting that

2—ay

2
= — = (Ipprl* + ). (7.17)

P

The off-shellness in the Feynman formulation is propor-
tional to the invariant mass difference in the LF formu-
lation. The approach to the on-shell point in the Feyn-
man formulation corresponds to the selection of large-
distance configurations and the vanishing of binding in
the LF formulation. Further aspects of the Feynman for-
mulation of the pole extrapolation (absence of FSI at the
pole, magnitude of FST effects at ¢’ = 0) are discussed in
Refs. [57, [77].

C. Pole extrapolation of spin asymmetries

The neutron spin structure functions could be ex-
tracted from the polarized tagged deuteron structure
functions in the same manner as Eq. , by perform-
ing the pole extrapolation at the level of the structure
functions. However, it is more convenient to perform
the extrapolation at the level of the spin asymmetries.
Advantages of this approach are: (a) the nucleon pole
factors in the structure functions cancel between the nu-
merator and denominator of the asymmetry, so that one
does not have to remove them externally; (b) the asym-
metries overall depend only weakly on |p,r|?; (c) certain
systematic experimental uncertainties cancel between the
numerator and denominator.

For the neutron spin structure extraction we use the
two-state asymmetry, in which the deuteron structure
effects at small proton momenta cancel to a higher degree
than in the three-state asymmetry (see Sec. . In the
TA, which contains the pole terms in the cross sections
and becomes exact at the pole, the asymmetry is given

by Eq. (6-334).

Aj2)a(z, Q% ap, pypr)

= Djj2)alap, Ppr) Ajn(, Q7). (7.18)

The |ppr| dependence of the deuteron depolarization
factor Dj2)q near the pole can be determined from
the explicit expression in terms of the CM momentum,
Eq. , by expanding in |p,r|/m, counting the bind-
ing energy as e;/m ~ |pyr|/m, and retaining only the
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FIG. 19. Pole extrapolation of the deuteron depolarization
factor Dj2)q. Solid line: Dj2)q at a, = 1 as a function of
piT in the physical region pf,T > 0, evaluated using Eq. .
Dashed line: Same function for a, = 1.06. Dotted line: Dj(2)q
in the unphysical region pf,T < 0, evaluated using Eq. 7;%'}
The functions for the two values of «) are practically the
same and show up as a the single dotted line in the plot. The
positions of the pole at pf,T = —a?% for the two values of o,
are indicated by the two vertical arrows.

S-wave radial wave function,

Dy)a(ap, [Pyr[*)

I s Vi
2(2 — o)
SRR S UGS Vil N TR 7 ks
2(2 — Oép) 4 m O(p(2 _ ap)mg
+ terms { (pyrl +a3)? (mea)® mea(lpyrl® + o) } .
m m m

(7.19)

The approximate expression is valid in the physical and
unphysical regions and can be used in the extrapolation.

Figure shows Dj(2)q at fixed «,, as a function of
|ppr|?, including the physical region |p,r|*> > 0, where
it is evaluated using Eq. , and the unphysical re-
gion |p,yr|? < 0, where it is approximated by Eq. .
One observes: (a) The deviations of Dj(2)q from unity
are <5% for 0 < |p,r|? < 0.01 GeV?, the range typically
used for pole extrapolation. (b) The approximate expres-
sion in the unphysical region matches well with the exact
result in the physical region at the boundary |p,r|* = 0.
(c) The values of D) (2)a at the pole are very close to unity
|D\|(2)d(|ppT|2 = —a%) - 1‘ < 0.01 for ‘Oép - 1| < 0.1.

To extract the neutron spin asymmetry, one
should measure the deuteron two-state asymmetry



AH(Q)d(x,QQ;ap,ppT) at fixed ay, over a range of |p,r|
down to |p,r| = 0, tabulate the result in |p,r|?, and ex-
trapolate to |p,r|* — —a3%. Because of the very weak
expected |p]gT|2 dependence, the extrapolation should
be performed by fitting it with a constant (zeroth-order
polynomial); deviations from the constant would be diffi-
cult to reproduce through a higher-order polynomial be-
cause of their complex |p,r|*> dependence (instabilities)
and are likely beyond the accuracy of any measurement.
The neutron asymmetry is then obtained as

AHn(Ev Q2)
Climp, e a2 Ajeya(z, Q% ap, ppr)

Dy 2ya(ap, |ppr|? = —a3)

where the denominator is given by Eq. (7.19) at the pole

. (7.20)

Dy)alap, [ppr> = —at)
e b
~ 1+ 2(21%) {(a,,—1)2 + %‘1} (7.21)

A similar extrapolation procedure could be formulated
for the three-state asymmetry Ajsyq, Eq. (6.28c).

