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1 Introduction

Following the canonical procedure based on Noether’s theorem, one ends up with a canon-
ical energy-momentum tensor which is usually neither symmetric nor gauge invariant. Be-
cause of these pathologies, one often abandons the canonical energy-momentum tensor in
favor of the Belinfante-Rosenfeld improved energy-momentum tensor [1-3] which is both
symmetric and gauge invariant. The Belinfante-Rosenfeld tensor differs from the canonical
tensor by a so-called superpotential term which modifies the definition of the momentum
density but leaves both the total linear and angular momenta unchanged. It has the pecu-
liar feature that it denies the mere existence of spin density. Indeed, from the conservation
of total angular momentum 9, J*"? = 0 where JHP = rVTHP — pPTH + SHVP with TH" the
conserved total energy-momentum tensor and S#*? the spin density tensor, one deduces
that the antisymmetric part of the energy-momentum tensor is intimately related to the
quark spin density 7" —=T*" = —0,5""?. So, in the Belinfante-Rosenfeld approach, what is
usually refered to as “spin” is simply described as a flow of momentum. There is therefore
no clear distinction between spin and orbital angular momentum (OAM) in this approach,
just like there is no clear distinction between energy flow 70 and momentum density 7%.



On the other hand, spin is an intrinsic property of a particle defined as one of the
two Casimir invariants of the Poincaré group (the other Casimir invariant being the mass).
Contrary to OAM, one cannot change the spin of a particle by changing the Lorentz frame.
Spin and OAM are distinguishable, and so dealing with a symmetric energy-momentum
tensor is not very natural in Particle Physics. Where does this symmetry requirement come
from? It is mainly motivated by General Relativity where gravity couples to a symmetric
energy-momentum tensor. It is however important to notice that General Relativity is a
classical theory while spin is fundamentally a quantum concept. Moreover, the symmetry
of the energy-momentum tensor in General Relativity follows from the postulated absence
of space-time torsion. More general theories relax the no-torsion assumption and do not
require the energy-momentum tensor to be symmetric. The gravitational effects of the
antisymmetric part of the energy-momentum tensor are however extremely small and are
expected to show up only under extreme conditions, see e.g. [4-6] and references therein.
Finally, we note that the classical argument in favor of a symmetric energy-momentum
tensor based on dimensional analysis and presented e.g. in section 5.7 of [7], is valid only
for the orbital form of angular momentum.

The early papers about the proton spin decomposition [8-10] start with the Belinfante-
Rosenfeld tensor, but then add appropriate superpotential terms to decompose the quark
angular momentum into spin and orbital contributions. According to textbooks [11, 12],
no such decomposition is possible for the gauge field angular momentum. Though, photon
spin and OAM are routinely measured in Quantum ElectroDynamics, see e.g. [13] and
references therein. In Quantum ChromoDynamics (QCD), a quantity called AG which can
be interpreted in the light-front gauge A+ A3 = 0 as the gluon spin [8] has been measured
in polarized deep inelastic and proton-proton scatterings, see [14] for a recent analysis. In
order to account for these experimental facts, Chen et al. claimed in 2008 that the textbooks
were wrong, and proposed a formal gauge-invariant decomposition of the photon and gluon
angular momentum [15]. This triggered a lot of criticism and an outpouring of theoretical
papers, summarized in the recent reviews [16, 17]. The apparent contradiction with the
textbook claim was solved by realizing that the Chen et al. construction is intrinsically
non-local [18-20], whereas textbooks implicitly refered to local quantities only. It has
actually been known for quite some time that gauge invariance can be restored by allowing
the quantities to be non-local [21, 22]. Although there are in principle infinitely many
gauge-invariant non-local quantities reducing formally to the same gauge non-invariant
local expression in the appropriate gauge, the experimental conditions ultimately determine
which ones are accessible [23].

Parton distributions are typical examples of measurable non-local quantities. Gauge
invariance is ensured by a Wilson line whose path is determine by the factorization the-
orems [24]. Ji has shown that the kinetic OAM, which is local and gauge invariant, can
be expressed in terms of Generalized Parton Distributions (GPDs) that are accessible in
some exclusive experiments like e.g. Deeply Virtual Compton Scattering [9]. Since the
local expression for the canonical OAM is gauge non-invariant [8], it was thought for a long
time that it cannot be measured and should therefore be considered as unphysical. The
situation has changed once it has been realized that the non-local expression for the canon-



Family = Energy-momentum tensor Gauge invariant Local Symmetric
Belinfante-Rosenfeld [1-3] v v v
Kinetic Ji [9] v v -
Wakamatsu [41] v - -
_ Jaffe-Manohar [8] - v -
Canonical
Chen et al. [15] v - -

Table 1. Properties of the various forms of the energy-momentum tensor in a gauge theory.

ical OAM, which is gauge invariant, can be expressed in terms of kp-dependent GPDs,
also known as Generalized Transverse-Momentum dependent Distributions (GTMDs) [25—
27]. GTMDs are extremely interesting as they provide the maximal information about the
phase-space or Wigner distribution of quarks and gluons. Unfortunately, apart possibly in
the low-z regime, it is not known so far how to access these GTMDs experimentally [28].
The situation is however not hopeless since GTMDs can be accessed indirectly using re-
alistic models, see e.g. [25, 29-34]. Another possibility is to compute the GTMDs on the
lattice. The traditional approach is to compute moments of the parton distributions using
a tower of gauge-invariant local operators. Unfortunately, this approach does not allow
one to compute AG because the latter does not correspond to any gauge-invariant local
operator. However, new strategies have recently been proposed allowing in principle the
computation of matrix element of non-local operators on the lattice, and show already
encouraging results [35-40].

