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Angular momentum decompositions

p=—— F=mi=p+gA
Kinetic

Canonical

[Jaffe-Manohar (1990)] [Ji (1997)] D=V +igA
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Jy = ]dgfrFx (E* x BY)

Gauge non-invariant!




Angular momentum decompositions

F=mi=p+gA

Kinetic
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Canonical
[Jaffe-Manohar (1990)]
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Gauge non-invariant!
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Gauge-invariant extension (GIE)
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[3i (1997)]

[Wakamatsu (2010)] A= Apure + Aphys




Angular momentum decompositions

F= 5 F=mi=p+gA
Canonical Kinetic

[Jaffe-Manohar (1990)] [Ji (1997)] D=V +igAd

w7 Aai

Gauge non-invariant!

Epot = /dgrp 7 X Aphys
o = ngtaw _ (D ) E) atsu (2010)] A= Apure + Aphys

[Chen et al. (2008)] A= Apure + Aph

§q = %fdgTwTigb
Eq - /d3T¢TT x (= D'pure)w

S, = [ dr Be x 2y

phys

phys

L, = f Ar BYF % Dyure A%

Gauge-invariant extension (GIE)




Stueckelberg symmetry

[Stoilov (2010)]
[C.L. (2013)]

A = Apure + Aphys = Apure + Aphys
v H/—/

Apure+c Aphys_c

Ambiguous!
Infinitely many possibilities!

Coulomb GIE Dyure - Aphys = 0

[Wakamatsu (2010)]

Light-front GIE | A

[Hatta (2011)]
[C.L. (2013)]



Stueckelberg symmetry

A = Apure + Aphys = Apure + Aphys
v H/—/

Coulomb GIE Dyure - Aphys = 0

[Chen et al. (2008)]

Apure+c Aphys_c

[Stoilov (2010)]

[C.L. (2013)]

Ambiguous!

Infinitely many possibilities!

[Wakamatsu (2010)]

ﬂ.ight-front GIE |A]

Ag

[Hatta (2011)]
\ [C.L. (2013)]

Proton structure probed in IMF!




Gluon helicity distribution
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Local fixed-gauge interpretation Non-local gauge-invariant interpretation



Kinetic and canonical OAM

Kinetic OAM (Ji)

1 1 -
L= [ dealf1(e,0.0) + B(@,0,0) - [ defi(,0,0) [3i (1997)]
J. S
=— /d:c:t:Gg(az,0,0) = /d:r;:c [H(z,0,0) + E(z,0,0) + Eyp(z,0,0)] [Penttinen et a/. (2000)]
. [Kiptily, Polyakov (2004)]
Pure twist-3

[Hatta (2012)]

Quark naive canonical OAM (Jaffe-Manohar) [Burkardt (2007)]

. [Efremov et al. (2008,2010)]

k - [She, Zhu, Ma (2009)]
— 2 L 3l Model-d dent ! ’ ’
L= / ded®kL 5o hir(z, kL) £\ Model-dependen [Avakian et al, (2010)]
[C.L., Pasquini (2011)]
Canonical OAM (Jaffe-Manohar) [C.L., Pasquini (2011)]
P2 [C.L., Pasquini, Xiong, Yuan (2012)]
= / Qe d®hy 3 Fua(e.0.F1.01) [Hatta (2012)]
[Kanazawa, C.L., Pasquini, Metz, Schlegel (2014)]
Model LCCQM YQSM
q w d Total ” d Total A No gluons and not QCD EOM!
14 0.131 —0.005( 0.126 0.073  —0.004( 0.069 (=1, but (1 £ LA
L1 0.071  0.055 | 0.126 —0.008 0.077 | 0.069
L4 0.169 —0.042( 0.126 0.093  —0.023( 0.069 [C.L., Pasquini (2011)]




The phase-space picture

Complete parametrizations: Quarks [Meissner, Metz, Schlegel (2009)]
Quarks & gluons [C.L., Pasquini (2013)]
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[C.L., Pasquini, Vanderhaeghen (2011)]



Yuan (2012)]
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Proton spin structure

A
A b:=AN—X\— H
(L
« Quark spin » Yy sy
(S8 ~ (S)S9)
A A,
« Quark OAM » Pyt (FL x D)
(L) ~ 3555 2 Al Ul ~ (8L ‘0»
A
Quark spin-orbit correlation Pyt ys(FL x iD 1),

(O2) ~ 5 2 M= l0Rul® ~ (S2L2)

A

[C.L., Pasquini (2011)]
[C.L. (2014)]



OAM vs spin-orbit

OAM

L. - / dr [P (T+2)) — 12 ((TF1))]

Parametrization

i A
= (", N[ 5D ¢lp, A)
p{uvv} pPlrjgvia
— - -
2 4 4M B
APAY — guVAZ
M

Pliy]

C+ Mg C + Dlu

Relations

L.=3(A+B+D) [Shore, White (2000)]

= [ dzi[z(H + E) — H] [3i (1997)]

/d:z:a:Gg

- / dz d2k. 5 Fy
[C.L., Pasquini (2011)]
[Hatta (2012)]

[Penttinen et a/. (2000)]

Spin-orbit

r2(T5))]

C, = / d3r [Pt ((T5F?))

