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Angular momentum distribution of a quark dressed with a gluon
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We investigate the different decompositions of the angular momentum in QCD for a relativistic spin 1/2
composite state, namely a quark dressed with a gluon. We use light-front Hamiltonian perturbation theory,
and in the light-front gauge, use the two-component framework by eliminating the constrained degrees
of freedom. We also investigate the different decompositions of the angular momentum at the level of
two-dimensional densities in the front form, including the effect of the so-called potential term. In this
work, we consider the contribution coming from the quark part of the energy-momentum tensor. We
contrast the different decompositions and also compare with other calculations in the literature. We also
present the gravitational form factor related to the antisymmetric part of the energy-momentum tensor.

DOI: 10.1103/PhysRevD.109.016022

I. INTRODUCTION

Experimental results have established that only one-third
of the proton spin comes from the quark’s intrinsic spin
[1-4]. Recently, RHIC spin experiments have provided
important constraints on the contribution of gluon’s helicity
to the proton spin [5,6]. Since the contributions from the
intrinsic spin of quarks and gluons do not account for the
total nucleon spin, orbital angular momentum (OAM)' is a
good candidate. It is anticipated that future experiments like
JLab 12 GeV [7] and Electron-Ion Collider (EIC) at BNL
[8] will provide high-precision measurements of the orbital
angular momentum contribution of quarks and gluons,
respectively [9]. On the theory hand, the decomposition of
the nucleon spin into intrinsic components and OAM of its
constituent quarks and gluons has been discussed exten-
sively in the literature in the past few years [10]. The main
issue for a long time was the fact that the total spin, in
particular, the angular momentum of the gluons cannot be
separated further into intrinsic and orbital parts in a gauge-
invariant manner. In contrast, polarized electron-proton and
proton-proton scattering experiments have since measured
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spin asymmetries that are sensitive to gluon helicity
distribution, or to the intrinsic spin of the gluons in the
nucleon. Hence, one needs to identify a gauge-invariant
observable with the one that has been probed in the
experiments. It has later been shown that, indeed, a
gauge-invariant decomposition of gluon angular momen-
tum is possible. The procedure used to achieve this gauge-
invariant decomposition as shown in [11-14] adds another
term to the decomposition called the “potential angular
momentum” [15]. The potential angular momentum, being
gauge invariant in itself, can be added to the OAM of the
quark or the OAM of the gluon; thus, there is an ambiguity
even in the definition of the total angular momentum of
quarks/gluons. In fact, infinitely many decompositions of
the nucleon spin can be theoretically possible, although
only a few of them give meaningful physical insight into
the spin structure of nucleons, namely Belinfante [16],
Ji [17], Jaffe-Manohar [18], Chen et al. [11,12], and
Wakamatsu decompositions [13]. A comprehensive review
of all these decompositions, the theoretical issues in this
line, and how they are addressed can be found in Ref. [10],
and we will also discuss them briefly in Sec. II.

The different angular momentum decompositions give
the same expression for total angular momentum at the
integrated level but not at the density level [19]. This is
because these decompositions differ from each other by
superpotential (surface) terms that vanish after integra-
tion [10]. So, the total angular momentum density cannot
be interpreted as a sum of the OAM and spin density
only, and it becomes interesting to investigate the spin
and OAM of the quarks and gluons at a density level
and explore how the different decompositions affect
these densities. As shown by Burkardt [20,21], generalized
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parton distributions (GPDs) contain information about the
spatial distribution of quarks and gluons, as the Fourier
transformation of the GPDs gives the parton distributions in
the transverse impact-parameter space, which have density
interpretation in the frame where the momentum transfer
is purely in the transverse direction. GPDs can be extracted
from the exclusive processes such as deeply virtual
Compton scattering and deeply virtual meson production
[22-27]. The gravitational form factors, which are related
to the GPDs through a moment, give the pressure, shear,
and energy distributions due to the quarks and gluons in the
nucleon [28-31]. Similarly, the angular momentum dis-
tributions inside the nucleon can be obtained [32]. Such
distributions in the literature are usually constructed in the
following two different approaches; in the Breit frame, one
calculates the three-dimensional (3D) distributions [33,34];
however, such distributions need relativistic corrections
unless the nucleon is considered to be infinitely massive.
On the other hand, one can construct two-dimensional (2D)
distribution in the light-front framework. Because of the
transverse Galilean symmetry on the light front, these are
free from relativistic corrections. The presence of surface
terms that connect various decompositions affects the
relationship between the Fourier transform of the GPDs
in the impact-parameter space and the angular momentum
distributions in the transverse plane. Different definitions of
the angular momentum distributions were investigated in
Refs. [19,32] using a scalar-diquark model (SDQM), and it
was shown that when all the surface terms are included, the
total angular momentum distribution is the same for
Belinfante and Ji decompositions. Distributions of quark
angular momentum in a light-front quark-diquark model
using soft wall AdS/QCD have been studied in [35]. The
role of surface terms in the nucleon spin decomposition
problem at the integrated and density level has also been
discussed in [36]. The term responsible for the difference
between Ji and Jaffe-Manohar decompositions of quark and
gluon OAM is the potential angular momentum [15,37].
This term gives a nonvanishing contribution to the nucle-
on’s spin as suggested by lattice QCD studies [38,39]. A
numerical analysis of the renormalization scale dependence
of potential angular momentum in Ref. [40] also points to
the nonzero contribution of the potential AM. In Ref. [32],
it was shown that the Ji and Jaffe-Manohar definitions of
angular momentum coincide in SDQM, as expected in a
system without gauge bosons, due to the vanishing of the
potential angular momentum. This observation has also
been confirmed more recently in Ref. [41] at the two-loop
level in SDQM. The authors proposed that since the
potential AM is related to the torque acting on the quark,
just the sole presence of a gauge boson is not enough for its
measurement. In a two-body system, there cannot be
classically any Lorentz torque exerted by the spectator
on the struck constituent despite the presence of a Lorentz
force. The potential term is also found to be zero for an
electron in QED at the one-loop level [42].

In this work, we investigate the different decompositions
of the angular momentum and their contribution to the
intrinsic spin and orbital angular momentum distributions.
Following the approach of [32] we calculate the spatial
distributions on the light front using overlaps in terms of the
light-front wave functions in the light-front Hamiltonian
perturbation theory. In this analysis, instead of a nucleon state
in which it is highly nontrivial to include gluons, we consider
arelativistic spin-1/2 composite state of a quark dressed with
a gluon at one-loop in QCD. In comparison to a nucleon, it is
a simple state with a gluonic degree of freedom [43,44]. We
have recently used such a state to investigate the pressure and
shear distributions [45,46] related to the gravitational form
factors. The advantage is that the light-front wave functions
(LFWEFs) for such a state can be calculated analytically using
the light-front QCD Hamiltonian, and it incorporates the full
quark-gluon interactions up to one-loop [47]. These LFWFs
are boost invariant because they can be written in terms of
relative momenta that are frame independent [48]. We use the
two-component formalism developed in [49], where in the
light-front gauge the constrained degrees of freedom are
removed using equations of constraint. This allows for an
analytical calculation of matrix elements for all components
of the energy-momentum tensor (EMT) relevant to the
angular momentum distributions. Also, the transverse boost
invariance in light-front dynamics makes it possible to
separate the dynamics associated with the center of mass
and the internal dynamics in the calculation of the longi-
tudinal component of angular momentum [50]. Thus, using
the LFWFs of the dressed quark state, we analyze different
decompositions of angular momentum at the density level,
terms responsible for the difference between them, namely
superpotential and potential AM. We also investigate the
observables corresponding to these distributions, such as the
form factors of the EMT called the gravitational form factor
(GFF). The D form factor is related to the antisymmetric part
of the EMT: this corresponds to the spin density. In this work,
we investigate the contributions to the angular momentum
distributions coming from the quark part of the EMT,
explicitly taking into account the quark-gluon interaction.
Contributions coming from the gluon part of the EMT will be
presented in a separate publication.

