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Lecture 1

* Introduction
* Tour in phase space
 Galileo vs Lorentz

Lecture 2

* Photon point of view
* Galileo vs Lorentz : round 2
* Nucleon 1D picture

Lecture 3

* Nucleon 2D picture
«1D+2D=3D
- Galileo vs Lorentz : round 3

Lecture 4

- Another nucleon 3D picture
* Tour in Fock space
- 3D+3D=...5D!

Lecture 5

» Canonical vs kinetic
* Free fall in gauge space
* Physical interpretation



Nucleon spin puzzle

~ 25-30 %

Dark spin

Many questions/issues : -+ Frame dependence ?
- Gauge invariance ?
* Uniqueness ?
* Measurability ?

Review: [Leader, C.L.(2014)]



Spin decompositions in a nutshell

SIS

p=

Canonical

Ly = f d*r B x VA

Gauge non-invariant!

[Jaffe, Manohar (1990)]

Kinetic

/

Jy = /dBTFx (E* x B

« Incomplete »

[Ji (1997)]
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p= 8—{; F=mb=p+gA
Canonical Kinetic
A= Apure + Aphys A= Apure + Aphys
- _ - 1 —
L, = /d37" Y17 % (iDpure) V) Sy = 3 ]dg?“ AR

L, = / d3r EU7 % Dpure ALty Sg = / & B x A Ly = [ d*r 7 x (E* x BY) Sy = / &3 E* x Al
- / d*r B x A%,

Gauge-invariant extension (GIE)

[Chen et al. (2008)] [Wakamatsu (2010)]




Spin decompositions in a nutshell 4/28

p= 8—{; F=mb=p+gA
Canonical Kinetic
A= Apure + Aphys A= Apure + Aphys
- _ - 1 —
L, = /d37" Y17 % (iDpure) V) Sy = 3 ]dg?“ AR

L, = / d3r EU7 % Dpure ALty Sg = / & B x A Ly = [ d*r 7 x (E* x BY) Sy = / &3 E* x Al
- / d*r B x A%,

Gauge-invariant extension (GIE)

[Chen et al. (2008)] [Wakamatsu (2010)]




Chen et a/. approach 5/28

Ay(z) = Apure(g;) + Aﬂhﬂ*(;};) [Chen et al. (2008,2009)]
[Wakamatsu (2010,2011)]

Gauge transformation (assumed)

AP (2) 1 U ) | AR () + gap] U~(z)
AP () 1 U () AR (1)U~ ()

Pure-gauge covariant derivatives

DEure — a“ o ?:g AEure(m)
Dﬂure — 8“ o ig [AEure(m)’ }

Field strength
pure(m) [ pure Dpure} =0

pr (LE) DpureAphvs( ) DpureAphvs ( ) ?:Q [Aﬁhys (T), Agjh;ﬁ(,},)}



Analogy with General Relativity 6/28

Dual role

AEure (I) Aﬂhys (T)

1 A

0 R fphys ~
A#(m) - EUPUPG($)dﬁUpu1t'e($) + Upure(m)AﬂhYL (m)Upulre (:E)

[C.L. (2013)]



Analogy with General Relativity 7/28

Dual role
h
AEUI‘G(I) AE y‘%({n)
1 . 1 1 A 1
(:E) pure(iﬂ)d Upure (37) + Upure (:E)A“hy% ( ) Upulre (:E)
Pure PhYSic.al Degrees of freedom
gauge polarizations

[C.L. (2013)]



Analogy with General Relativity 8/28

Dual role
AEure (I) Aﬂhy% (T)
| 1 1 I A 1
Au(z) = pure(ﬂ?)d Upnre () + Upure (@) AP (1) Upihe ()
Pure PhYSic.al Degrees of freedom
gauge polarizations
Parallelism Curvature Geometrical

interpretation

[C.L. (2013)]



Analogy with General Relativity 9/28

Dual role
AEure (I) Aﬂhy% (T)
| 1 1 I A 1
(:E) pure(iv)d Upure ($) + Upure (:E)A}'ihys (T) Up;Jlre (:E)
Pure PhYSic.al Degrees of freedom
gauge polarizations
Parallelism Curvature . Geometric_al
interpretation
Inertial Gravitational Analogy with
forces forces General Relativity
M () = ed(@)duen(r)  +  ed(z)wyy(n)el(x)

[C.L. (2013)]



Stueckelberg symmetry

= Ayt A= s + o
SN—— SN L.
ApuretC Aphys—C Ambiguous !

Infinitely many possibilities !