Parametrization

T = (p', N [yt D”wlp, A)

p{uvv}% p{MAV}% -
R
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- [C.L. (2014)]
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[C.L., Pasquini (2011)]
[C.L. (2014)]




Valence number F'(0) =2 F0) =1

[dzzH* [dzxH! O Cd

NQM 4/9 1/9  -7/9  -5/9
LFCQM 0.34 0.09  -0.83 -0.54
LFYQSM  0.39 0.10  -0.80 -0.55
LSS2010 0.19 0.06  -0.90 -0.53

Conclusion :

Spin and kinetic OAM of valence quarks are anti-correlated !

[C.L. (2014)]



The conclusions

» Kinetic and canonical decompositions are
physically inequivalent and are both interesting

» Measurability requires gauge invariance but
not necessarily local expressions

« All the canonical and kinetic contributions are
in principle measurable (twist-3 GPDs, GTMDs?)
and computable on a lattice

Physics Reports: [Leader, C.L. (2014)]
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The decompositions in a nutshell

[Chen et al. (2008,2009)]
The Chen et al. approach [Wakamatsu (2010,2011)]

Aulw) = AB™(z) + A (z)

Gauge transformation (assumed)

AP (z) o> Ur) [ARe(a) + £0,] U ()
>hys >hys -1
APRYS() 13 U (2) AP () (2)

Pure-gauge covariant derivatives

Dﬂure — 8;1 . ':‘Ig AEure(m)
Dﬂure — 8,11 . :ig [AEure(I)? ]

Field strength

Fﬁsre(m) — é [Dﬂure’DBure} =0

Fyu () = DR ABMS (1) — DR ALY (2r) — ig [ ALY (), AL ()]

7 v



The gauge-invariant extension (GIE)

[Hoodbhoy, Ji (1998)]
A Gauge-variant operator [3i, Xu, Zhao (2012)]

[C.L. (2013)]

GIE2

| GIE1

1

1

! I

'\/' > Gauge

« Natural » gauges
p? = m% Rest
o Lorentz-invariant 5 — E% " Center-of-mass

extensions
T = kiyip/Pivre Infinite momentum

« Natural » frames



The geometrical interpretation

[C.L. (2013)]

Parallel transport
Zo

!

l T We(z + dw, 20)We (w0, 7) =

x+dx - ].—‘r—‘igAEure(x)dl'u
W(x +dz,z) =1+ igA#(.’B)dgci/
T —
pure i 0
Au (x) = _WC(ﬁU xo)a—Wc(xo,x)
0 A Non-local!
Aphys / Wc(:l? s aﬁ(s Wc(S 35) %ds

Path dependence =mmm) Stueckelberg dependence



The semantic ambiguity

Quid ?
« physical » <) « measurable »
« gauge invariant »
Observables Measurable, physical, gauge invariant and local

E.g. cross-sections

Path
Expansion scheme Stueckelberg | dependent but fixed by the process
. N Background
E.g. collinear factorization Light-front
gauge links
Quasi-observables « Measurable », « physical », gauge invariant but non-local

E.g. parton distributions



The observability

Observable Quasi-observable [Not observable

Canonical

[Jaffe-Manohar (1990)]

L, = / Eroyfex (—iv)y

§g=/d3rﬁaxj"

Ly = f d®r B x VA®

[Chen et al. (2008)]

Kinetic

[3i (1997)]

[Wakamatsu (2010)]




The path dependence

[C.L., Pasquini, Xiong, Yuan (2012)]
[Hatta (2012)]

Orbital angular momentum [Ji, Xiong, Yuan (2012)]
[C.L. (2013)]
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The quark orbital angular momentum

[C.L., Pasquini (2011)]

GTMD correlator

1 — -
WA’A(x E k1, AL) = 3 o, N W0, 2P " kL )|p, A)

Wigner distribution

— — dZA _i" . — —
o) (kL by ) = / (%)ge b w20,k A))

Orbital angular momentum Unpolarized
quark density

l, = /dxdzkl d2bJ_ (gJ_ X EJ_) PQI}(‘T: EJ_agJ_)

. /dxdzlu (lﬁ X iﬁAL) W @0k, A))

