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In the last decade, it has been realized that the orbitallanguomentum of partons inside the
nucleon plays a major role. It contributes significantly tecleon properties and is at the ori-
gin of many asymmetries observed in spin physics. It is floeeeof paramount importance to

determine this quantity if we want to understand the nuciaternal structure and experimental
observables. This triggered numerous discussions antbeensies about the proper definition of
orbital angular momentum and its extraction from experitaktata. We summarize the present
situation and discuss recent developments in this field.
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1. Introduction

Unlike familiar quantum bound states, nucleons are stgoaffected by relativistic effects,
making their description particularly complicated. Neketess, it is possible to decompose their
total angular momentum into spin and orbital angular moomanfOAM) contributions of their
constituentsi.e. quarks and gluons.

At the classical level, there already exist two definitiohmomentum: canonical and kinetic.
In many systems, both definitions coincide. But in the presesf gauge fields, these two def-
initions differ. It is therefore not surprising that thererespond two definitions of OAM, and
therefore two decompositions of total angular momentunciddeg which quantities, canonical or
kinetic, have to be considered as the “physical” ones hasa@istory and remains the source of
intense debates. On the one hand, the canonical decoropasittomplete and has a clear inter-
pretation in terms of quark and gluon contributions, butgpaxently not gauge invariant. On the
other hand, the kinetic decompoasition is manifestly gangariant, but is incomplete (in the sense
that there is no notion of spin and OAM for a gauge particle) has a less clear interpretation in
terms of quark and gluon contributions.

These problems can basically be cured by the notion of gawgetant extension (GIE). The
idea is to find a manifestly gauge-invariant quantity whicincides with a gauge non-invariant
guantity in a particular gauge. This allows one to extendvtilility of a physical interpretation
considered in a certain gauge to any gauge. The price to pagufih an approach is that GIEs
are usually non-local expressions of the gauge fields. Tdmslocality does not violate causality
since it can be removed by a simple gauge transformation.omtyeproblem is that to any gauge
non-invariant quantity, one can in theory associaténéinite number of GIEs, just by changing
the gauge where they are required to coincide. This lastissgolved by examining how one
experimentally probes the internal structure of the nutlébis indeed the physical process and its
theoretical description which dictate at the end what isnlest convenient or natural GIE to use.

The crucial question now is how to connect these definitiéi®AM to measurable quantities.
Over the last two decades or so, many relations and sum ralestieen proposed. Some are exact,
while others are suggested by rather simple models of theaustructure. On the experimental
side, a lot of effort is currently invested in the measurenoéithese quantities. On the theoretical
side, people are working hard to understand the differeet@den the various definitions and to
identify physical observables sensitive to OAM at a quatitié level.

In this proceeding, we sketch a summary of the present gituaind discuss some recent
developments. In section 2, we present the two families @iopr spin decompositions. In section
3, we discuss the GIE approach and the related uniqueness Isssection 4, we summarize how
OAM and quark spin-orbit correlation can be expressed ims$eof parton distributions. Finally,
we conclude with section 5. For the interested reader, metagldd discussions of the topic can be
found in the recent review [1].

2. Canonical and kinetic spin decompositions

The so-called canonical decomposition reads

J=F4+ /8434 7° (2.1)
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The explicit expressions for the quark/gluon spin/OAM citmttions were given by Jaffe and
Manohar [2]

= /d’&w*%iw, O :/d3x¢ﬁ(2>< 10)y,

. - (2.2)
S = / d®xE2 x A2, 5= / d*x E¥ (X x [)AY.

Except for the quark spin contributic, the other contributions are not gauge invariant. In order
to make sense of it, Jaffe and Manohar stressed that thigrmgmsition has to be considered in a
fixed gauge. Later, Chest al.[3, 4] managed to write down the corresponding GIE

S [t e [y B

2.3)
L= / d*XE? x Aphysa e = /d3x E*(% x -@Sgre Aphys1

by decomposing the gauge field into two paMs Apure_ APhYSand using onlyAPUein the covariant
derlvatIVeSDpure — D IgApure and .@pure — Ig [lApure7 ] .
The so-called kinetic decomposition reads

J=S 419+ +LC (2.4)
The corresponding explicit expressions for the quark andrgtontributions were given by Ji [5]

Q- /dsxwuiw, ra— / dBxy! (X x iB)y,

(2.5)
= 4+1C= /d3x2>< 3% BY).

In accordance with textbook claims, Ji was not able to wride/ a gauge-invariant expression
separately for gluon spin and OAM contributions. Later, Afaktsu [6, 7] used the Chext al.
approach to make the kinetic decomposition complete

@:/d&uﬁ{z’w, Eq:/d3x1,u*(2><i6)w,
%IE:/d3XEaX'&ShyS LGIE_ _§IE7

(2.6)

At the end of the day, the sole difference between the completige-invariant canonical (2.3)
and kinetic (2.6) decompositions is in the interpretatiéthe so-called potential OAM as either
quark or gluon contribution

Epot =L9- Z?BIE = /ngL.UT(2 X gﬁ‘phys)w

. - (2.7)
—(LglE—ZglE) = /d3x(_@-E)aX>< AShys

using the QCD equation of motidi® - E)2 = gy'tay.