The paper is arranged in the following manner: in Sec. 11,
we discuss the different decompositions of angular momen-
tum density in the literature; in Sec. III we describe the
two-component formalism in the light-front Hamiltonian
approach; in Sec. IV we present the angular momentum
densities in the front form; and in Sec. V we present the
extraction of the D form factor. Numerical results are given
in Sec. VI and the conclusion in Sec. VIL

II. DIFFERENT DECOMPOSITIONS OF ANGULAR
MOMENTUM DENSITY

We start off by writing the generalized form of the
angular momentum tensor
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JHUP — xVTHP — xPTHV 4 SHUP — [JVP | SHUP (1)

where T# is the EMT and the second term is the intrinsic
part of the total angular momentum. One can get multiple
decompositions of 7% and J** from the QCD Lagrangian

(i e . 1 )
Locp =W (5 7,0 — m> W+ gy, Aty — ETr[G" Gl
(2)

where 0# = ¢ —d* and the field strength is G*(x) =
HAY (x) — 0°Al(x) — ig[AL(x), Ay (x)]. The canonical EMT
and generalized angular momentum densities are derived
through the application of Noether’s theorem, which
establishes a connection between conserved currents and
global spacetime symmetries. They are given as

T (x) = 5 ()70 (x) = 2TH[GH“0*A,) — ¢ Loco

N[ —

(3)

1_ R 1 _
10 (x) = S (0)rxi0 My (x) + S €77 (x) oy sy (x)
— 2Tr[G*VAP)] = 2Tr[GHxP P 1A ] — XV P ¥ Loy
(4)

This is referred to as the Jaffe-Manohar (JM) decomposi-
tion [18]. In this decomposition, the total angular momen-
tum density of both the quark and the gluon is separable
into orbital and intrinsic parts. As stated in the Introduction,
in this work, we calculate the quark contribution to the
angular momentum densities. The analysis of gluon angu-
lar momentum densities will be the subject of a future
publication. Thus, Egs. (3) and (4) reduce to

v 1 Iy
Ty (x) = Sp (0)riow(x), (5)
() = L) 4 S8 ()
1_ < 1 _
= SW()rxtio ly(x) + 2 e (x)rorsy (x).
(6)

T4’ is neither gauge invariant nor symmetric. So a
superpotential term (a total divergence term) is added to
both EMT and generalized angular momentum tensors to
form Belinfante-improved tensors [16,51,52]. We write the
Belinfante-improved form as

T’lglél,q ()C) = Tlé” (X) + aaGaﬂD (X)

- %l/’/(x)[yﬂiﬁv + D (). (7)

T5(3) = () + 0,[1# G710 (1) = w0 G x)]

1 < 1 <
= Zl’,‘/yﬂx[l/l'D/’]l//_l,_Zx[Vl/?yﬂ]iDﬂW’ (8)

where D¥ = 0" — igA* is the covariant derivative acting on
the quark fields. The superpotential is given by

1 _
G = Ze"”f’”z//(x)y(,ysl//(x) 9)

and

G (x) = 3 [SH(0) + S () + S ()] = =G ().
(10)

It is antisymmetric under the exchange of the first two
indices. The Belinfante-improved tensors are gauge invari-
ant and symmetric, and it can be seen that

Tpilg(X) = ¥ T o (x) = ¥ Ty o(x);  (11)

i.e., the Belinfante-improved total angular momentum
density has the form of the orbital angular momentum,
and it is not separated into spin and orbital components.
Whereas, in the case of canonical total AM, it can be shown
from the conservation of 7 and J** that

T — TP = —3, 5", (12)

i.e. the antisymmetric part of the EMT is related to the spin
density.Although the Belinfante-improvement method
gives a gauge-invariant and symmetric EMT from the
canonical EMT, it involves adding a superpotential term
to the canonical EMT in an ad hoc manner. A standard way
to obtain a symmetric and gauge-invariant Belinfante EMT
is through functional variation of an action of QCD coupled
to a weak external gravitational field with respect to the
metric [31,53]. Another rigorous method has been pro-
posed in Ref. [54] to obtain an expression of symmetric and
gauge-invariant EMT by taking into account the symmetry
of action under local spacetime translations instead of
global spacetime translations.

Another decomposition that was proposed by Ji [17],
also known as kinetic EMT [10,55], is given as

Tty = g priD . (1)

Unlike Jaffe-Manohar’s decomposition, it is gauge invari-
ant, but it is also asymmetric and thus contributes to the
quark’s spin density. The kinetic generalized angular
momentum tensor reads

Tiing(¥) = Liing (¥) + Sg” (%), (14)
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with
L LopniD” 15
kinq( )—EWVx l v, ( )
Hrp — 1 HUPO T
Sq " (x) = 56 W (x)757sw(x). (16)

The kinetic and Belinfante-improved tensors in QCD are
related as [32]

1
~0aSq" (%), (17)

720 :

= Tl];l;l.q (X) -

kin,q
(18)

It is clear that the canonical, Belinfante-improved, and
kinetic tensors give the same conserved charges since
they differ by the total derivative of the superpotential.
So at the total integration level, they give the same results.
Still, at the level of densities or distributions, where the total
divergence terms do not vanish, these decompositions give
different results.

As previously mentioned, in the JM decomposition, the
total angular momentum of the gluon is split into spin and
orbital angular momentum. Thus, the decomposition is
complete; but except for the quark spin, all the other
contributions are gauge noninvariant. This is remedied by
the decomposition of Chen et al. [11,12]. It is done by
separating the gauge field into two parts, longitudinal and
transverse. The former is the pure-gauge part that is related
to gauge symmetry and unphysical gauge degrees of
freedom, and the latter is related to the physical degrees
of freedom, namely the two physical polarizations.

A= Apure + AphyS' (19)
These terms are constrained as follows:

VXA =0, VA =0. (20)
These constraints imply that A, = —Vay., where
Qpure 18 some scalar function. Also the magnetic field

B=VxA Although gauge invariant, the fields

phys-*
involved are nonlocal, e.g.,
A :A—VLV.A f = &X'
phys \& A 2 |x x|

(21)

where % is an integral operator. This nonlocality vanishes if
one works in the Coulomb gauge, V - A = 0, or in any other

gauge where A = Ay and Ay = 0. With this gauge

17 v, 1% 1 v QO oY
Ligng (%) 55" (%) = Tier 4 (¥) =595 [S" () =2 S (x)].

fixing, this decomposition coincides with the JM decom-
position. Another issue with this decomposition is that
it is defined in a specific Lorentz frame. Therefore, for
our analysis, we consider the covariant version of the
decomposition of Chen et al. that was given by Wakamatsu
[13,14]. This is called gauge-invariant canonical (gic)
decomposition. The potential angular momentum term is
added to the quark OAM part in this gauge-invariant
extension and one arrives at

v 1
Tglcq( ) 5 ( )7 leurel//( ) (22)
JEr LR 'T)p] 1 o
gic, q( ) El//( )7 Xl purel//(x) +§€ l//()C)}’O.j/Sl//(X),
(23)

where D" = 9, — igA}"™ for quark fields. The EMT
and the AM densities of canonical and gauge-invariant
canonical decomposition differ by a superpotential term
that vanishes in a suitable gauge:

T (x) = Tyie(x) =

gic

20, Tr[G*(x)Apue (X)].  (24)

I (x) = J2 (x) -

e 20, Tr[GH (x)xb A% (x)].  (25)

Wakamatsu also proposed another gauge-invariant
decomposition that is similar to Ji’s decomposition with
the advantage that the gluon total angular momentum is
split into spin and orbital parts. The potential angular
momentum is associated with the gluon OAM part in this
decomposition. Hence, the quark part is exactly the same as
Ji’s decomposition. It is called the gauge-invariant kinetic
(gik) decomposition and is given as

T2 () = 3PP iDu (). (26)

Tt () =

_ v =l |
eik.q Y (x)rx iD i (x) + 2 e (x)r 7 sy ().

