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Lecture 1 Lecture 4
 Introduction « Another nucleon 3D picture
* Tour in phase space * Tour in Fock space
 Galileo vs Lorentz «3D+3D=...5D!
Lecture 2 Lecture 5
* Photon point of view « Canonical vs kinetic
 Galileo vs Lorentz : round 2 * Free fall in gauge space
* Nucleon 1D picture  Physical interpretation
Lecture 3 Lecture 6
* Nucleon 2D picture * OAM : a matter of path
«1D+2D=3D * Phase space vs energy-momentum

 Galileo vs Lorentz: round 3 * Summary
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Textbook
Starting point
L=CLlp,0.4] ¢=1A4, () = Ulz)p(x)
Au(w) = U(2) [Au(@) + 50, U (@)
Lagrangian Dynamical
variables
Conserved tensors
- L1 aﬁ AL 1y T lati
e R LA A ones
Generalized oL
MPP = 4 vp PV HRe PRV _Lorentz
monguler gy SO T T e

Gauge non-invariant!
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Gauge covariant

Starting point

Llp, DR ¢ =, AN b(x) = U2y (x)
Aﬁhys(:n) —> U(:E)Aﬁhys () U ()
Lagrangian Dynamical
variables
Conserved tensors
] ; oL Translati
m(E):leerl?iYum T‘E Y= (-’)(Dﬂlll'e(;b) pme";Es g“vﬁ il:?I::igl:g:
Generalized oL
ruvp . _ o vp vVippp _ aprppy L t
angular METE = =i SUo+ (@I = 2TH) e

momentum ( pmeqs)

Gauge invariant !

[C.L. (2013)]
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Gauge invariant

Starting point Dirac vaiiables Dres;ing field
L=L[6,0,0] b=, ABWs b(x) = Upte()d(@)
A1) = Uk (@) [ A (@) + 04| Upure(@)
Lagrangian Dynamical
variables Upure(m) — U(m)Upure(IE)

[Dirac (1955)]

Conserved tensors [Mandelstam (1962)]

- aﬁ ~ Translation
E Wi . I
mo|r‘neer|§1’¥um ™ = m "¢ —g""'L invariance
Generalized oL N

angular MW = —j—— §"PG 4 (z"THP — 2P TH) invariance
momentum C‘} (a‘u (’35)

Gauge invariant !

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



OAM and path dependence

[3i, Xiong, Yuan (2012)]

[Hatta (2012)]
Quark generalized OAM operator [C.L. (2013)]

_ Rl L=
LI (2) = $()7" (0 5 D — 075 Dhp) ()




OAM and path dependence

[3i, Xiong, Yuan (2012)]

[Hatta (2012)]
Quark generalized OAM operator [C.L. (2013)]

_ Rl L=
LI (2) = $()7" (0 5 D — 075 Dhp) ()

Light-front

SIDIS

t=0
= 0y szY = ﬁiIDIS Naive T-even




OAM and path dependence

[3i, Xiong, Yuan (2012)]

[Hatta (2012)]
Quark generalized OAM operator [C.L. (2013)]

_ . .
LI (2) = $()7" (0 5 D — 075 Dhp) ()

Light-front x-based Fock-Schwinger
We A q
FSI
- - — -
> \ » Z
i
SIDIS

Coincides /ocally with kinetic quark OAM
Ay(x) = A (z)
Auly) # A (y)  y#z

. _
peue 2 =09, | DY = SIS Najve T-even Ly"P(x) = (x)y" (x"iD? — xPiD" )ip(x)
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Quark generalized OAM operator

L3P (x) = 2" Tre(w) — 2T} o ()

Quark energy-momentum tensor operator

T!'o(x) = (@) 5 D5 (2)
_ s
= (2)Wazo Y5 0" Wit ()
v+ G W z+ G
& &
& | — [
xXr — % xr — dz

[C.L., Pasquini, Xiong, Yuan (2012)]
[C.L. (2013)]
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Quark generalized OAM operator

Ly Pk, x) = 2" T, 6 (k, o) — 2P T} o (k, v)

Quark energy-momentum tensor operator

pv d*z ik-z 7T, m i T in
Tq’C(ka :E) — (27]_)4 € w(ff)’)’ (Wiﬂffﬂz ED;ure o §D;urew$f$i)w($’i)

d4Z tk-z 77 ]_L?:HV

Ti=x+ 3

d4Z tk-z U], et
= / (27]_)4 € ?’8,2 [1’b($f)”}/ﬂwmfmz’l/)($@)}

d4 o
- [ G e B W

)
i

W (k, 2)

[C.L., Pasquini, Xiong, Yuan (2012)]
[C.L. (2013)]
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Quark generalized OAM operator

L (k,x) = (a"k" — 2P k") W (k, )

Quark average OAM

(1 = /d:}:}dzfm_ d%b t1(z, El?gl)

Quark phase-space density of OAM

d2A
0z, k1, b)) = 2/ (QW)L

Z(EJ_XEJ_) %](w,EJ_,Z_)’J_)

(P, A¢|L+12(xP+ k1,0,b1,0)|Pt, —4L)

[C.L., Pasquini, Xiong, Yuan (2012)]
[C.L. (2013)]
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Quark momentum-space density of OAM

» — o 2 — —
7<h) Eg($,kj_) = /d by Eg(ma kJ_abJ-)
0.5 ,;:..._:. \ [,.Y ] — —
7o N = [ &by (bL X ’ﬂ) (2, k1,b1)
g SIS IR
S i
NN — (k1 xiVa,). WY (.’EOkJ_,AJ_)
» e A =0,
........ o ki 2 0 k J
-0.5 0.0 0.5 o 14('1; J_’ J_)
by [fin]
N + 1 _ iohkit icttt jogkLAL
Parametrization W/[JA} = mu(p’,A’) [Fll + — T Fio+ —— BT s+ WFM} u(p, A)

[MeiBner, Metz, Schlegel (2009)]

/d$d2kJ_ el F14(SC 0 kJ_,OJ_)

/\ * No known physical process !
« Can (and will) be calculated on the lattice

[C.L., Pasquini, Xiong, Yuan (2012)]
[C.L. (2013)]



Ji's approach

Let’s focus on the energy-momentum tensor !