OAM in the nucleon Cédric Lorcé

3. Chen et al. approach and GIE

The complete gauge-invariant decompositions (2.3) ang) (@em to contradict textbook
claims that it is not possible to write down gauge-invariexpressions for gluon spin and OAM
contributions. There is no genuine contradiction sincébieoks actually refer to local expressions
only. The Cheret al. approach circumvent the impossibility by consideringiirgically non-local
expressions.

The Cheret al. approach is an explicit realization of the GIE concept. & ¢bvariant form,
it consists in a splitting the gauge potential into “purerga’ and “physical” terms [3, 4, 6, 7, 8]

Ay = AN ABYS, (3.2)
where, by definition, the pure-gauge term does not conterituthe field strength
FL[IJ‘L}JFG_ 0uApUI’e_ avApure_ Ig[Apure Apurﬂ O (32)

and transforms liké\,,
A A= UAL"+ Lo, Ut (3.3)

under gauge transformations. Consequently, the physinal is responsible for the field strength
Fuv _ gpure phys ggureAﬂhys_ ig[AEhyS, Aehys]’ (3'4)
and transforms like the latter
APPYS s ADYS— gAYy L (3.5)

under gauge transformations. This approach turns out teehesimilar to the background field
method [9] and is closely related to the so-called Diracaldds [10, 11].

The main problem with the Cheet al. approach is that the splitting into pure-gauge and
physical terms is not unique. Indeed, the following altéiveefields

Kﬂure:Aﬂure_i_ Bll’ Aphys Aphys Bll’ (3.6)

also satisfy the defining conditions (3.2) and (3.3), predidhatB,, transforms in a suitable way

under gauge transformations [8, 12]. Since the pure-gagige plays essentially the role of a
background field, the freedom (3.6) simply corresponds t&dpmund dependence [9]. It can also
be understood from a non-local point of view, whafé™® andAl¥* appear as particular functionals
of A, [13, 14, 15]. But as already mentioned in the introductiois basically the actual physical

process and its theoretical description which determieentbst convenient or natural GIE to use,
i.e. which constraint to impose oA™®.

4. OAM and spin-or bit correlation

The most natural expression for OAM is as a phase-spacaah{d®, 17]

9(7) = / dxcPk, b, (B, x K1 ),pY 9(x k., BL ), 4.1)
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where the relativistic phase-space or Wigner distribuﬁ@’fm]q(x,ﬁ L,B ;%) can be interpreted as
giving the quasi-probability to find an unpolarized quarkhaAlbngitudinal momentum fractiog,
transverse momentuky and transverse positid?ul inside a longitudinally polarized nucleon. The
phase-space distributions can be expressed in terms @lleo-generalized transverse-momentum
dependent distributions (GTMDSs) [18, 19], leading to thage relation [14, 16, 20]

/ dxak, K FO(x.0.K,,0,:%). (4.2)

This OAM depends on the type of Wilson ling& involved in the definition of the non-local quark
correlator [15, 21, 22]. The (light-front) canonical OAM abtained with a (light-front) staple-
like Wilson line ¢3 = 1(#4apie), While the kinetic OAM is obtained with a direct straight A6h
line LY = |§(%raigm). Unfortunately, it is not known so far how to extract quark N&Ds from
actual experiments. There exist however alternativeiogigtin terms of measurable distributions.
The kinetic OAM can be expressed in terms of twist-2 [5] anista8 [23] generalized parton
distributions (GPDs)

- % / dx {x[H9(x,0,0) +E(x,0,0)] — H(x,0,0)} (4.3)

= —/dxxc-g(x, 0,0). (4.4)

For the canonical OAM, the following relation to transversementum dependent distributions
(TMDs) has been proposed

/ dxaPk, 1 hid(x, K2, (4.5)

but is valid in some quark models only [24].

Adding an extrays matrix to the quark OAM operator gives the quark spin-orliem@torcy
which measures the correlation between the quark spin andubark OAM [16, 25]. Like the
OAM, its most natural expression is as a phase-space ihtegra

() = / dxd?k, d2b, (B, x K. )zpY ¥ (x K, B, #), (4.6)
: 12 — —
_ / ok, o Gy (x,0.K, 0,7, 4.7)

and depends on the type of Wilson lit#€ involved in the definition of the non-local quark corre-
lator. The quark kinetic spin-orbit correlati@f = c?(%traight) can also be expressed in terms of
twist-2 and twist-3 GPDs [25]

_ :—ZL/dx XF9(x,0,0) — H(x,0,0)] + (™) 4.8)

_ / dxx[G2(x,0,0) + 263(x,0,0)] 4.9)

5. Conclusion

There are essentially two (families of) proton spin decositians: canonical and kinetic. The
concept of gauge-invariant extension ensures that thereiff contributions are in principle mea-
surable, in the sense that they can be defined in a manifesilyeginvariant way. The price to pay
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is that the corresponding operators are usually non-léeatling to a uniqueness problem, which
is however solved by the framework used to describe the laexpariment. Quark orbital angular
momentum and spin-orbit correlations are most naturalfindd in terms of phase-space distribu-
tions, but are experimentally accessikia other relations to measurable parton distributions.
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