VIII. SUMMARY AND PERSPECTIVE

We have presented a theoretical framework for polar-
ized electron-deuteron DIS with spectator nucleon tag-
ging, suitable for measurements with a future EIC. It in-
cludes the general form of the observables (cross sections,
spin asymmetries), the description of nuclear structure
in the high-energy process (LF quantization, deuteron
LF wave function, spin effects, nucleon momentum dis-
tributions, IA), and the prospects for neutron structure
extraction (proton momentum dependence, pole extrap-
olation). We now summarize the main theoretical and
practical conclusions of our work and suggest directions
for further study.

The main theoretical conclusions, related to the de-
scription of polarized deuteron structure in LF quantiza-
tion, are:

(a) Advantages of 4-dimensional formulation of LF
spin structure. The 4-dimensional formulation of the
deuteron LF spin structure offers several advantages com-
pared to the 3-dimensional one. It avoids the use of ex-
plicit Melosh rotations, permits efficient evaluation of the
spin sums as bispinor traces, and deals with expressions
whose form is familiar from covariant field theory (neu-
tron density matrix, polarization 4-vector). Rotational
invariance is ensured by the constraints resulting from
the covariant dependence of the nucleon polarization 4-
vector on the deuteron polarization 4-vector and tensor.

(b) Simplicity of CM momentum variable. The use of
the CM momentum variable in the two-body LF wave
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function further simplifies the calculation and interpre-
tation of the results. It results in expressions that have
a form similar to the nonrelativistic wave function and
densities and exhibit 3-dimensional rotational symmetry
(angular momentum content, S and D waves). The fact
that the pn CM frame is related to the deuteron rest
frame by a collinear boost permits an extremely sim-
ple representation of the spin structure, in which the
deuteron polarization 3-vector and 3-tensor in the rest
frame directly determine the 3-dimensional vector and
tensor polarization of the pn configuration in the CM
frame.

(¢) Coordinate-space picture of LF wave function pole.
The pole in the deuteron LF wave function describes the
behavior of the two-body system at asymptotically large
transverse distances and fixed LF momenta. This inter-
pretation explains both the absence of nuclear binding at
the pole and the absence of FSI in scattering processes
after extrapolation to the unphysical pole kinematics. It
appears naturally in LF quantization and is alternative
to the interpretation as a mass-shell singularity (nucleon
pole) in the Feynman formulation.

The main practical conclusions, related to the results
for tagged DIS observables and the the prospects for neu-
tron structure extraction, are:

(d) Control of D-wave through tagged proton momen-
tum. The D-wave contribution to the polarized cross sec-
tion is controlled by the proton momentum and is absent
at zero transverse momentum, |ppT| = 0, for any longi-
tudinal momentum oy,. This remarkable feature is due to
the LF description of the deuteron’s spin structure, which
permits relativistic spin rotations of the 3-dimensional
D-wave only at nonzero transverse momentum. It offers
a practical way to eliminate the D-wave depolarization
and reduce the quantum system to a completely polar-
ized configuration.

(e) Neutron spin structure extraction from two-state
spin asymmetry. The neutron spin structure function
g1n can be extracted efficiently from the tagged deuteron
spin asymmetry between the two longitudinal spin states
with projection +1 only. The fact that the spin state with
projection 0 is not needed represents an important sim-
plification, as the systematic uncertainties in the prepa-
ration of the +1 states are likely correlated and cancel
in the asymmetry. While the two-state asymmetry ap-
pears theoretically more complex because it involves ten-
sor polarization in the denominator, it is in fact a simpler
observable than the three-state asymmetry.

(f) Simple pole extrapolation. The two-state spin
asymmetry depends only weakly on the proton transverse
momentum; the variation is $5% for |ppr| < 100 MeV.
The pole extrapolation can therefore safely be performed
by fitting with a constant, with very small theoretical cor-
rections. Altogether, our results provide a practical pro-
cedure for extracting neutron spin structure from future
polarized tagged measurements with minimal theoretical
and experimental uncertainties.