Many different forms have been proposed for the energy-momentum tensor in a gauge
theory. Their properties are summarized in table 1. All the forms can be sorted into two
families [19, 41, 42]: kinetic (or mechanical) and canonical. They all give the same total
linear momentum, but attribute different momentum densities to the various constituents.
To the best of our knowledge, only the matrix elements of the local energy-momentum
tensors have been discussed in the literature so far. The first complete parametrization
of the matrix elements of the symmetric gauge-invariant local operator (i.e. Belinfante-
Rosenfeld tensor) has been given in [9] and further discussed in [43]. The matrix elements
of the asymmetric local gauge-invariant operator (i.e. Ji tensor) have first been discussed
n [10], but the correct parametrization in the off-forward case was given in [44]. There
has also been a simple attempt to parametrize in a similar way the matrix elements of the
asymmetric local gauge non-invariant operator (i.e. Jaffe-Manohar tensor), but this led to
the puzzling conclusion that canonical and kinetic matrix elements are the same [45]. We
will argue in the present paper that the reason for this puzzling conclusion comes from
missing terms in [45]. We will also show explicitly that two-parton Transverse-Momentum
Distributions (TMDs), though sensitive to OAM, cannot provide any quantitative model-
independent information about the OAM.

The paper is organized as follows. In section 2, we decompose the QCD energy-
momentum and generalized angular momentum tensors into quark and gluon contribu-



tions, and compare the various forms found in the literature. In section 3, we provide
for the first time the parametrization of the generic non-local light-front gauge-invariant
energy-momentum tensor and discuss various constraints in section 4. In section 5, we
derive the relations between the scalar functions appearing in this parametrization and
derive the relations with the two-parton generalized and transverse-momentum dependent
distributions, obtaining on the way new sum rules. Finally, we gather our conclusions in
section 6. Some details about the parametrization are given in appendix A

2 The gauge-invariant linear and angular momentum tensors

In order to deal most conveniently with the various gauge-invariant decompositions pro-
posed in the literature, we consider the following five gauge-invariant energy-momentum
tensors

T (r) = B s D),

T4 (r) = ~2T[GH ()G o ()] + 9" S Tx[G2(r) G ()],

T5" (r) = = ()7 g Ay (1) (r), (2.1)

T () = ¢ 0B [F(r ()],

T3 (r) = =206 Tr [G"(r) Afyys ()]

R s 4
where €p123 = +1 and §D# = 50" + gA" is the hermitian covariant derivative with 0/ =
— —

O* — 0*. Similarly, we consider the following seven gauge-invariant generalized angular

momentum tensors

LEP(r) = rVTHP(r) — rPTH (1), a=1,---,5,

S10(r) = 5 P Gr (), (22)

SE7P(r) = —2Tx| QP (r) A (r)],

where zlty”l = aty” — z¥y*. The standard expressions for the Belinfante-Rosenfeld, Ji,
Wakamatsu and Chen et al. decompositions' are then obtained by combining these contri-
butions according to tables 2 and 3, and using the following identities based on the QCD
equations of motion

Br)VHDp(r) = —e P [ (r)yays (1)

7) = (2.3)
2[DaGP ()] = =g B rr (),

where ¢, ¢’ are color indices in the fundamental representation and D,, = 9, —ig[4,, ]is
the adjoint covariant derivative. In particular, because of the first identity in eq. (2.3), we

"We used the original covariant form of ref. [42] and not the one in ref. [16] which differs only by how
one separates the pure-boost terms into quark and gluon contributions.



Belinfante-Rosenfeld Ji Wakamatsu (gik) Chen et al. (gic)
Ty (r) () + T () T{(r) Ti"(r) T (r) + T5"(r)
T ) ) T T T | TG - T ) + T )

Table 2. Expressions for the Belinfante-Rosenfeld, Ji, Wakamatsu and Chen et al. forms energy

momentum tensors for quarks and gluons.

Belinfante-Rosenfeld Ji Wakamatsu (gik) Chen et al. (gic)
5170 (r) 0 S S S0 (r)
L) | e L) ) ) L)+ 15(0)
SE(r) 0 0 s(r) se(r)
L) L)) D) IR | LR - TG + T

Table 3. Expressions for the Belinfante-Rosenfeld, Ji, Wakamatsu and Chen et al. forms of the
generalized spin and orbital angular momentum tensors for quarks and gluons.

can write T/ (r) = —1 Tl[” V] (r) and therefore discard the tensor T4} (r) in the following
discussions. Note that the tensors T1[W] (r), T (r), LY"P(r)— S1"?(r) and LEY? (r)+S57F (r)
have the form of a superpotential d, fl(r) [8]. Assuming as usual that surface terms