(27)

I\JI'—‘

To summarize what we discussed so far in this section:
the decompositions can be divided into two categories,
kinetic and canonical [10]. The kinetic class includes
Belinfante [16], Ji [17], and Wakamatsu decomposition
[13], which is a gauge-invariant extension (GIE) of Ji’s
decomposition. The canonical class includes Jaffe-
Manohar [18] and its GIE, the decomposition of Chen
et al. [11,12]. This classification became possible because
of Wakamatsu’s covariant generalization of the decom-
position of QCD angular momentum tensor into five
separately gauge-invariant terms [13,14]. These terms are
spin and orbital angular momentum of quarks and gluons
and potential angular momentum. The potential angular
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TABLE 1. Properties of all the angular momentum densities
derived from EMTs of the kinetic and canonical family.

AM  Gauge Follow SU(2)

Class EMT densities invariant algebra

Kinetic Belinfante JBeiq
J Bel.g

Ji Ly q

Wakamatsu (gik) L

Jaffe-Manohar

Canonical

Chen et al. (gic)

NAOSSN XXX SN SN KN
XX NN X XU XXX XN X XX

momentum, being gauge-invariant in itself, can be added
to quark’s OAM or gluon’s OAM giving canonical and
kinetic families, respectively. An important point to note
about the various angular momentum decompositions is
that the individual components do not always satisfy
the angular momentum commutation relations, [Ji,J/] =
ik Jk [10,56]. For instance, none of the terms in the
Belinfante decomposition individually follow the commu-
tation relations, rendering them unsuitable for direct inter-
pretation as generators of rotation. In the decompositions of
Jaffe-Manohar and Chen et al., quark OAM and spin both
follow the angular momentum commutation relations
individually. The gluon OAM and spin cannot be indi-
vidually interpreted as generators of rotation [57,58]. In the
decompositions of Ji and Wakamatsu, only the quark spin
can be considered as a generator of rotations as it follows
the SU(2) algebra. Table I lists the properties of all the
angular momentum densities derived from EMTs of the
kinetic and canonical family.2

III. THE TWO-COMPONENT FORMALISM
IN LIGHT-FRONT HAMILTONIAN APPROACH

In this section, we describe the formalism used to
calculate the distributions of various constituents of
angular momentum densities. We use the two-component

*Since the gluon OAM and spin term are not derived in this
work, one can verify their angular momentum commutation
property using Refs. [10,56].

formalism [49] of light-front Hamiltonian QCD, where
in the light-front gauge A" =0, one can eliminate the
unphysical degrees of freedom using the equations of
constraint. The quark field can be decomposed as y =
wt +yT, we = Ay = 1y%Fy, where Ay are the pro-
jection operators for the corresponding fields. The y~
component and the longitudinal component of the gauge
field A~ are constrained fields and can be written in terms
of y+ and A+ in the following way:

ioty_ = (iat -0+ + gat -AL + pm)y,,  (28)

1 o o
S0 Eq = (0E, + gf " ALE) = gw i T, (29)

where T¢ is the Gell-Mann SU(3) matrices: [T¢, T?] =
if*°T¢ and Tr(T°T") =16,,, m is the quark mass,
at =yt p=7° and E;' =—-10"A7" (i=1, 2). So
in light-front QCD, the independent degrees of freedom are
w* and AL It is now possible to reduce a four-component
fermion field to a two-component field with a suitable
choice of the light-front representation of the gamma

matrices defined by [49]
0 -2
T = , 30
r=(y o) oo

0 O
+:
4 <2i 0)’
. —ic' 0 o> 0
= ], S = . (31
4 (0 ia’) 4 (0 —63> G

In this representation, the projection operators become

R H A

and the fermion field decomposes as

ol el

where & represents the two-component light-front quark
field and # is the constrained field:

(33)

(k)e™™ +d’,(k)e™], (34)

B [dK]
sy) = %:xz 4\/@ [b)

1 . .

10) = (137 )lo* - (0 +.9a%0) + ). G
dict Pt
2(27)%k*

gluon field are given by

where [dk] = . The dynamical components of the
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Z:/\/ikjL (k) —tk)7+€L* }(k)eiloy]7

(36)

where y, is the eigenstate of 63 and ej is the polarization
vector of the transverse gauge field. The state can be
expanded in Fock space in terms of multiparton LFWFs.
As stated in the Introduction, in this work, instead of the
proton state we take a dressed quark state, that is, a quark
dressed with a gluon at one-loop in QCD. In the light-
front Hamiltonian framework, we truncate the Fock space
expansion up to the two-particle sector in a boost invariant
way [43]. The LFWFs can be calculated analytically for
such a state. The dressed quark state is written as [47]

k*koideZH
p.o) =y(p,0)bs(p)|0) +Z/ NG
e
X \/162° prys(p. olky, Ays k. 4o)
83 (p = ky — ky)b} (ky)a; (k»)|0). (37)

In Eq. (37), w(p,o) in the first term corresponds to a
single particle with momentum (helicity) p(4) and also
gives the normalization of the state. The two-particle
LFWE, w,(p,olky, A5 ko, 45) is related to the probability
amplitude of finding two particles, namely a quark and
a gluon with momentum (helicity) k;(4,) and k,(4,),
respectively, inside the dressed quark state. b* and a'
correspond to the creation operator of the quark and gluon,
respectively.

The boost invariant LFWFs can be written in terms of
relative momenta so that they are independent of the
momentum of the composite state [48]. The relative
momenta x; and kj are defined such that they satisfy
the relation x; + x, = 1 and x{ + x5 = 0,

ki =xip*, Kt =Kk +xpt, (38)

where x; is the longitudinal momentum fraction for the
quark or gluon inside the two-particle LFWF. The boost
invariant two-particle LFWF can be written as [43,47]

g x(1—x) T¢
2y e

45,11 ,12(’6 K )

20kt €)1 5
e R
T im(&* eb)—};wl, (39)

\ P+l//2( 96|kl’il; k25 /12)7 g is the
quark-gluon coupling, and 7¢ and ejz are the color SU(3)

where ¢§%, (x;, k") =

matrices and polarization vector of the gluon. The quark
mass and the two-component spinor for the quark are
denoted by m and y,, respectively, where 1 = 1, 2 corres-
pond to helicity up/down. We have used the notation
&, =0, and &, =—0, [47,50]. Note that here x and k- are
the longitudinal momentum fraction and the relative trans-
verse momentum of the quark, respectively. We define
average momentum and the invariant momentum transfer as

1

= (p* +p"),

Pt =
2

= (=) (40)

where p* = (p*,p*, p~) is four momenta in light-front. We
will calculate the angular momentum distributions in the
Drell-Yan frame, defined by A*™ =0 and P+ = 0. Using
on-shell conditions P - A = 0 and P? = m?* — A%/4, we get

P1+ <m +ATL2> (41)

Thus, the initial and the final state four momenta will be

At 1 A2
Pt = (P+,—7,F(m2+7)>7 (42)