The methods developed in this work can be applied to



other types of tagged DIS measurements on the deuteron.
This includes: (a) Measurements of tensor-polarized
tagged cross sections or spin asymmetries, with the aim
to extract the leading-twist tensor-polarized structure
functions Fiyr, , 714 and Flyr,, r)a- The IA formulas for
these observables can easily be obtained by combining the
expressions given in Secs. [[1I and (b) Measurements
of the vector-polarized transverse spin asymmetries, with
the aim to extract the power-suppressed tagged spin
structure functions Fipg,jq or gaq. The IA formulas for
these observables can be derived from the general expres-
sions given in Secs. [[I]| and [V The calculation of these
power-suppressed structure requires an assessment of the
interaction effects in the T components of the LF current
operator (see comments in Sec.[VIA)). (c) Measurements
of the azimuthal angle (¢,-) dependence of the polarized
tagged cross section. Such measurements can offer new
ways to probe the ¢,-integrated structure functions con-
sidered in the present study. They can also access the
numerous ¢,-dependent responses sensitive to spin-orbit
effects in the deuteron breakup, including time-reversal-
odd (T-odd) structures that are zero in the IA and re-
quire FSI. The general form of the polarized tagged DIS
cross section including the azimuthal angle dependence,
and the LF calculation of the corresponding tagged struc-
ture functions, will be described in a forthcoming article
[82]. (d) Measurements of exclusive processes in tagged
high-energy scattering on the deuteron, such as deeply-
virtual Compton scattering (DVCS) or hard exclusive
meson production, with the aim of extracting the gener-
alized parton distributions of the neutron; see Refs. [93-
05] for a review. (e) Studies of spin effects in deuteron
breakup in diffractive high-energy scattering with tagged
nucleons [96].

The methods and results described here can also be ap-
plied to study the nuclear modifications of partonic spin
structure (polarized EMC effect, antishadowing, shad-
owing) and its dynamical origin. Spectator tagging ef-
fectively controls the size of the pn configuration during
the DIS processes and can therefore provide insight into
the dynamical origin of the nuclear modifications (de-
pendence on the distance between the interacting nu-
cleons, connection with short-range NN correlations).
Such studies require tagged measurements at larger pro-
ton momenta |p,r| ~ 300-600 MeV, where FSI effects
are of the same order as the TA cross sections. FSI ef-
fects in unpolarized tagged DIS at x = 0.1 were studied
in Ref. [77]; the results could be extended to polarized
DIS with appropriate dynamical input (spin-dependent
nucleon fragmentation). Investigations of the EMC ef-
fect with spectator tagging might be possible in kine-
matic regions where the FSI effects are approximately
independent of the proton momentum, so that they can-
cel in ratio observables (backward region, spectator mo-
mentum opposite to the g vector in the deuteron rest
frame). How such studies could be extended to polariza-
tion observables and the spin-dependent EMC effect is
an interesting question for further study.
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The techniques used in the present study could in prin-
ciple be extended to describe high-energy scattering on
more complex light nuclei (A > 2) with detection of the
nuclear breakup state, e.g. DIS on A = 3 nuclei with
quasi-two-body breakup, e + *He(*H) — ¢ + X + d.
Such measurements could be used to test the universality
of the extracted neutron structure, or to investigate the
isospin dependence of nuclear modifications. The theo-
retical description of breakup processes with A > 2 nuclei
is much more challenging than spectator nucleon tagging
with the the deuteron because (a) the initial state is much
more complex (3-body system, NN pairs with isospin 0
and 1); (b) the nuclear remnant in the final state is a
multinucleon system with internal degrees of freedom on
the nuclear scale (bound states, scattering states); (c) the
amplitude for the nuclear breakup in the high-energy pro-
cess generally involves multiple trajectories with different
possibilities of FSI. The matching of the high-energy scat-
tering process and low-energy nuclear structure in these
reactions is therefore much more complex and requires a
genuine interdisciplinary effort.
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Appendix A: Light-front helicity spinors

In this appendix we present the explicit expressions of
the bispinors describing nucleon LF helicity states, which
are used in the covariant formulation of the deuteron LF
wave function (cf. Sec. . We describe the bispinors for
both canonical and LF helicity states, and the Melosh
rotation relating them. We derive the expressions for
the positive-energy (u-) spinors; the negative-energy (v-)
spinors are then obtained by applying the charge conju-
gation transformation; this ensures that they are defined
consistently for both types of spin states.