Coulomb GIE Dyure - Aphys = 0

[Wakamatsu (2010)]

Light-front GIE At

Ag

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



Stueckelberg symmetry

A Gauge non-invariant

/ operator

> Gauge fixing



Stueckelberg symmetry

A Gauge non-invariant

/ operator

GIEl1

v

« Natural » gauge

> Gauge fixing
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A Gauge non-invariant

/ operator

GIE2

GIEl1

> Gauge fixing

« Natural » gauges



Stueckelberg symmetry 14/28

Stueckelberg A Gauge non-invariant

fixing / operator

GIE2

GIEl1

> Gauge fixing

« Natural » gauges



Stueckelberg symmetry

Stueckelberg A Gauge non-invariant

fixing / operator

GIE2

GIEl1

> Gauge fixing

« Natural » gauges

p? = mg Rest

Lorentz-invariant 9 .
extensions s = Ecy Center-of-mass

r = kiyip/Pivre Infinite momentum

« Natural » frames



Stueckelberg symmetry

Geometrical interpretation

r + dx

W(x+dz,z) =1+ igA#(x)dm‘/

X

Finite Wilson line
Wy, z) = p[ ig [, Au(S)dS”}

= 1+zg/ A, (s)ds* + (ig) / / Au(s1) Ay (s2) dsy dsy +

Gauge transformation

Wy, z) = Uly) Wiy, z) U (z) e A, (@) 5 U() [ Ay () + 20, U (@)



Stueckelberg symmetry 17/28

- - - I() Fixed reference point
Geometrical interpretation m P

‘L T We(z + da, 29)We(zg, ) =

d - ure
( | " z+dr 1 +igAP™(z)da”
W(z +dz,z) =1+ igA,(x)dz"
/ ¢
T —

Explicit expressions

Apure(:l?) %W (.17 :Eo) e ch (:Uo, ) Non-local !

h
AR () = Ap(z) — AR (2)

[Hatta (2012)]
[C.L. (2013)]



Digression : fun with Wilson lines

Derivative of parametric integral
b
[ rwdy=3 0 /

Generalization to path-ordered exponentials yt =st(Ayp) ot =s"(N)

S%WC(yam) — ’Lg [A ( ) PTT Wc(y, ) WC(ya:E) Aa(IE) gzzcz

—{—ig/ We(y, ) Fap(s) Wel(s, ) gz—zdsﬁ

Derivative along the path

aWely, z) = ig [Aﬂ(y) Gx |y, Wely, ) = Wely,z) Au(z) §

fqoaqﬂ

Yy
tig | Welus) Fuals)Wetsrry 222y
Jx




Stueckelberg symmetry

Decomposition is path-dependent !

%5)\ D We(z,2¢) =0
DpureWC( ) — 0

Aﬁure(m) — (]
Non-local !

Aphys(x / We(x,5) Fop(s) We (s, x) 52 05 45"

Path dependence > Stueckelberg non-invariance
<
? [Hatta (2012)]

[C.L. (2013)]



Stueckelberg symmetry 20/28

Non-local color phase factor

Upure(SC) - WC(J;a 370) Upure (330) Path-dependent
- V-A(z)
Upure(:l;) — e_?'e 6 Path-independent
T— L@ =- / da L)
Aﬁure(:ﬂ) — éUpure( ) agﬁ Upure( )

Aﬁhys(*’t) = - /w Upure($) [Up_u]fe( ) F afl (s) pure(s)] Up_ulre(m) giu ds”

0

Path dependence > Stueckelberg non-invariance

<===

[C.L. (2013)]



Stueckelberg symmetry 21/28

Degrees of freedom

__ Apure phys {
Aplr) = AP () + A () FE(o) = o [P, DE™] = 0
/ \ Fpu () = DV ALY® () — DPWC AR () — ig [AR (), AD™® ()]
Classical Quantum
Non-dynamical Dynamical

AP"¢(z) plays the role of a background field !

Active Passive

[C.L. (2014)]



Stueckelberg symmetry

Quantum Electrodynamics
P(@)  Vohys() = Upure(@)9(2) « Physical »

Upure() « Background »

Phase in
internal space -



Stueckelberg symmetry

Quantum Electrodynamics
Y(@)  Uphys(t) = Upure(€)9(2) « Physical »

Upure() « Background »

Phase in
internal space -

Passive

P(x)

Upure()

¥(z) - U(@)b (@)
Upure($) — U(m)Upure (37)

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



Stueckelberg symmetry

Quantum Electrodynamics

(r)  Vphys(r) = Upure() ¥ () « Physical »
Upure() « Background »
Phase in
internal space -
Passive Active
Upure(m) Upure(m)
Y(z) > U(@)(o) ¥() > Ula)d(a)
Upure(m) — U(m)Upure (T) Upure (T) = Upure (T)

'fe'aphys(m) = "e‘aphys(:r) Tf'aphys (T) = U(T)qul’h)"’((r)



Stueckelberg symmetry

Quantum Electrodynamics

Phase in

internal space

Passive

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

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

’l/)(T) T."z'phys (T) = Ur;llre (T)’QD(SE)

Upure(m)

Active

¥ (@)

Upure(m)

¥(z) > Uz)i(a)
Upure (T) = Upure (T)

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

« Physical »

« Background »

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)



Stueckelberg symmetry

Quantum Electrodynamics

Phase in

internal space

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)




Semantic ambiguity 27/28

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

. (active and passive)
E.g. cross-sections

Path
Expansion scheme Stueckelberg | -dependent
E.g. collinear factorization Background
Quasi-observables « Measurable », « physical », gauge invariant and non-local

only passive
E.g. parton distributions (only p )



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)]

[Ji (1997)]

Kinetic

[Wakamatsu (2010)]




Lecture 5

« Essentially 2 types of spin decomposition : canonical and kinetic
» Measurability requires gauge invariance but not local expressions
* Physical interpretation is usually Lorentz and gauge non-invariant !

Canonical

Kinetic