AL 1 A2
p,ﬂ: <P+77’P+< 2+T>>7 (43)

and the invariant momentum transfer

A= =0, P =

A = (p' = p)* = (0,A%,0), (44)
where A2 = —A1L2,

IV. ANGULAR MOMENTUM DISTRIBUTIONS
IN FRONT FORM

Now we will calculate the spatial distribution of various
components of angular momentum. This involves calcu-
lating the matrix element of the angular momentum
tensor. The matrix element of an orbital angular momentum
operator, x*T* — x?T*, when computed between plane
wave states presents an issue. This issue arises because
the spatial integration of the EMT can result in either an
infinite or a zero value, leading to ambiguity in its
definition [10]. One way to resolve this ambiguity is by
considering wave-packet states instead of plane wave
states. However, constructing a proper wave packet for a
spin-1/2 particle can be a complex task. One approach is to
define the wave packet as a superposition of momentum
eigenstates while keeping the spin vector fixed in the rest
frame, as suggested in [59]. An alternative method to
address this problem is to relate the matrix element of the
angular momentum operator to the off-forward matrix
element of the EMT [18,60]. When this method is correctly
applied, it ensures that the spatial integral of the local
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operator is handled properly, addressing the ambiguity
issue. Moreover, it preserves the Lorentz covariance of
the matrix element of the AM densities and establishes the
correct relationship between the matrix element of the
EMT and the AM densities [10,32,59]. To calculate
the spatial distributions of angular momentum correctly,
which involves calculating the Fourier transform of the AM
densities in the momentum space, we use a Gaussian wave-
packet state in position space centered at the origin [61,62].
In our previous works, we have used these wave-packet
states to calculate the spatial distribution of pressure and
shear forces and energy density for a dressed quark
state [45,46]. The state that is confined in transverse
momentum space with definite longitudinal momentum
can be written as

1 d’ptdp* o
N /) 45
o [ Tt )
with ¢(p) = pT8(p™ — p{)P(p*). We choose a Gaussian

shape for ¢(p*) in transverse momentum:

12

Ppt) = e 7, (46)

where o is the width of the Gaussian. We use the light-front
coordinates to calculate distribution in the transverse plane.
This is because the subgroup of Lorentz transformations
associated with the transverse plane in light-front coordi-
nates is Galilean in nature [48], and hence, no relativistic
corrections are required.

In LF formalism, the OAM distribution in four-
dimensional space is given as [32]

AAT AL
(L)) = e, [ S e T @)
where (THF) = % is the matrix element of
Pp

EMT. Now we will use different expressions of T+ for
different decompositions in light-front coordinates and
gauge AT = 0. To calculate the distributions, we consid-
ered the in and out states of the matrix elements to be
dressed quark states, and we only consider the quark part of
the EMT in this work. We can reexpress Eq. (47) in the
following way. Using the on-shell conditions, we can write

J
xjeiA.x — iieiA.x + x+ P_eiA.x’ (48)

oA P
|

+k
Tkm q

k/+d2k/J_dk+d2kJ_
~ / (163 2VK Tk

k/Jr de/Lkor deLdk+d2kL

+2
gﬂ; (16733 VI Tk

which when substituted in Eq. (47) gives
. [dATAPAL T 0

L? — 3jk :
ww =en [ i isme

i /dAwZAL P
€ — xt—
(2r)3 Pt

zA x:| <T+k>
eiA.x<T+k>‘

Using integration by parts for the first term and ignoring the
surface term,

) dATd* AL .
L* — 3jk o= 7= JiAx
(L)) = e [

+k i
< [—i% bt If—+ <T+k>} (49)

In the Drell-Yan frame, where the average transverse
momentum of the system is zero, the impact-parameter
distribution of OAM is given as

. . JZAJ_ _Alpl 6<T+k>LF:|
3jk iA--b i 50
ie /(2ﬂ)ze { 3 ﬁ_ ., (50)

where b' is the impact parameter. It is the Fourier
conjugate to the transverse momentum transfer A | . In this
frame, the dependence of spatial distribution on light-front
time is removed. Similarly, the expression for spin dis-
tribution in the light-front is as follows:

(5965 — 3o [ 25

Also, the Belinfante-improved total angular momentum
distribution that has the pure orbital form is given by

(L) (®*) =

eIATBH SRy B (1)

z —ied ﬁe—i Lot 0<T+ek>LF
Vi) = —iet [ G0 o [2aslis] s

To calculate these distributions, we must first evaluate
the matrix element of the EMT with which they are
associated. First, we consider the quark part of the kinetic
EMT given by Eq. (13) (Ji’s decomposition),

1_ iy By
Tin g (x) =50 (x)r " iDAy (x) =yl (i0 +29A )y (53)

Using the two-component expressions of fermion and
gluon field, we get

bl (Kb (k) b (K% + k]

3 [ek bl (K)by(k)ay, (ks) + e5bl (Kb (K)ay (k3)].  (54)
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We calculate the diagonal (first term) and off-diagonal matrix (second term) elements of Tkln q(0) by sandwiching the above

expression between dressed quark states given in Eq. (37). These are then expressed in terms of boost-invariant LFWF and
Jacobi momenta (x, k). We have shown the form of the diagonal matrix element in Egs. (B8) and (B9) obtained after
performing the integration over Jacobi momenta. Substituting these expressions in Eq. (50),

2 2AL 2
gCp [d°A~ a1 6 2m? 1+ w A
A R e | lo —6log| —

/ e +a) +A2 og Tt 6log | (55)

7272* ] (2x)?
where w = /1 +4 * and A is the ultraviolet cutoff on the transverse momentum. The off-diagonal term, which

corresponds to the potential angular momentum, vanishes as shown in Appendix B. This is a confirmation of an interesting
result shown in [41,42].
For the spatial distribution of the intrinsic part of the quark, we write the operator structure of Eq. (16) as

; Ak~ d’k'-dkt d’k+
S;r./k etik= Z

~ ) (6x) VKK

< kin, q>(bJ_)

by (Kb (k) (o™ ). (56)

Again, after evaluating the diagonal and off-diagonal (vanishes) matrix elements in terms of Jacobi momenta and
substituting them in Eq. (51), we get

g2CF d2AJ_ —iALbL\/ dx
e
3272 (2r)? I—x
l+w 1 —a? l+w A2
1 2)1 1 —(1 )1 — .
X [a)( +x)og<_1+w>+< o >x Og<—l—|—a)) ( +x)og<m2(1_x>2>] (57)

Similarly, the impact-parameter distribution for the quark part of the Belinfante-improved total angular momentum is
calculated using Eqgs. (7) and (52):

) d’At _ibt AL dx 1
g°Cr ze 2 7 3
(27) 167* (1 —x)A%w

X [(8m4(1 =2x)(1 =x(1 =x)) +6m*(1 = (2 —x)x(1 4 2x))A% + (1 = (2 —x)x(1 —|—2x))A4)10g< Lto )

< kin q> (bL)

< Bel q>(bL)

-1+w

—wA? (4m2(1 (1= x)x) + (1 +x2)A2 + (1 = (2= x)x(1 +2x))(4m? + A2)10g<%>>} (58)

PCr / PAE / de 1

e o
327% ) (2x)? (1-x)w’A*
 [0B2((4m? + A2)(1 +7) = dmi2x)
—2m?((4m> + A?)(1 + x*) — 4m>x — 2xA?)).

|
The relevant x* integrations and the steps of the cal-
culation are given in Appendix A and Appendix B,
respectively.
To make a proper comparison between the decomposi-
tions of Belinfante and Ji, it is important to include the
correction term to Belinfante’s total angular momentum.