A spin-1/2 particle with mass m and 4-momentum p is



described by a bispinor wave function u(p, A) satisfying

(py —=m)u = 0, (Ala)
a(p, N u(p,\) = 2m (N, \), (Alb)
> ulp, N a(p,A) = py+m. (Alc)

A

Here A = +£1/2 denotes a generic spin quantum number
characterizing the states. For canonical spin states, ob-
tained by ordinary boosts of the bispinor at rest to the
desired 3-momentum p, the bispinor is of the form (in
the standard representation of the gamma matrices)

vVE+m
VE —m po/|p|
where o = (0!, 02, 0?) are the Pauli matrices and y(\) is

the two-component spinor describing the spin wave func-
tion of the particle at rest,

XH)X(A) = 8V, ).

For LF helicity states, obtained by a LF boosts of the
bispinor at rest to the desired LF momentum pt and
pr, the bispinor is of the form

ucan(pa )‘) = ( ) X()‘)v (AQ)

(A3)

0
(Ada)

uLr(p, A) = \/21]7 "y + (m —pryr)y™] < X )

+ 3
pT+m+ proro
) xX(A),

1
V2t ( a*(pt —m —prora®)

(Adb)

where again x(A) describes the spin wave function of the
particle at rest. The bispinors Egs. and are
related by a rotation (Melosh rotation). This rotation
can be implemented as a transformation acting on the
rest-frame 2-spinor,

vE+m
uLr(p, ) = ( U(p) x(A) (Aba)
VE —m po/|p|
= ucan(pa )‘)[X()‘) - u(p)X()‘)]7 (A5b)
where U is a unitary matrix in 2-spinor indices,
+ 3
Up) = L TIEPTOTT iy — 1 (A6)

20TV E +m ’

In this interpretation, the LF bispinor is equal to the
canonical bispinor with the same momentum, in which
the rest-frame 2-spinor has been rotated by the ma-
trix U. Alternatively, the relation between the bispinors
Egs. (A2) and can be expressed as a transforma-
tion acting on the spin quantum numbers. Using the
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completeness of the two-spinor basis one can write

Ui ()’ (N) = DX WX (N () ()
v

= Y X'N)U@p N, ), (ATa)
=
Ulp, N, A) = X" (XU (p)x? (V)
= XTUP)XN), (A7b)
(ATc)

ULF(pa )‘) = Z ucan(p7 )\,) U(pa >‘/a )‘)
A/

The function U(p, N, \) represents the “matrix element”
of the “operator” U between the spin states with quan-
tum numbers A’ and A (note that the order of the ar-
guments A and )\ is important in this and the following
expressions). In this interpretation, the LF bispinor is
equal to a certain combination of the canonical spinors
corresponding to the same set of rest-frame spin quantum
numbers.

The unitary matrix Eq. is a function of the mo-
mentum of the state (expressed either in terms of its or-
dinary or the LF vector components) and satisfies

Ut(p*,pr) = U, pr — —p1), (A8a)

Up*,pr=0) = 1. (ASb)
For zero transverse momentum the LF spinors coincide
with the canonical ones, because in both cases only lon-
gitudinal boosts (along the z-axis) are involved in the
preparation of the states (see Fig. [4).

The conjugate bispinors are defined as

i = uly° (A9)

for both canonical and LF spin states; their explicit ex-
pressions can be obtained by taking the hermitean con-
jugate of Egs. and and mutiplying with 7° in
the standard representation. The relation between the
canonical and LF conjugate spinors is

aLr(p, A) = Gean (0, NIXT(A) = X' (VU (p)]  (Al0a)

= Z ﬂcan(pa /\/)U* (p7 >\/a )‘) (AIOb)
)\/

Antiparticle states are described by the bispinor wave
function v(p, \) satisfying [cf. Eq. (A1))]

(py +m)v = 0, (Alla)
o(p, \)v(p,A) = —2m (N, N), (A11b)
> wp, N o(p,A) = py—m. (Allc)

A



It is convenient to define the specific form of these spinors
such that they correspond to the result of a charge con-
jugation transformation (with a unique phase factor) ap-
plied to the particle spinors. The transformation is of the
form

vu(p,\) = Ca’ (p

) = OO (p, V),

where the bispinor matrix C' satisfies the conditions

(A12)

c(yT = -+, CcT=-C, COfCc=1. (A13)

These conditions specify the form of the matrix C' up to

a phase factor. We choose the phase factor such that (in
the standard representation of the gamma matrices)

—io?
C=iy?y° = i , Cl=—C. (A14)

With this choice the v-spinors for canonical spin states
are obtained as

VE —m po/|p|
vVE+m

where we have used the identity

’Ucan(l% >‘) = < > (71‘02))(*()‘)7 (A15)

oloc*o? = —o. (A16)

The two-component spinor x*(A) describes the spin wave
function of the antiparticle in the rest frame. The v-
spinors for the LF spin states are obtained as

1 o*(pT —m — proro?)
2pt pt +m+ prorod
x (—=io?)x*(N).