/ & T (r) = 0,
/dgr T2 (r) =0,

/d37“ Ly"P(r) = /d37“ ST7P(r),
/dST’ LI’ (r) = —/d37’ S5 (r),

vanish, this means that we have
0,1 (r) = 0,

8MT5’“/(1“) =0,
(2.4)
T (r) = —8,547(r),

TP (r) = ~0,55""(r),

where n is a timelike or lightlike four-vector and d3r = €afys N drf A drY A dr® is the
volume element. This ensures that the quark and gluon linear and angular momenta are
the same in the three kinetic decompositions

/d3rTBe1a<> /dsrTJlam /d3rT o), — el
(2.5)
[@rmm= [@rpee = [ergg,m. a=a0,

where JHP(r) = SHYP(r) + LFP(r).
The Wakamatsu and Chen et al. decompositions require the introduction of a pure-
gauge field

APUe(r) = — W(r)d, W (r), (2.6)

Q|-



where W(r) (called Upyre(r) in [19]) is some phase factor transforming as W(r) + U (r)W(r)
under gauge transformations. The “physical” gluon field is then defined as

Aghys('r) = Ap(r) — ARME(r). (2.7)

In the gauge where WW(r) = 1, the Chen et al. decomposition takes the same mathematical
form as the Jaffe-Manohar decomposition, and can therefore be considered as a gauge-
invariant extension of the latter [16, 19, 46, 47]. The phase factor W(r) is non-locally related
to the field strength and is in principle not unique [16, 19]. The original Wakamatsu [41]
and Chen et al. [15] decompositions correspond to a particular choice of the phase factor
which makes the physical field transverse V - Apnys(r) = 0 in a given Lorentz frame.
Leaving the phase factor unspecified allows us to consider at once two whole classes of
decompositions differing simply by the precise form of the non-local phase factor. In order
to stress this point, we will follow from now on the terminology of ref. [16] and refer
to the Wakamatsu and Chen et al. decompositions as the gauge-invariant kinetic (gik)
and canonical (gic) decompositions, respectively. For a given phase factor, the difference
between the gauge-invariant kinetic and canonical decompositions lies in the separation
of total linear and orbital angular momentum into quark and gluon contributions. This
difference corresponds to

T (r) = T (1) = Tt (1) = = [T o (r) = Tht ()]

(2.8)

MY¥P(r) = MEZP (r) — MY2P (1) = — [ 1 (r) — Mgﬂ”jc(r)},

which are called potential linear and angular momentum tensors [41, 42], respectively.

3 Parametrization

In practice, since we want to relate the matrix elements of the gauge-invariant energy-
momentum tensor to measurable parton distributions, we choose the non-local phase factor
W(r) to be a Wilson line W, (r,r¢) connecting a fixed reference point ry (usually taken
at infinity) to the point of interest r. According to the factorization theorems [24], these
Wilson lines run essentially in a straight line along the light-front (LF) direction given by
a lightlike four-vector n to the intermediate point 7, = r + ocon, and then in the transverse
direction to rg. In some sense, these Wilson lines can be viewed as a background gluon
field generated by the hard part of the scattering. The Wilson line associated with the first
part of the path

Wia(r,70) = P [e—z‘g J3 = neAlr+an) dx} (3.1)

is responsible for making the LF gauge n - A = 0 special, since this is the gauge where
Wh(r,r,) = 1. The transverse Wilson line W, (ry,rg) is associated with the residual
gauge freedom and can be set to 1 using appropriate boundary conditions for the gauge
field [20, 27]. Our gauge-invariant canonical energy-momentum tensor will then be phys-
ically equivalent to the Jaffe-Manohar tensor considered in the LF gauge n - A = 0 with
appropriate boundary conditions.



We will consider in the following the generic LF gauge-invariant energy-momentum
tensor of which the Belinfante-Rosenfeld, Ji, gauge-invariant kinetic and canonical energy-
momentum tensors represent particular cases. The matrix elements of the generic LF
gauge-invariant energy-momentum tensor depends in principle on n. This dependence
was overlooked in [45], leading to puzzling conclusions. Since any rescaled lightlike four-
vector an specifies the same LF Wilson line, the matrix elements of the generic LF gauge-
invariant energy-momentum tensor actually depends, beside the average target momentum
P = (p' + p)/2 and the momentum transfer A = p’ — p, also on the following four-vector

_M2n

N =
P-n

(3.2)

with M the target mass, and on the parameter 7 = 1 indicating whether the LF Wilson
lines are future-pointing (n = +1) or past-pointing (n = —1). Note that, contrary to n, the
lightlike four-vector N has the same dimension and transformation properties under space-
time symmetries as the momentum variables. Since P-A = 0and M? = P-N = P?+A?/4,
the scalar functions parametrizing the matrix elements of the generic LF gauge-invariant

energy-momentum tensor are functions of the two scalar variables £ = —(A - N)/2(P - N)
and t = A2. Choosing the standard form for the lightlike four-vector n = (1,0,0, —1) leads
to the usual expression & = —A* /2Pt with a™ = a® + a3. Because these scalar functions

also depend on the parameter 7, they are complex-valued just like the GTMDs [28, 48|.