(M5)(b) =

This term corresponds to the superpotential given in
Eq. (17). Its expression at the distribution level is given
in [32]

a<Sl+k>LF

(M) (bY) = £ / LA iaat g1 9 e (59)
2 (27)? oAl

Substituting Eq. (B19) in the above expression, we get the
spatial distribution of the superpotential term

(60)

Let us consider now the quark part of canonical EMT
given by Eq. (5). For the spin distribution in the canonical
definition, we use the second term of Eq. (6). Since the
nondiagonal matrix element of kinetic EMT, which is due
to the presence of the gauge field in the covariant derivative,
is found to be zero (see Appendix B), so effectively, we get
the nonzero contribution only from

1 - -
Ting =501 ity =y idy, =T¢5  (61)
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which is exactly equal to the canonical definition of EMT in
the light-front. Thus, the OAM distribution of kinetic and
canonical is the same. Also, the spin density is the same
as the kinetic one; see Egs. (6) and (16). Thus, the orbital
angular momentum distribution and the spin distribution
for the quark in canonical decomposition are

(Liing) (0F) = (LHBT).  (Siing) (0F) = () (B1). (62)

Considering the quark part of the gic decomposition of
EMT [see Eq. (22)], which gives the decomposition of
Chen et al. [10-12], we get

Tik = l/_/(x)eriD]}gureV/(x)’ (63)

gicq

l\)\'—

where Dpure = 6 — 2igApure and Afyre = A# — A’;hys.
only the transverse component of the gauge field in the
light-front is dynamical, A* = Aphyg, and in the light-front
gauge, AT = 0. Thus, the gic decomposition of EMT is the

same as the canonical one,

Since

1 <
T = 5!//(X)Y*l@"w(X) =Tt (64)

Thus, the OAM distribution calculated from the gic
decomposition of EMT is the same as that given in
Eq. (55). The same goes for the spin distributions that
can be seen from the second term of Eq. (23). So the spin
distribution due to this is given by Eqgs. (57) and (16):
(Liieq) (07) = (LYDBY).  (Sgieq) (BT) = (S5 (B). (65)

We can also see from Eq. (26) that the quark part of
Wakamatsu’s decomposition [13,14] is similar to the quark
part of Ji’'s decomposition (13). So from this decomposi-
tion, we will not get any new information,

T =T

gik,q kin,q" (66)

The intrinsic part is also exactly the same as the kinetic
one; see Eq. (16) and the second term of (27). So, at the
distribution level, the gik decomposition is given as

< glkq><bL) < kmq>(bl) < glkq>(bl> < kmq>(bl)
(67)

V. EXTRACTION OF GRAVITATIONAL
FORM FACTOR D

If we consider a general asymmetric EMT, then its
matrix elements for a spin —% target are parametrized by
five form factors [59]

prpr PrigiA,
1§ T (0| p.s) = a(p'.s' Alt
S P O0)ps) = a(p's) [P A + o

AHAY — gWA2
M
PYict*A,

4M

x (A+ B +D)(1) +
x C(t) + mg™ C(t) +
<+ B=D)0|u(ps). (6

where M is the nucleon mass, s,s’ denotes the rest frame
polarization of the initial and the final states, respectively,
and

A=p —p, t=A% (69)

The matrix element of the quark spin density operator is
also parametrized by two form factors

1
(01905} = a1 G )

FEEGO|ars. (0

where G4 () and G%(t) are axial vector and pseudoscalar
form factors, respectively. Usually, axial vector form
factors are isoscalar (u-d-like state) or isovector (u-u-like
state) in nature, but since we are considering a state with
only one quark dressed with a gluon, we will address G¥ (7)
simply as an axial vector form factor. The axial vector form
factor is measurable from quasielastic neutrino scattering
and pion electroproduction processes [63]. The antisym-
metric part of the EMT is related to the divergence of the
spin density 7% — T% = —d,5"%(x), and the antisymmet-
ric part of the quark EMT is given by

B iDP PP iDy (x) = =, [p(x)rarsw (). (71)

So the form factor associated with the antisymmetric part of
the quark EMT is the axial vector form factor

D, (1) = =G4 (1). (72)

To extract this form factor in the dressed quark state, we
use the following relation:

(p'.s/547(0)
2p*

1 .
:S) _ zeﬂk_sZGZ(t), (73)

where we have used the relation #(p’,s")y Tysu(p,s) =4P*s*
in the Drell-Yan frame with light-front spinors by taking
nig = (1,0,0,—1) [64]. After comparing the left-hand side of
the above equation with Eq. (B19), we get
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dxd’x+ 1
167> (1 —x)D D,

D, ==¢Cr [

X K2 (14 x%) + et AL (1 =) (1 +22) 4+ i(1 = x)(1 = x> (xkDA®) — k@ AD) —m2(1 = x)4],

where

Dy =« +m?(1 —x)?,

D, = (k+ + (1 —x)AL)2 + m?(1 — x)2.

After performing the x integration, we get

2
g Cr dx 5 l+w l-w
D = - 1 1
/(1) 1671'2/1—)6[60( —|—x)0g<_1+w * 1)

wherea):q/l—l-%z.

VI. NUMERICAL ANALYSIS

In this section, we show the numerical results of the
longitudinal component of the angular momentum distri-
bution in the dressed quark state. The analytic results in the
previous section show that the AM distribution for quarks is
the same for Ji, JM, gic, and gik decompositions. So, we
only plot the results for Belinfante and Ji decompositions.
For the analysis, we have chosen the parameters: the quark
mass m = 0.3 GeV, the coupling constant g = 1, the color
factor Cr = 1, and the ultraviolet cutoff A = 1.7 GeV.
Also, the y axis is multiplied by a factor of b to correctly
represent the data in radial coordinates where b, is the
modulus of vector b | . To perform the Fourier transform of
the different components of angular momentum density
and obtain smooth plots for spatial distribution in the

0.06 T T T

0 05E bu</>
% -\ - b, <S%>
O 0.04 7 \\\ -
~ + II s\  mmm=— - bJ_<LZ>
4 [ / \\
o 0.03F / \ ]
~ r 1 \
N r s \
N . \
vV 0.02f II A 1
_Q_| L/ R\

[ )
0.01pf .. AN 1
N ',—’ ~'~.~. SN\
P ]
0.00 7 1 1 il X
0.00 0.05 0.10 0.15 0.20
by (fm)
FIG. 1.

(74)

(75)

(76)

? ) I+
xlog s

co) — (1 +x?)log <#ix)2>] (77)
|

impact-parameter space, we have chosen Gaussian wave
packets of width ¢ instead of plane waves.

In Fig. 1, the plot jn the left panel shows the longitudinal
component of Eq. (14) in the impact-parameter space,
<J§in,q>(bl) = <Lf(mq>(bl) + <S§in,q><bl)' Both the OAM
and spin distribution have a positive contribution. Unlike
the analysis done in a scalar diquark model in [32], without
a gluon contribution, with our dressed quark state, we find
that the spin contribution to the total angular momentum of
quarks is dominating over the OAM contribution. This
result is similar to the analysis done for a proton in [65]
using the basis light-front quantization approach, where the
valence sector LFWF of the proton has been considered. A
similar study of AM distribution done by using light-front
quark-diquark LFWFs in [35] also shows that the intrinsic
contribution to the total angular momentum is dominant in
comparison to the OAM contribution. It would be interest-
ing to see the effect of higher Fock components in the

0.06 T T T
bl<jz>

0.05 ]
s r /J  \N  =m——— b <M?>
[} MEREN
O 0.04p Re N E
g /'/ “\ T = bi</ger>
= i
Q 0.03F [/ “ ]
NA ! ‘\\
B 1 \
v 0.02}F f; A E
_‘ -
Q i N

N
0.01F Pt T - O\ ]
R ~~o N\
PR ‘~-__-'~
0.00 L L ==
0.00 0.05 0.10 0.15 0.20
by (fm)

Longitudinal angular momentum distribution of quarks as a function of impact parameter b . Left: Sum of the kinetic orbital