The relation between the canonical and LF v-spinors is
then

vLF(pv >‘) =

(A7)

oL (P, A) = Vean (P, MIXT(A) = U (p)x" (V)] (AlBa)
= Zvcan p7 U* (pa )‘/ A) (A18b)

Notice that the unitary matrix Eq. (A6]) satisfies
ocU*o? = U, (A19)

which follows from Eq. and relates the formu-
las for the u- and v- splnors in Eqs and m
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Equation follows directly from the definition
Eq. .

We have presented the formulas for canonical and LF
bispinors for a general spin wave function of the particle
at rest, described by the 2-spinors x (). This has helped
us distinguish the two implementations of the Melosh
rotation, as acting on the bispinor wave function or the
spin quantum numbers, Eq. and , especially
when complex-conjugate spinors are involved. The set
of spinors (A = £3) can be quantized along any fixed
direction. In the LF helicity states in the proper sense
[cf. Sec. the spinors are quantized along the z-axis,

i.e., chosen as eigenspinors of o2,

=1 =(3). x=-bH=(7) @

With this choice of spinors the function U(p, A, ) in
Eq. m formall coincides with the element of the ma-
trix U(p), Eq. (A6), indexed by X' and A, with (1, 1)
1dent1ﬁed with the matrix indices (1, 2),

U(pa A/7 >\) = uk')\(p)'

When using this compact notation one needs to be careful
regarding the order of the matrix indices. In the calcu-
lations in Appendix [B] we use the form with the general
2-spinors, which is more transparent.

(A21)

Appendix B: Deuteron light-front wave function

In this appendix we present the deuteron LF wave
function in the 3-dimensional representation in the
CM frame and demonstrate its equivalence to the 4-
dimensional representation of Sec.[[VB| In particular, we
derive the relation between the radial wave functions in
the 3-dimensional representation invariant functions and
the 4-dimensional representation, Eq. .

In the CM frame of the pn configuration, the proton
and neutron 3-momenta (ordinary vector components)

are equal and opposite, Eq. (4.24),

and the configuration is specified by the 3-momentum k.
In this frame the LF wave function can be constructed
as a 3-dimensional wave function in the variable k. One
first constructs a 3-dimensional relativistic wave function
in canonical spin states, which couples the orbital motion
in k with the canonical spin degrees of freedom, and then
applies the Melosh rotation to convert from canonical to
LF helicity states. The result is [81]



\I/d(a;mppT5 )‘pv )‘n|)‘d) = Z \Tjd(ka )‘;Lv )‘H)‘d) U~ (kv )‘;/m Ap) U*(_k’ )‘;u )‘n)a

AbAn

_ 1. g
Bk, o Ny M) =0 [5”jb(k)-+

U(—k, My M) = Uy Any M) [CM] = xT ()

\Tld in Eq. is the 3-dimensional relativistic wave
function in the CM momentum k and the canonical spin
variables A}, and \},. The 3-vector €4 is the polarization
3-vector of the pn configuration in the CM frame [which
is identical to the deuteron polarization 3-vector in the
deuteron rest frame, cf. Eq. }, and the 2-spinors y
describe the spin wave function of the proton and neutron
at rest. Wy includes the S- and D-waves of the orbital mo-
tion. It has the same form as the nonrelativistic deuteron
wave function; the only difference is in the normalization
of the radial wave functions [77, 1],

w [BEB® B = 1 By
E(k) 0 2 - .
The functions U in Egs. (B2c) and are the Melosh
rotations Eq. associated with the proton and neu-
tron 4-momenta in the CM frame, Eq. (we regard
them here as functions of the 3-vector k). They connect
the canonical spin variables A, and A, with the LF he-
licities A, and A,,. The functions U enter in Eq. (B2al) as
their complex conjugates, because the proton and neu-
tron states are described by complex-conjugate spinors
(the wave function corresponds to the (pn|d) matrix ele-
ment).