Using the techniques from the appendix A of ref. [28], we find that the matrix elements
of the generic LF gauge-invariant energy-momentum tensor for a spin-1/2 target can be
parametrized as

@', ST (0)lp, S) = u(p’, S)TH (P, A, Nyn)u(p, 5), (3-3)

where S and S’ are the initial and final target polarization four-vectors satisfying p- S =
p -8 =0and S? =57 =—-M?2, and T'¥” stands for

, prpv AHAY PrigvA PYighd NENV
12" =Mg" A + —— Ao+ —— A+ —— A+ — o — A5+ —— By
PHNV PYNH NHjgvA NVight AFigvN AVighN
+7M BS+ % Bg+ Wi B+ Wi Bg+ Wi Bg+ Wi B¢
pPHPY AFAY
+ [ Mg" By + o Bj + — - B,
NENY . PENY o PYNK o TigNA pRAY
t— Bt Bt Bi|op t g B
PYAF AHNY AV N M . AVigha
Tar Pty Blot my Bir by e Bls o Bl
Prig"N PYighN N#ig"N NYighN
o Bt oy Bt oy Bt w5 B
PHAY PYAH AFNY AV NH icVA



For convenience, we used the notation ic"? = io"“b,. The factors of i have been chosen
such that the real part of the scalar functions is n-even and the imaginary part is n-odd

X7 (&, tsm) = X&) +in X7°(&, 1) (3.5)

as a consequence of time-reversal symmetry. Hermiticity then implies that the real part of
B} with j > 14 is -odd and the imaginary part is {-even. For the other functions, the real
part is £-even and the imaginary part is £-odd.

We have found by considering all possible and independent Dirac structures allowed by
space-time symmetries that the parametrization of the matrix elements of the generic LF
gauge-invariant energy-momentum tensor for a spin-1/2 target involves 32 complex-valued
scalar functions. This number can alternatively be obtained from a naive simple counting.
The generic energy-momentum tensor 73" has 4 x 4 = 16 components. The target state
polarizations S and +5’ bring another factor of 2 x 2 = 4, but parity symmetry reduces
the number of independent polarization configurations by a factor 2, leading to a total
of 32 independent complex-valued amplitudes (p’, S’|T4" (0)|p, S). These 32 independent
amplitudes correspond to 32 independent Dirac structures, a particular set being given
by eq. (3.4). Any other Dirac structure like e.g. v*, io"" or ie"NA~e can be expressed
onshell as a linear combination of these 32 structures, see appendix A of this paper.

4 Constraints

The parametrization (3.4) is very general as it is constrained only by space-time symme-
tries. It does however not take into account several constraints like linear and angular
momentum conservation, which will then reduce the number of independent scalar func-
tions in particular cases. We discuss in this section the various constraints and the relation
to former works on the local gauge-invariant energy-momentum tensor.

For latter convenience, we introduce the Sudakov decomposition of a generic four-vector
a' = (a-n)n" + (a-n)n* + af. (4.1)
together with the transverse Kronecker and Levi-Civita symbols

5%, =08 —ntn, —nt'n,,

i

4.2
TV —_ euyaﬁnaﬁﬁ7 ( )

€

where 7 is the lightlike four-vector satisfying n -7 = 1 and such that P} = 0.

4.1 Local operators

The energy-momentum tensors 71" (r) and T4"(r) are local. The corresponding matrix
elements cannot therefore depend on N or 7. All the scalar functions must then vanish
except the five real-valued functions A7(0,¢) with a = 1,2. These are related to the



standard (local) energy-momentum form factors (FFs) [9, 16, 44] as follows

Ay(t) = A5(0,1), Ac(t) = A5%(0,1),

By(t) = ASH(0,1) + ASM(0,8) — A5 (0,8),  Ba(t) = AS(0,1) + AS2(0,¢) — AS%(0,1),

Cy(t) = A51(0,1), Co(t) = A5%(0,1),

_ e t e = e l e,

C,(t) = AT (0, ) + 7 A1 (0,1), Ca(t) = AT*(0,t) + 1 A5 2(0,1),
Dy(t) = A9 (0,t) — AZ'(0,1), 0= A%%(0,t) — AS2(0,1).

(4.3)
The first four form factors parametrize the symmetric part of the local gauge-invariant
energy-momentum tensor, whereas the last one parametrizes its antisymmetric part. Since
T4 (r) is symmetric, we have A%(0,t) = AS?(0,1).

4.2 Light-front constraints

From our choice of the phase factor (3.1) it follows that Aphys - N = 0 [18, 20], leading to
TN (r) = TN (r) = 0. (4.4)

Contracting our generic parametrization (3.4) with IV, we find the relations

AY(&,t) + B3(€,t) — 26Bi7(€,t) = 0,
A3(&,t) — 26B14(&,1) =0,
—28A3(¢,1) + Bi5(&,t) =0,
AG(&,t) + Bg(€,t) — 26B34(&,t) = 0, (4.5)
A5(&t) — 26B1y(&,1) = 0,
Bi(&t) + Bg(&,t) + Bis(&,t) — 26B3; (£, t) = 0,
—26B7(§,t) + Bis(§,t) + B3, (§:1) =0,
—2¢B1y(&:t) + B35(€,t) =0,

for a = 3,5 which we refer to as the LF constraints.