AM b (L?) (dot-dashed line) and spin AM b, (S%) (dashed line) given by kinetic total AM b (J*) (solid line). Right: Kinetic total AM
by (J%) (solid line) is given by the sum of Belinfante total AM b, (J§,) (dot-dashed line) and the correction term corresponding
to the total divergence b, (M) (dashed line). Here, m = 0.3 GeV, g=1, C; =1, and A = 1.7 GeV. We chose the Gaussian
width ¢ = 0.1 GeV.
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FIG. 2. Dependence of different components of AM distribution on transverse momentum UV cutoff. Top-left: Variation of b, (L, )
with A. Top-right: Variation of b, (Sg;, ,) with A. Bottom: Variation of b, (/i ,) with A. Five different values of A are considered for

the analysis: A = 1.5, 1.6, 1.7, 1.8, 1.9 GeV. The Gaussian width is ¢ = 0.1 GeV.

contribution of quark OAM. From the right panel of Fig. 1,
it can be seen that the Belinfante total AM distribution,
(JBetq) (b1), is not equal to the total AM density of the

quark. A correction term corresponding to the superpoten-
tial, (M3) (b, ), which is ignored in a symmetric EMT such
as the Belinfante, has to be added to (J3, ) (b1 ). However,

in our analysis, the contribution of this superpotential is
positive for the whole range of impact parameters. This
contrasts with the results of [32,65] where the correction
term has a positive contribution near the core but a negative
contribution near the periphery. However, the major con-
tribution comes from (Jg,; ,)(b, ) and only a small fraction
of (J%)(b) is attributed to (M*)(b ), which is in agree-
ment with the analysis of Belinfante decomposition in [32].

As discussed above, the angular momenta derived from
the canonical, Belinfante, and kinetic AM tensors will be
the same, as they differ by a surface term which goes away
upon integration, with the assumption that the fields vanish
at infinity. However, individually the contributions coming
from the quark and gluon parts of the AM tensor are not
conserved, and this is not expected unless the full AM
tensor is considered. In this work, we have considered only
the quark part of the AM tensor and the interaction term.
When a nontrivial interaction is present in the system, as it
is in the dressed quark state, quark and gluon parts of the

angular momentum J; depend on the renormalization scale
[66—68]. In our approach, the scale dependence comes from
the cutoff on the transverse momentum integration [45,46].
In Fig. 2, we show the cutoff dependence of different
components of the AM density for the dressed quark state.
We see that Belinfante’s total AM density shows the largest
variations with respect to the transverse momentum cutoff.
Also, as seen in the analytic expression, the superpotential
term is independent of the cutoff. The peaks of all the
distributions shift to lower values with an increase in the
value of the cutoff. However, the shape of the distributions
does not change, and all of them have their peaks at around
b, ~0.045 fm. Thus, for the quark part of the AM tensor,
in general, the equality Jﬁin,q = lzgelyq + M* is not expected
to hold, and each side is cutoff dependent. The contribution
coming from the gluon part of the AM tensor needs to be
incorporated to verify this equality, which is an ongoing
work. In this work, we have chosen a cutoff A = 1.7 GeV
for which this equality holds. Figure 3 shows the variation
of the results with the width of the wave-packet state ¢. The
width indicates the spread of the distribution. We observe
that for all the components of angular momentum in both
Belinfante and Ji decompositions, the peaks of the dis-
tributions shift away from the center, and the distributions
become broader in b space with an increase of the width
of the Gaussian.
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Dependence of different components of AM distribution on the width of the Gaussian wave packet ¢. Top-left: Variation of

b, (Li,q) with o. Top-right: Variation of b (Sg;, ;) with . Bottom-left: Variation of b, (J§, ;) with . Bottom-right: Variation of
b, (Mé) with o. Four different values of ¢ are considered for the analysis: ¢ = 0.05, 0.10, 0.15, 0.20 GeV. Here, m = 0.3 GeV,

A=17GeV,and g=C; =N, = L.

In Fig. 4, we plot the axial vector form factor
G1(A3)/G%(0) as a function of squared momentum trans-
fer A%. We observe that this form factor is positive over
the whole range of A% having the maximum at A2 = 0.
Our calculations show that D,(0) = —0.36 for cutoff
A = 1.7 GeV. This form factor is directly related to the
axial-vector form factor G, i.e., D, (A7) = =G4 (A}) [30].
Thus, the value of the axial-vector form factor of the quark
in the dressed quark state is G%(0) =0.36. For t =0,
leading-twist next-to-next-to leading order (NNLO) analysis

1.0
0.9F
Y|l e
ox |35 *°
LD 0
0.7F
o6 , , , ,
0 2 4 6 8 10
A2 (Gev)?
1 (Gev)

Gi(a%)
G1(0)
Here m = 0.3 GeV, g=1, A= 1.7 GeV, and C; = 1.

FIG. 4. Axial vector form factor as a function of Azl.

performed by the HERMES Collaboration shows that
G%(0) = 0.33 £0.011(theo) £ 0.025(exp) =+ 0.028 (evol)
[69]. The form factor G, is also calculated in [70,71] for
a quark + scalar diquark (spectator) system, and it is
found that G4 (0) = 0.71 4 0.04. However, after consider-
ing contributions from other possible diagrams involving
axial vector diquarks, G4(0) is found to be close to 1.25.
Qualitatively, the behavior of G%(A7)/G%(0) as a func-
tion of A% is similar to many other model-based analyses
done in [70-74] and lattice studies [75,76]. The difference
in the numerical values can be linked to the fact that
these models and lattice studies consider a nucleon state,
whereas we consider a dressed quark state. In the impact-
parameter space, D, (b ) is related to the first Mellin moment
of the helicity-dependent generalized parton distribution
H(x,0,b,) [22], which is given by [dxH(x,0,b,) =
—D,(b1) = Gi(by).

The variation of the z component of AM distribu-
tions with the two components of the impact-parameter
space, b, and b, is represented in a 3D plot in Fig. 5. We
have plotted the magnitude of the Fourier transform in
impact-parameter space. We observe that the maximum
contribution to the total angular momentum density in Ji’s
decomposition comes from the intrinsic part. We also
observe that (Sg;, ,) falls faster than (L, ). The qualitative
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FIG.5. A 3D plot of the expectation value of angular momentum distributions as a function of impact parameters b, and b,. Top-left:
Spatial distribution of quark OAM in the decompositions of Ji and Jaffe-Manohar. Top-right: Spatial distribution of quark spin in the
decompositions of Ji and Jaffe-Manohar. Bottom-left: Spatial distribution of quark OAM in the Belinfante decomposition. Bottom-right:
Spatial distribution of the superpotential term. We use the following parameters: m = 0.3 GeV, g = C; = Ny = 1, A = 1.7 GeV, and
the Gaussian width, ¢ = 0.1 GeV.

momentum fraction for the whole range of the b, con-
sidered here. The width of the distribution decreases
with a decrease in the value of x. This behavior of the
GPD H(x,0,b,) is different from that shown in [65,78].

behavior of the AM distribution plots of (/i ,) and (M?)
in Fig. 5 is similar to that of (Sf, ) and (L, ).
respectively.

We show the longitudinal component of quark spin AM
density, (S%), a function of the longitudinal momentum
fraction, x, and the impact parameter, b, in Fig. 6. This is
called the impact-parameter dependent parton distribution
and is given by the Fourier transform of the helicity-
dependent GPD, ﬂ(x, 0, A ). For the polarization consid-
ered here,

2/deZ(x, b)) =Gyb,) = /dxﬁ(x,o, b). (78)

We plot b, (S%) on the y axis instead of (S¢) since b is the
Jacobian associated with the transformation of (S?%) to polar
coordinates. Though the GPDs do not have a probabilistic
interpretation, but for zero skewness the impact-parameter

dependent parton distributions have a probabilistic inter-
pretation [77]. From Fig. 6, it is clear that the contribution
to the (S°) only comes from the region of very large

FIG. 6. Variation of b, (S%)(x, b, ) as a function of longitudinal
momentum fraction, x, and impact parameter, b,. Here m =
0.3 GeV, g= Cr=N,= 1,A=1.7 GeV, and 6 = 0.1 GeV.