The 3-dimensional representation of the LF wave func-
tion, Eq. , is equivalent to the 4-dimensional repre-

sentation of Eqgs. (4.6) and (4.15),
\I’d(apa PpT; >\p7 )\n|)\d)
= aLF(pm >\n) [7a01 + (pp - pn)aGQ] ULF(ppa /\p)
X € (Ppns Ad)

[Gl)g = GI,Q(Mzn)] (B4)

This can be demonstrated using the invariance properties
of the 4-dimensional expressions. The bilinear forms in
Eq. are Lorentz invariants and can therefore be eval-
uated with the 4-vectors and bispinors in any collinear
frame. Specifically, we may evaluate them with the 4-

1
V2
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(B2a)
BK'KT j try (2 2\
=0 ) R 00 [T ioN] O), (B2)
E+k+m+kropo? ) (B2c)
V2ELR)E+m) |
— 4+ m—kroro?
E\/;EJ: k3)(gT+ | X (320

(

vectors and bispinors in the CM frame,

ULF (Prs An ) YaVLF (Pps Ap)€py (Ppns Ad)[any coll. frame]

= ULF (Pn, An)YaVLF (p;m /\p)egn (ppm Aa)[CM] (Bba)

ULF (P, An)ULF (pzn Ap)(Pp — pn)aegn (ppna Aa)[any coll ]

= ’aLF (pna )\n)ULF (ppa )‘p)(pp - pn)aegn (pp'ru )\d)[CM]
(B5b)

The LF bispinors in the CM frame can be expressed in
terms of the canonical bispinors in the CM frame and the
Melosh rotations corresponding to the CM momentum,

cf. Egs. (A10b)) and (A18b)),

= Z ﬁcan(pna >\;7,) U* (pn7 >\/na /\n) [CM]
Al

= Z ﬂcan(pna A%)[CM] U*(—k, /\;za )\n)7
Al

(B6a)

ULF (pzn /\p) [CM]

= Z Ucan(ppa )\;7) U (pzn )‘;17 /\n) [CM]
Ab

> vean(Pps A [CM] U™ (R, X, M), (B6b)
A/

where the k-dependent functions in the last expressions
are the ones given in Egs. and (B2c). Substi-
tuting the specific expressions of Egs. (B5]) and in
Eq. (B4), and comparing with Eq. (B2), one sees that

the 4-dimensional wave function coincides with the 3-
dimensional one, provided that the 3-dimensional canon-



ical wave function W4 in Eq. lj can be identified as

W (K, Ay Al Aa)

— Pn)aGo2] Ucan(p;m Mﬂ)
(B7)

; Ucan (pn; /\In) [VaGl + (pp
X €gn(ppm/\d)[CM]7

which is the same 4-dimensional bilinear form as in
Eq. (B4)) but evaluated with the canonical bispinors in
the CM frame. To show that the identification Eq. (B7))

J

ucan(pna A%)'Ucan(p;m A;)) [CM] = XT(A%) [72,6 . U] (io’2) X*()‘;)’

Ucan(pna /\/n)'yivcan(pp; )\},) [CM] = XT(AIn) |:2E0'i + 2(E - m)

Ucan (Pn, /\;1)’Yovcan (pp» )‘;7) [CM] 0.

Altogether, Eq. becomes

!

Tk, N XoAa) = eh(0a) T (VD) { [mﬁ‘ 2B - m)

The expression on the R.H.S. has the same structure
as Eq. (B2b)). Matching the coefficients of the S- and
D-wave tensor structures, we obtain the relation of

Eq. ([#.31),
G = & (ﬁfo - fz) ; (Blla)
Ga = gy [VAE —m) fo+ 2B +m) o] (BID)

[GLQ = G172(M§TL)’ f0,2 = fO,Q(k)] ’

a0

is possible we need to express the bilinear form in terms of
the two-component spinors and match it with the explicit
form of Eq. . The canonical bispinors in the CM
frame are given by the general expressions Egs. and
(A15), evaluated with the CM 4-momenta of Eq. .
The components of the pn spin 4-vector in the CM frame

are given by Eq. (4.28),
egn(ppm/\d)[CM] = (0, €a).

Reducing the bilinear forms in Eq. (B7) to two-
component form, we get

(B8)

(B9a)

kik

| ) (B9b)

(B9c)

kik

/@U] Gy + Ak'k - UGQ} (i02) x*(\,)  (B10)

(

where the arguments are related by [cf. Eq. (4.25])]

2 2 2 2
M2, = 4E? = 4(k|> +m?). (B12)

This completes the proof of equivalence of the 3-
dimensional and 4-dimensional representations of the
deuteron LF wve function and determines the 4-
dimensional invariant functions in terms of the 3-
dimensional radial wave functions.
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