4.3 Four-momentum conservation

The total energy-momentum tensor T (r) = T{"(r) + T4"(r) and the superpotential
terms TI[W] (r) and T (r) are all conserved 9,TH"(r) = OMTI[W] (r) = 9,Tt (r) = 0. This
translates at the level of the matrix elements as
A#<p,a S’]T””(O)‘p, S) =0,
Aute!, ST (0)lp, 5) =0, (46)
Ay, S/ (0)|p, ) =0,



and implies the following constraints

& e,a t e,a ~
>[40, + 3 450.0] = ¥ cutn =o.
a=1 a=q,G
ARE 1) + 115 AX(E 1) — 2Bh(E1) =0,
~2BY(E,0) + 775 BlalE0) = 0,
~2BJ(€,0) + 775 B(E0) =0,
2 B(E 1) ~ BR(E1) =0, o
T BR(E 1) — 26 Bh(E 1) =0,
B 1) + BY(E 1) + < Bho(6.t) — 2B (6,6) =0,
2B (6,1) — Bl(6.1) + < Bl (6,6 =0,

t
—26B13(€,1) — B3y (&, 1) + Vel B3s(&,t) =0,
which are compatible with eq. (4.5).

4.4 Forward limit and momentum

In the forward limit A — 0, the parametrization of the generic LF gauge-invariant energy-
momentum tensor reduces to

P, S|TH(0)|P, S) = 2M?gH* AY® + 2PFPY AS® + 2NF NV BS®
a g 4 2 1
+2PFNY By + 2P"N* By + n " By (4.8)
—n [Pres® By + Prep Byt + Neh By + Nk By

Since T¢"(r) is a total divergence, its matrix elements are proportional to A and therefore
vanish in the forward limit, leading to

B{(0,0) = B5®(0,0) = B5°(0,0) =0, (4.9)
BJ2(0,0) = B3 (0,0) = By;°(0,0) = B3 (0,0) = B3y (0,0) = 0.

Moreover, since the tensors T1"(r) and T4"(r) are local, the only non-vanishing scalars
B%(0,0) arise from the potential term 73" (r). This means in particular that naive T-odd
effects in the forward limit are necessarily associated with the canonical momentum and

disappear when summed over all partons.

1

Contracting now eq. (4.8) with 577

N, gives the average four-momentum in the LF
form of dynamics

1

v\ — n
<pa> - 2M2

5 € (BY' = Bg). (4.10)

(P,S|TN"(0)|P,S) = P*AS® + N¥(AS® + BS®) +

~10 -



In particular, using eq. (4.3) we recover the standard expression for the gauge-invariant
kinetic four-momentum in terms of the energy-momentum FFs

(Pgix,a) = P"Aa(0) + NYCo(0), a=gq,G. (4.11)

Interestingly, the last term in eq. (4.10) is naive T-odd and can be interpreted as the
spin-dependent contribution to the momentum arising from initial and/or final-state in-
teractions. Because of the structure eé’rs , this naive T-odd contribution is transverse and
requires a transverse target polarization. As we will see in section 5.2, this is related to the
Sivers effect [49]. The combination of scalars A7“(0,0) + B5“(0,0) contributes only to the
energy and is therefore related to the interaction term in the Hamiltonian. In the forward
limit, the LF constraints (4.5) imply that

A53(0,0) =0, (4.12)

unless Bff(f ,t) behaves as 1/¢ near £ = 0. This suggests that the scalars AZ’I(O, 0) and
A%?(0,0), and hence A,(0) and Ag(0), can be interpreted as the interaction-independent
contributions of, respectively, quarks and gluons to the four-momentum. This is further
supported by the observation that A5“(0,0) is the only contribution to the longitudinal
momentum (p}), which is purely kinematical in LF quantization. In other words, while
for the longitudinal component (p;rik o) = <pgic7a>, we have in general (pyy ,) # (Pyic,q) for
v = —,T due to the B scalars in eq. (4.10). Note that these terms were not included in the
parametrization of ref. [45], explaining the puzzling conclusions about the equality between
matrix elements of kinetic and canonical momentum.

Finally, since the total four-momentum is (p”) = P, we obtain from eqs. (4.10)
and (4.3) the momentum constraints

Z A?a(ovo) = Z Oa(o) =

a=1,2 a=q,G (4 13)
ST 450,00 = Y Al ‘
a=1,2 a=q,G

which are consistent with eq. (4.7). In particular, the vanishing of the average total trans-
verse momentum, known as the Burkardt sum rule [50, 51], is trivially taken into account
in our parametrization because the potential term T4" (), and hence B{; (0 0)— By (0 0),
drops out of the sum over all partons.

4.5 Angular momentum

Since we have a complete parametrization of the matrix elements of the generic LF gauge-
invariant energy-momentum tensor, we can easily compute the matrix elements of the
corresponding OAM tensor LL"?(r) given by eq. (2.2). Because of the explicit factors of
position 7, the matrix elements of the generic LF gauge-invariant OAM tensor need to be
handled with care [16, 44]. Focusing on the longitudinal component of OAM, we find

ay— 1 NaB €Tap 0 NTNB (g
(LL) = 532 (B Sl erasla " (0)|P.S) = o7 0 15 —— (0, S"|TN5(0)|p, S) -
SN .q
=z A4 (0,0). (4.14)

- 11 -



For a longitudinally polarized target, we have S - N = M? and so A7%(0,0) can be in-
terpreted as the average fraction of target longitudinal angular momentum carried by the
OAM associated with the energy-momentum tensor 7, (r) in the LF form of dynam-
ics. We confirm in particular that the integrated OAM does not receive any naive T-odd
contribution [20, 27, 47, 52]. Using eq. (4.3), we also recover the standard expressions
for the Belinfante and Ji forms of longitudinal OAM in terms of the energy-momentum
FFs [9, 10, 16, 44]

—

S-N
5 [Aa(o) + Ba(o)] W?
L AL(0) + By(0) + Dy(0)) 2.