016022-13



SINGH, SAHA, MUKHERIJEE, and MATHUR

PHYS. REV. D 109, 016022 (2024)

This difference can be attributed to the fact that in [65] the
light-front wave functions of a nucleon state are considered
in the valence sector, and in [78] the Nambu—Jona-Lasinio
model is used for the nucleon, whereas in this work we
consider a dressed quark state at one-loop.

VII. CONCLUSIONS

In this work, we have calculated the spatial distribution
of angular momentum for various decompositions and the
GFF associated with the antisymmetric part of the EMT. At
the density level one can investigate the effect of total
divergence terms that vanish after integration. Also, gluons
contribute significantly to the total angular momentum.
Most of the studies in the literature related to the spatial
distribution of angular momentum components have been
done using phenomenological models of nucleon states that
do not include gluons. In this work, instead of a nucleon
state, we consider a relativistic spin-1/2 state comprising a
quark dressed with a gluon, treated perturbatively at the
one-loop level in QCD. This state, which incorporates
a gluonic degree of freedom, facilitates analytical calcu-
lations of quark-gluon LFWFs using the light-front
Hamiltonian QCD. The LFWFs are frame independent
due to their expression in terms of relative momenta.
Employing a two-component formalism in the light-front
gauge, we explore the angular momentum and spin dis-
tributions as well as the gravitational form factor associated
with the antisymmetric part of the EMT, all derived from
overlaps of these two-particle LFWFs. The advantage of
the light-front gauge lies in eliminating constrained degrees
of freedom, allowing for a calculation of the different
components of EMT relevant for the angular momentum
distribution. Consequently, using the LFWFs of the dressed
quark state, we have done a comprehensive analysis of the
spatial density of the longitudinal component of intrinsic
and orbital angular momentum in the light-front gauge
using different definitions of AM decomposition. We have
observed that the spatial distribution of total angular
momentum when calculated using the decomposition of
Belinfante and Ji does not agree. We have calculated the
missing superpotential term in the dressed quark state at
the distribution level that is responsible for this disparity. In
the work, we presented the contribution coming from the
quark part of the EMT; the contribution from the gluon part
to these observables will be discussed in a separate
publication. Our investigation sheds light on the difference
between the Ji and Jaffe-Manohar definitions of angular

|

2 q2

/JZKLwZﬁ[—fl]% +l+w[<l+2—nf>£—l} +llog<A—2)],

momentum. We found that the potential angular momen-
tum, responsible for this distinction, vanishes at the one-
loop level in the dressed quark state. This observation
supports previous findings, emphasizing that potential
angular momentum arises from the torque exerted on the
quark due to the Lorentz force. As such, it becomes
unmeasurable in a two-body system where the constituents
and their center of inertia are all connected by a single line.
Consequently, the decomposition of Ji and Jaffe-Manohar
yields consistent results. Since we are working in a light-
front gauge where the physical part of the gauge field
coincides with the full gauge potential, even the decom-
position of Wakamatsu and Chen et al. gives the same
result as the decomposition of Ji and Jaffe-Manohar. We
also calculated the D form factor for quark, which is
directly related to the axial vector form factor and is
associated with the antisymmetric part of the energy-
momentum tensor. We have compared our results with
other calculations in the literature.
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APPENDIX A: INTEGRALS USED
TO CALCULATE GFFs

The following integrals are used to calculate the ana-
lytical forms of the GFFs:

1 A%+ m?(1 —x)?
Pkt — =71 _— Al
[ @ ’”’g[ (1 =) ] (A1)

L2 16
/JZK D1D2_(1_x)2q2f1’ (42)
i (i)
oy K m gV
/dK DD,  (1-x)q*2f’ (A3)

(1) (2) (1) 42) 2m2
/dzxi'c SRR S| {—1+<1+n;)f3},
D,D, q q 2f4

(A4)

m?(1 —x)?
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(1))2,.(2) 2 (Y242
o 1 (K1) 1 o A 3(¢"V)°q
= (1 =x)|==g@[1 +log —— AL S
/dK DD, x( x){ 24 [1 +log =) +2 7

2

2 _m
2f1 o (@M)2qP AT~
— - A7
+ (e -, (A7)
(1) (x(2))2 1 A2 3 gD (g(2)2
o KU () (1) q"(q")
=~ 2 (1 =x) =gV |1 +log( s || + 2L L
/dK DD, z( x)[ 19 + log (1= ) 5 7
2 m2
211 (1) q" )( )24f q
ZLam - A
+ (e -4, (A8)
|
where i = (1,2) and APPENDIX B: STEPS USED TO CALCULATE
AM DISTRIBUTIONS
D=2 +m?(1 - x)%, (A9) 1. Kinetic orbital angular momentum
Dy = (k4 (1 —x)gt)* + m?(1 - x)%, (A10) .
AL T
(L) (b) = —ie¥* / A pwa Mindurl )
1 Am? (27) 0A}  lpy
fr=z¢1+—%, (A1) ,
2 q Define, in the Drell-Yan frame:
{p',s|T"(0)|p. s)
2 1 2 <T’w> = .
£, = log <1 + “;LZfI)) (A12) 2p*
m
We get from Eq. (13)
1+2 1 <k <k
fyo=log( 20, (A13) T () =s@(x)y"iD w(x) =yl (id +29AN)y,. (B2)
—1+2f, a7
|
dk'+ de/J_dk+d2kJ_
bl (Kb, (k) ) [ + k*
M0 =3 [ S emp v IR + K
dk'* Pkt dkt Pkt dkS P 4
+203 / Cor e PRI R)a () + B b0 Kl (B3)
a. Diagonal matrix element of T;/% 4(0)
2T 4(0)2.1) 1 "
2pq+ = E,y >, dxdzchqbﬂ,]T,/12 (x, K’J‘))(j;l (265 + (1 = x)A%) 1, q/)ll A (x,xt), (B4)
14142
dxd’xt (2¢% + (1 — x)A¥)
— 2 2 11— 4 1 2\ 12 1-— 1 2\l . AJ_
7O [ S T S (1 =)t + (14 )62+ (1= )1+ e
+i(1=x)(1 = x?) (kWA — 2 AM))], (B5)
where x is the quark momentum fraction and K"+ = x* + (1 — x)A+. Here we have defined
D) = k12 +m*(1 —x)?, (B6)
D, = (kb + (1 —=x)AL)? + m?(1 — x)% (B7)
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After performing the x integrations as in Appendix A we get

2 AT5H012. 1) dx 1+ A2
n = i*C 1= A1 —wl log| ——~
2t v F/ 621 =) [ @ 0g<—1 +(u> * °g<m2(1 —x)zﬂ
+ 2 2
i?Cr . [13 2 l+o\ 2 (A
= AD | = _Zpl ~log(— | B8
1672 [9 378\ Ty w) T30t (B8)
(2, 1Tn 4 (0)2,1) ) dx 1+ A2
1n =i (=AM 1 — w1 loo| — 2
2pt g CF/ 16772( *) { @ 0g<_1 +a)> + Og<m2(1 —x)2>}
2 2
igCr () 13 2 l+ow 2 A
- — 2wl ~Zlog( )], B9
1672 9 37\ 11w) 3%\ (B9)

where o = \/l—l—%z.