£J_=6J_
= /dxd ki< —= Fia(x,0,k1,01)
Parametrization WA’YA = m u(p A,) |iF11 + P F12 -I— P F13 + W F14} ’M(p,A)

[MeiBner, Metz, Schlegel (2009)]



The emerging picture

Longitudinal Transverse

g1 & H G‘ hy <> Hr
0, + Fuy -C;-o fiy < E

C, < G

P
9

hi‘ 21;:11" + Er

[Burkardt (2005)]

[C.L., Pasquini (2011)] [Barone et al. (2008)]




The gauge symmetry

[C.L. (2013)]
Quantum electrodynamics

Passive

P(x)

Upure(m)

¥(z) - U(@)b (@)
Upure(m) = U(m)Upure (T)

?f'aphys (T) = Tf'aphys (T)

’l/)(?f) ﬁaphys (T) =

Upure(m)

Active

¥ (@)

Upure(m)

¥(z) > Uz)i(a)
Upure (T) = Upure (T)

Tf'aphys (T) = U (T) Tf'aphys (T)

(z)(x) « Physical »

« Background »

Stueckelberg

Active x (Passive)?

¥ (@)

Upure(-qf)

\

P(x) — P(x)
Upure (T) = Upure(m)U_l (:B)

'fe-aphys (T) = U (T )T'BPh«VS (T)




The phase-space distribution

[Wigner (1932)]
[Moyal (1949)]

Wigner distribution A Galilei covariant

p(?’, k‘) = f % e~ tkz P (?“ _ %W/’(T + %) + Either non-relativistic

27 * Or restricted to transverse position

~ [ e o+ §)el— §)

Probabilistic interpretation

/dkp(r? k) = W(T)F 05 prex) |
A k) 20 —_—
/d’r p(r k) = |g0(7€)|2 Heisenberg’s i 2 0
uncertainty relations

25

Expectation value

(6} = ]d’r W (r)O(r, —i0 ) (r) Position space
dk
= f . @ (k)O(i0k, k)p(k) Momentum space

= / dr dk O(r, k)p(r, k) Phase space



The parametrization @ twist-2 and £=0

Quark polarization

Parametrization :

[MeiBner, Metz, Schlegel (2009)]

S U T, T, L
g U Fiy L byl + AyHya) | — (kH + ApHs) | 48250 ),
8 | T | 4 (kyFia+ &y (Fis — 3F1))
E Iy J{ (k' Fia + Ay (FH——FM))
3L _HALxED. L (ke iy + Ay Hys) | 2 (kyHir + Ay Hig) ey
AJ_ = 6 f d2kL
[ TDs | [ GPDs]
U T, T, L T, T,
U h Ry p- — B - U i sk (2Hr + Er) | —i 2 (2Hr + Er)
Ty | 3z [+ k;M;;Q hir kMkz” hip kﬁgm T, ~FE | Hp — AZM2 Hy —AQTMAz” Hy
T, | —% fir Firch_k:JJ hir hy — k;M];y hip %guﬁ T, | iz E —Amfz” Hy Hp + ;“M?i Hrp
L & it 3 hiy NL L
. S e
Monopole Dipole Quadrupole




OAM and origin dependence &%

—1 Naive —| Relative 1 Intrinsic

- - rel = - it -
Li. =miL X kil 0 = piL X kiL 0 =1bi x ki)

:} Depends on
proton position
Momentum conservation

N —
> ki =0,
i=1

| I
- — - Transverse center = =
Physical interpretation ? PR . — > 7L

Equivalence L. = (¢ = ¢t

N—-1

N N N N—1 N—1
E bit X kil = E (T_';:J_ — RJ_) X kil = E Til X kil = E Til X kil —TNL X E kil = E Pil X kil
=1 i=1 i=1 i=1 i=1

=1

Intrinsic Naive Relative




Overlap representation

| Fock expansion of the proton state

Voo 1999) 4+ Vygqo laaa9) + Yoz |qaaqq) +

E=EE)

| Fock states

Simultaneous eigenstates of

if\?'
k1. M\
[ ' Pt =>"kf
izrl Momentum
P A h e ko. Ao - = -
' S OJ_:PJ_:Z]‘%‘J_
i=1
ks, A3 \ Light-front
t helicity




Overlap representation

—| Fock-state contributions

Kinetic OAM -
N >

N
1 *
LYP = f da]n [AkL]n Y Oqq, {(:c@- = MW sl° + Mzi Y (Sni — 20) [‘I’Jﬁ oz ‘I’flwa} }

1=1

Naive canonical OAM -
N

e300 =8 [ i S 95, (e ), 94

1=1
Canonical OAM -

. N N
(P = —o f ol [0k ) 3 Baar D (Bni = ) |35 (Fix V) W

[C.L., Pasquini (2011)]
[C.L. et al. (2012)]

n=1