(JBerr) = (LBerr) = a=q,G,

<L31 L>

(4.15)

Remarkably, thanks to eq. (2.4) we can also express the quark and gluon spin con-
tributions in terms of the scalar functions parametrizing the generic LF gauge-invariant
energy-momentum tensor. From the integral relations in eq. (2.4), we find that the quark

and gluon longitudinal spin contributions are given by

1 o 17 . . S-N
(5) = sy (P8I enasSY )P, 8) = —3 [457(0,0) - 457 0,0)] T

1 S-N . ‘
(58) = 57z (P S| erasSE (0] P,S) = ~ 2 45%(0,0)

where we have used eq. (2.3) to express L}””(r) in terms of T!"(r). The scalars
—1[A45(0,0) — A (0,0)] = —1D,(0) and —A$°(0,0) can therefore be interpreted as the
average fraction of target longitudinal angular momentum carried by the spin of quarks
and gluons, respectively. It is easy to check that the following relations

(S1) + (Lgir.) = (JBeL,L) a=q,G (4.17)
are satisfied and that the longitudinal component of the potential OAM is given by

S N = A$°(0,0). (4.18)

<Lglc L> <Lgik,L> [<Lglc L> <Lgk,L>] =
Note that the differential relations in eq. (2.4), which translate at the level of matrix
elements as
W', ST (0)lp, 8) = ~idu (0, 8'|SE(0)1p, 5),

1ol lve) . /ol | QUVP (4.19)
', S1T57(0)|p, S) = —iAu(p’, §'[S577(0)p, ),

do not provide additional constraints. Indeed, at O(A?), they just reduce to the antisym-
metric part of the forward limit (4.8). At higher orders in A, the identification of coefficients
between the Lh.s. and the r.h.s. of eq. (4.19) are spoiled by the condition P - A = 0 which
follows from the onshell relation for the target (P + )2 = M2

In ref. [45], the LF constraint Tg’févq( ) = Tg“lf(vq( ) (i.e. T4 (1) = 0 according to table 2)
has been used to derive the relation between the canonical and kinetic functions. However,
the contributions from the B scalar functions were not included in the parametrization

of the canonical energy-momentum tensor in the LF gauge, and so the author concluded
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that X,(t) = Xg*(t) for X = A, B, D (i.e. A;(ﬁ,t) =0 for j = 1,2,4,5) instead of (4.5),
leading naturally to (Lgic’ )= (Lgik’ ;) according to eq. (4.18) and hence to the puzzling
conclusion (Jg. 1) = (T )

Finally, since the total angular momentum is 1/2, we obtain from eqs. (4.14) and (4.16)
the angular momentum constraint which can be rewritten in terms of the energy-momentum
FFs using eq. (4.3)

> [A59(0,0) + AZ(0,0)] = Y [Aa(0) + Ba(0)] = 1. (4.20)
a=1,2 a=q,G
Combined with the momentum constraints (4.13), this leads to
> [A59(0,0) + A£(0,0) — AF4(0,0)] = > Ba( (4.21)
a:1,2 a= q7

which is known as the anomalous gravitomagnetic moment sum rule [53, 54].

5 Link with measurable parton distributions

Now we are going to see how the scalar functions parametrizing the matrix elements of
the generic LF gauge-invariant energy-momentum tensor are related to GPDs accessed
in exclusive scatterings [55] and TMDs accessed in semi-inclusive scatterings [24]. For
convenience, we shall focus in the following on the quark sector. The gluon sector proceeds

analogously.

5.1 Generalized Parton Distributions

The quark vector GPD correlator is defined as

Fig (P, A, N)
dx A A A
= (P.n)/%ez“(})" (p S/|w<—n> W ( 5™ 2n>1/1<2n> Ip,S). (5.1)

Remarkably, its second Mellin moment is related to the matrix elements of the quark LF
gauge-invariant energy-momentum tensor [16, 20, 55]

1
2 ST O)lp. ) 52)

Note that we do not need to specify whether this corresponds to the kinetic or canonical

/degg] (P,z,A,N) =

version of the LF gauge-invariant energy-momentum tensor simply because Tglk q( r) =
TN (1) owing to eq. (4.4).

gic,q
Up to twist 4, the quark vector GPD correlator (5.1) is parametrized as [28]
: nA
RN ) =y 8 |+ G B 5),
M no AOC
P A N) =ty )| M g, o PAE g,
P 2(P-n)
o (5.3)
+ =L A — 7 (B - €Y ]u(zo, S),

O.nA
— s W) ]+ T Bt 9),
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From eq. (5.2) together with eq. (4.3), we then find the relations between the second Mellin
moment of vector GPDs and the energy-momentum FFs in the quark sector

/dmeq(x,f,t) = Ay(t) + 4% Cy(t),

/deq(x,g,t) — B, (t) — 4€2C, 1),

/degT(x,g,t) =0,

/degT(x,g,t) ~0

/ dea Y (2, 6,1) = 26 Oy (8), (5.4)
[ e By e 6.0) = —5144(0)+ B,(0) - D,(0),

2
/deg(x,g,t) = %Aq(t) + Cy(t) — 252 P Cy(t)
t
bt [Byl1) = 8C,(1) — Dy(1),
2
[ dwa (o0 + Bl 6.0 = 5 s Do)