%[<1,¢|T;ﬁq< 0)[2,1) + (2, 1T (O)]1, 1)

b. Nondiagonal matrix element of T} (0)

dxd*x J‘
1671' \/IT o)x Zfel,{z)ﬁl%bf{’],gz(x K )+¢/11 12()“ K )X}leﬁjlolﬂl(ﬂa)]’ (B10)
dxd’x* (1 +x\ &V
1 1 _ _ . .
(1T} (0)[2) + (2T 4 (0)[1) = = 2CF/ o <1_X>D—1—0, ...0Odd integrand ink. (B11)
dxd’xt (1+x\ «? : .
<1|Tkmq( )12) + <2|Tkmq( = —gZCF/ = (1 —x) D 0, ...0Odd integrand in«. (B12)

So, we only have to evaluate the contribution to (%), ;. from the diagonal term, i.e., Eqs. (B8) and (B9). Now, Eq. (B1) can
be written as

Ny = At o-ibtAL AT e AT 2)ir
(L)) = /(2 5 { a0 a0 LY. (B13)

From Eq. (B13) we get

2 24 L 2 2

g CF d A _al Al 6 2m 1+CU A
L?)(b* AT — (14 =5 1 —6log| — B14
(L67) = 727% /(27:)2e { +w + a2 ) B\t w C\m2) | (B14)

wherea):wl—l—‘%z.

2. Kinetic spin angular momentum

LA
(27)?

e_iAL'bL<S+jk>LF|DY- (B15)

(5904 =5 |

We get from Eq. (16)

i Ak~ d?k' - dkt d’k+
S:]ka k= Z

! PG
PG 167[ 2 k/+k+ b /(k )bﬂ,(k)()(lla ){/1) (B16)

016022-16



ANGULAR MOMENTUM DISTRIBUTION OF A QUARK DRESSED ... PHYS. REV. D 109, 016022 (2024)

a. Diagonal matrix element of S;7*(0)

(2. 1157 (0)[2. 1)
B17
2p* (B17)
€+Jk— Z /dXdZKl‘ﬁZT.zz(xﬂ‘/l)()(ZQG(S)XM>¢ATI,AZ(X’KL) (B18)
PV
§*Cp ke / dxd*ct 1
=—c¢
4 877.'3 (1 —X)D1D2
X [KP2(1+ %) + &t AL (1 =x) (1 4+ x2) +i(1 —x)(1 = x?) (kWA®) =@ AD) —m?(1 = x)*.  (B19)
b. Nondiagonal matrix element of S”k(())
(1157(0)[2) = (21557 (0)[1) = 0. (B20)

After performing the x integration, we get
Cp [dPAt i [ d
s = -5k [ G [
32z* ) (2x) 1—x

x {w(l +x2)log(_ll++ww> + (1 _wwz)xlog<_ll—:_a;> —(1+x2) 1og<#ix)z>} (B21)

3. Belinfante form of total angular momentum

+k
(J5)(bF) = —i€3jk/%e—ibi~AL HTgerg)Lr (B22)
3 .
(27) N
Now,
Lk 1_ =
Tgaq = g w)[y"iD + 77D Jy(x) (B23)
| 1_ e
=5 Tking(*) + 790 Jy(x). (B24)
—_—
Ist term 2nd term

where the first term has already been calculated.

dk'+d2k'J‘dk+JlkJ‘ , 1 o - 1
Second term: 42 16” k/+k+ ek -y)(} |:6k(k+ + k/Jr) (k_+> (lel + lm) + (le/l _ lm) <k/_+> o.k(kJr + kl+):|)(i
A
x kBT (k) by (k)
g / AN PR I K [ak { Kk R
A

+= ,
2] GemvEe A

(o'€),)ay, (k3)e™>>

Kt — kit K . ket 4k — ke .
ﬁ((f eir)a; (ke ’k”} + {(0' %)W@ﬂ%)e o
3 3

R A

+(c'e f{:) e a,, (k3)eik3'»"}0k] ;(Ae_ik'yb}(k’)bl(k). (B25)
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a. Diagonal matrix element of T%,, ,(0)

2, T+k 2, 1 Ak . . Ai k
(2.1] Belq| 1 /dxd2 l¢ ’l);(;, [(Kk+ (1 —x)) + <o" <K” +x> - im) c
2p /121 v 1 2 2 ?

ot A’
+5 e < (K —x;) + zm)];(ﬂ]qﬁjl’h(x,lcl), (B26)
where x is the quark momentum fraction and K+ = k* + (1 — x)AL.
(2 M g2 1)
2p*
o, /dxd%ci 1 m?(1=x)*(4cM +2(1 = x)AD) +iA?)
—IEE 3271'3 (1 —)C) DIDZ
8 (4 +2(1 = x) AN — i ACH[(1 4 x2) (k22 + (1 = x)xt - AL) +i(1 = x)(1 = x?) (kD AP — 2 AM)] (B27)
DD, :
(2. 1Taql2- 1)
2p*
_ 2 /dxd%cl 1 m?(1=x)*(4c® +2(1 — x)A?) —iA)
I B e R G DD,
y (4c® +2(1 = x)A® + iAMDY [(1 + x) (12 4 (1 = x)et - AL +i(1 = x)(1 = x?) (kAR — kP AM)] (B28)
DD, '

b. Nondiagonal matrix element of T’ ,(0)

[< T‘TBelq|2’T> <2 T|TBe]q|1’T>]
1

__ 9 e
= wies ] R =

+ 37, (k) 7, ('€l )o* + o*(o'el;) + 2€57) 1, ).

b(c(c'e},) + (o€}, )o" + 2€4, ) 1,05, 4, (x.F)

This spinor product gives an integrand that is odd in x. Thus, after x integration this term vanishes, and so we have no
contribution from the off-diagonal terms:

dxd’xt (14 x\ kD
1|T! 2) + (2|Tpe 1) = —¢? /7——: ...0dd integrand. B2
(1T 5e14(0)[2) + (2[T5e4(0)[1) Cr Py —x) D, 0, Odd integran (B29)
ddeK‘ 1 +x\ «@ ,
<1|T§<31q( )2) + (2 ‘Tﬁréq = _QZCF/ (1—>D_:0’ ...0Odd integrand. (B30)
- 1

So, we only have to evaluate the contribution of diagonal terms, i.e., Eqs. (B27) and (B28) to TBel The Belinfante total
angular momentum distribution is given as

AL o(TH*
() (L) = —ieVk / FA m .
(27[) aAl by
+1 +2
@ aA(ﬁ N
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After performing x integration on Eqs. (B27) and (B28) and substituting them in the above equation, we get

() (B*) =

¢*Cr /d2 At LA / de 1
e e S
1672 | (2x)? (1-x) A%

-l+w

x [(Sm“(l —20)(1 = x(1 = x)) 4+ 6m2(1 = (2= x)x(1 +2x)) A% + (1 = (2 = x)x(1 + 2x))A%) log( Lto )

—om (40201 (10 + (1208 (1= @ =1+ 20) 4+ 8o () )| (B3

4. Correction term

o) 64) =5 [

We substitute from Eq. (B19)

2118 )2, 1) _ FCr / dxd?x*
2p* 4

+i(1=x)(1 = x?)(xVA® - 2A

After performing the x integration we get

1 dQAl iAL.pL (1) 0
- —iatpt [ A
2/(2n)2e ( al

<Mé>(bl) = A

FCr g / dx
3271 (2Jr (1-

X [wA*((4m? + A?)(1 +x?) —

871'3 (1 —X)DIDQ

4m x)

1 — 9 Sl+k
2 Ciath AQ—<0M>. (B34)
K2 (1 +x%) + &t - AL = x)(1 + x?)
M) —m2(1 - x)4]. (B35)
2 O (2,11857%(0)[2, 1)
f > 557
2m2((4m? + A?)(1 + x?) — 4m>x — 2xA?)]. (B36)
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