The relations involving twist-3 GPDs are consistent with those found in ref. [56] where the
parametrization is related to the one we used as follows

HgT(x7§7t) = _25 GZ(.Z’,{,t),
E2qT(‘T7£at) =2 [Gg(x’gvt) - £GZ(93,£,75)],
Ay, 6,1) = S G1(n,6.1),

Hq(x,f,t) + Eq(x,f,t) + EgT(x7§7t) = —Gg(a:,f,t) + 2[§Gg($,§7t) - GZ(IL’,f,t)]

(5.5)

The explicit relations involving twist-4 GPDs are new but somewhat academical as these
functions are much harder to access experimentally.?

Thanks to eq. (4.19), the antisymmetric part of the LF gauge-invariant kinetic energy-
momentum tensor can be related to the local axial-vector correlator

/l: VAX @ v
- e [ ao FR P A ) = ST O ). (5.6)
From the parametrization [55]
Alys

/ dz FG™ (P2, A, N) = a0/, §') |49 G4 (1) + S0 Gh(®) [ulp, 9), (5.7

2M

2We note in passing a typo in ref. [16] where a factor % is missing in front of the D4 (t) energy-momentum
FF in the r.h.s. of eq. (432).
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where G (t) = [da HI(z,&,t) is the axial-vector FF and G%(t) = [da E9(x,&,t) is the
induced pseudoscalar FF, it is easy to show using onshell 1dent1t1es that [10, 16, 44]

G () = —Dy (). (5.8)
This is naturally consistent with the observation in section 4.5 that the scalar —%Dq(O)
can be regarded as the quark spin contribution to the total angular momentum in a longi-
tudinally polarized target.
5.2 Transverse-Momentum dependent Distributions

The quark vector TMD correlator is defined as?

ol (P, kr, N )

_(p.n>/d(k-n)/(g;4 etz (p, S’]¢< ) Wn(—;,;>¢<;)|p,5). (5.9)

Similarly to the GPD case, the second Mellin moment of this correlator is related to the

forward matrix elements of the quark LF gauge-invariant energy-momentum tensor
1
3z ST O0)lp, S). (5.10)
Remarkably, treating with due care the LF Wilson line [16, 20, 27, 57-60], one can similarly
"]

show that the second transverse moment of ® grg 18 related to the forward matrix elements

/dmdzszxq)g,S](P x, kp, N;n) =

of the quark LF gauge-invariant canonical energy-momentum tensor
n
/dx Ay kG @5 (P,x, ke, Nin) = 63, (p, ST (0)]p, S). (5.11)

That the relation holds for the canonical version of the LF gauge-invariant energy-
momentum tensor is determined by the particular shape (3.1) of the Wilson line. Working
instead with a straight Wilson line connecting directly the points +%, the relation (5.11)
would hold for the kinetic version of the LF gauge-invariant energy-momentum ten-
sor [20, 61, 62]. We stress once again that our choice for the Wilson line (3.1) was simply
motivated by the fact that factorization theorems require Wilson lines that run essentially
along the LF direction n [24].
Up to twist 4, the quark vector TMD correlator (5.9) is parametrized as [28, 63, 64]

(I)gg(P’x’kT’N;n)ZQ(P'R)[f1—nMQf }
I ok eﬂS
CI)A[;?(PJ?,kT,N;n):QML\;fJ_q €7 fT

_n(k%kTV_%éy k) e iQ_aniq
e T (P-n)M 'F |

2M2 kS
o (P 2 ky, Nim) = [fg T ;Tq]

(5.12)

3For simplicity, we considered the naive definition of the TMD correlator where the soft factor is not
included [24]. This allows one to treat in a simple way the kr-integrations. A more careful treatment based
on the proper definition of TMDs proceeds analogously.
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where we have extracted explicitly the n-dependence. From eq. (5.10) together with
eq. (4.3) and the forward limit A — 0 of the LF constraints (4.5), we find the relations
between the second Mellin moment of vector TMDs and the energy-momentum FFs in the
quark sector

/dx Pkrx fl(z, k3) = A4(0),
/dx Py x f(z, k3) = 0, (5.13)
1

544(0) + Cq(0).

/da: Py a fi(z, k3) = 5

Together with eq. (5.4), these relations are consistent with the fact that the GPD and
TMD correlators have the same collinear forward limit

/d2kT o0 (P a, by, Nym) = FOLN (P2, A = 0, V) (5.14)

which implies
[ e e i) = HO(w.0.0),
/dsz iz, kF) = 0= Hip(2,0,0), (5.15)
/ &Pkr f1(x, kF) = Hi(2,0,0).

More interesting are the relations involving the second transverse moment of TMDs.
From eq. (5.11) and the forward limit A — 0 of the LF constraints (4.5), we find

k2 11, 0
dz d*kr ]\52 flji?(xv k7) = 3 Blé3(0>0) - 3263(0,0) ;
dr d*kr 5 M2 19w, k) = Cq(0) + AT°(0,0),

(5.16)

1 _,
dx A%k f 9z, ):531’83(0,0),

—— — —

1 073 073 0,3
da A2k MQf U, k2 = 1[318 (0,0) + BY(0,0) + 2B (0,0)].

Interestingly, all these quantities involve only the energy-momentum FF Cq(O) and scalar
functions associated with the potential term T4 (r). Since all these quark contributions
are exactly canceled by the corresponding gluon contributions, see eq. (4.13) and table 2
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we obtain the following sum rules

Z/ddekT MQf Y, kE) =

a= q7

Z/dxd2 2MQfM( k2) =0,

a= q7

Z/ddekT2M2 oz, k%) =0,

a=q,G

Z/ddekT2M2f 4(x, k2) = 0.

a= q7

(5.17)

The first sum rule is known as the Burkardt sum rule [50, 51] and simply expresses the fact
that the total momentum transverse to the target momentum has to vanish. The other
three sum rules are to the best of our knowledge new. They express the fact that the total
flow of transverse momentum has also to vanish. They involve higher-twist TMDs and are
therefore much harder to test experimentally. Nevertheless, it would be very interesting to
test them using phenomenological models, Lattice QCD and perturbative QCD.

As a final remark, we would like to stress that the above results show explicitly that
TMDs cannot provide any information about the scalar A7“(0,0), which means no quan-
titative model-independent information about the parton OAM, as anticipated e.g. in [65]

6 Conclusions

There has been a prejudice against the canonical form of the quark and gluon energy-
momentum tensor, and consequently of the corresponding linear and orbital angular mo-
menta, due to the fact that it cannot be written locally in a gauge-invariant way. A
gauge-invariant expression can however be obtained by relaxing the locality requirement in
a way that does not harm causality. This indicates that the canonical energy-momentum
tensor can be considered as a physical object and measured experimentally. In particular,
it can be accessed via particular moments of two- and three-parton correlators which are
extracted from numerous physical processes.

In this study, we provided for the first time a complete parametrization for the ma-
trix elements of the generic asymmetric, non-local and gauge-invariant canonical energy-
momentum tensor. We found that a generic canonical energy-momentum tensor for a
spin-1/2 target consists in 32 independent complex amplitudes. We discussed in detail the
various constraints on these amplitudes imposed by non-locality, linear and angular mo-
mentum conservation. This generalizes therefore former works on the symmetric, local and
gauge-invariant kinetic energy-momentum tensor also known as the Belinfante-Rosenfeld
energy-momentum tensor.

We also showed that some of the amplitudes can be expressed in terms of particular
moments of two-parton generalized and transverse-momentum dependent distributions,
and are therefore clearly measurable. In particular, we proved explicitly that two-parton
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transverse-momentum dependent distributions cannot provide any quantitative model-
independent information about the parton orbital angular momentum. On the way, we
recovered the Burkardt sum rule, expressing basically conservation of transverse momen-
tum, and derived three new sum rules involving higher-twist distributions. We obtained
these results by choosing the non-local phase factors defined by a lightlike four-vector n,
in order to make contact with parton physics and factorization theorems.

We believe the present paper will help clarify the differences between canonical and
kinetic energy-momentum tensors, and their links with parton distributions. We also expect
getting more insights into these matters in a near future coming from explicit results
obtained within covariant models, Lattice QCD and perturbative QCD.

Acknowledgments

I am thankful to S. Brodsky, E. Leader, B. Pasquini and P. Schweitzer for useful discussions
related to this study. This work was supported by the Belgian Fund F.R.S.-FNRS wvia the
contract of Chargé de recherches.

A Parametrization

From the discrete space-time symmetries, we find that the Dirac structure I';” associated
with the matrix elements of the generic LF gauge-invariant energy-momentum tensor has
to satisfy the following constraints

(P, A, N;n) = ’)’OFILW(P, —A,N;n ’)/0 Hermiticity
=T (P, A, N;n)y” Parity (A1)
= (—iysC)TE (P, A, N; —n)(—ivsC) Time-reversal

where C' is the charge conjugation matrix and b = b = (bo,—g). Using the Gordon

identities A
Pt ot
a8 u(p,5) = 0,5 |7 +

AW johP

(A.2)
0=u(p,s) [ +

]U(n S),

we can discard the 4* and io*f structures from the parametrization. Similarly, we can

discard the structure e#vef

~5 thanks to the following onshell identity

u(p’, ") [26“”°‘P’y5 + AHo"* 4+ AVoH + Aaa“”] u(p,S) =0. (A.3)
Contracting the e identity

gaﬁ ehvpo gauevmfﬂ + gowepaﬁu + gapeffﬁlw + goco'eﬁul/p -0 (A.4)
with PgA,N, gives

PQE‘LWAN _’_ga[uey}ANP + Aae/,LI/NP o Naeu,uAP = 0. (A5)
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Contracting further with N, P, and A, leads to

(P-N) AN f NHIANE L (A Ny e NP = 0,
P2 AN | plVIANP _(pL N AP — ) (A.6)
A[ueu]ANP + A2 6/u/NP - (A . N) 6;UIAP —0.

Multiplying now by u(p’, S’)ysu(p, S) and using eq. (A.3), the first two identities allow us

V]A

to discard the structures e’2N~5 and AlFg¥I® while the last identity is trivially satisfied.

We are then left with the 32 independent structures given in eq. (3.4).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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