Energy Momentum
density density

'* 701 02 03

T10
720
TSO

T =

— Shear stress

-  Normal stress (pressure)

d33

Energy Momentum
flux flux

In rest frame M = /d3r T9(7)

i — /d3r ik Ok ()
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In presence of spin density T £ T
Belinfante TE = TH + 295[SM™ + S 4 SV
« improvement » _ v
=1p

OD0OO0O o A
O000 = j
OOOO - .

Spin density gradient Four-momentum circulation

<
>

In rest frame M = /d3?“ T,%O(’F)

Jb = f A3y €9k pIT gk (r) No explicit « spin » contribution !
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Energy-momentum operator
TE = 13Dy — 2 Te[FrOFY ] + L g" Tx [FPF, 4]
altbvt = alb” + a? b

Matrix elements Normalization

! d. 3 = 2P0 (2212 63 (7 —
<P75_’|fd3ro(?7)|P,§> <P;H|p,ﬁ) 2P (2)5 (p ﬁ)

(P, 5|P, 8)

1 S
= 550 (P 510(0)|P, 3)

([ d*rO(m)))

(PO = tim P ErTO@)p,5)

A0 (', slp, 5)
1
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Energy-momentum FFs

1% — {pn v} HjgV o AV s A2
(| TE (0)lp) = a(p) | 255 A(t) + 22 0a B(1) 4 ALAZ0A% 0 (1)) w(p)

Momentum sum rule

(] d*r T () = A(0) P — A0 =1

Angular momentum sum rule

([ & (7)) = § [A(0) + &7 BO)] = st B(0)

P dPr TR () = S A(0) + B(0) m— [A(0) L B0) = 1

—) B (0) =0 Vanishing gravitomagnetic moment !
[31 (1997)]
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Energy-momentum FFs Y Chalt) o‘
q,G\") =

v _ {n v} {“ZG‘U}Q
Ty cO)lp) = (') |57 Ay () + 2555772 By (1) 1

+ ARATEES Oy (1) 4+ Mg Ty ()| u(p)
Y
Non-conserved current

Momentum sum rule

((fd°r Tgﬁ,a(ﬂ» = Aq,c(0) PH ) > Aga(0)=1
q,.G

Angular momentum sum rule

(f 37 Tpg.a () = £ [Aq,G(O) + 5 Bq,G(O)} ~ ga(peany Bac(0)

e U P T () = A00(0) + Byg(0)] b [0+ By 0] =1

) Z B¢ (0) = 0‘ Vanishing gravitomagnetic moment!
[31 (1997)]




Ji's approach 16/19

Leading-twist component

(0| T (0)p) = T )Py ulp) [Ag(t) + 462 Oy (1)]
+a(p' ) PHIC By (p) [By(t) — 462 Cy(t)]

Link with GPDs

dz Z:I:P+

S e (- ()

WOy D p(0)p) = 2( P2 / dm[
= 7y )Py ulp) / Aoz Hy(w, £, 1)

+a(p ) PHIZ Ao gy (p )fdeq(a;,g,t)

N (] & T, (7)) = %/d:px (H, (2,0,0) + E,(,0,0)

Measurable e.g. in DVCS'!
[31 (1997)]



Lattice results

2nOf

X

CI

m e (Cl)
DJ11+:! {DITI
O J¢ (DI)

S ------ e O .Je

N

2.200.M%

=4(8)%

mJ* (CI + DI)
mJ (CI + DI)
0 .J¢ (DI)

mJe

2.200.71%

WL (CI)
@ L+ (DI)
O L* (DI)

= ImES

14(1)% m %.‘““‘*

1{10)%

14(1)%

W L* (CI + DI)
B L (CI + DI}
O L* (DI

o Je

= f\}‘.lu'dlb
]

[Deka et al. (2013)]
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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 = / drd*kr 5o hir (@, ko) £\ 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 et al. (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
L1 0.169 —0.042 1 0.126 0.093 —0.023 0.069 [C.L., Pasquini (2011)]




GPDs vs TMDs

Multipole structure of the amplitudes

- L] s
g - ST
- Monopole Dipole Quadrupole - £=0
U T, Ty L U T, Ty L
ky 11 ko 11 . A, = . AL o
U f1 Wh’l —]—M‘L h’l U H ZW(QHT-FET) —%ﬁ(QHTﬁ—ET)
k k2 k2, | koky 7 | k. AZ-AZ - N
To | 7 hi + et hir e har A 91T T, Hyp — =57+ Hr — < Hr
Ty | — 5 aethar | b St har | 3T Ty —oaet Hr | Hrt —pet Hr
ke 1 L ky 11 &
L ML r L gir L H
k'J_ <~ iAJ_
Phenomenological relation
2 g o2y .2
/d kJ_ flT (CC, kJ_a M ) - —L(.’E)EQ(LE, 0705 H )
0.10 ——r—r——1— ——r . -
l s 5'3 0= 4.GeV? Goloskokov & ‘Kroll, EPJ C59 (09) 809
; g L §3 ] Kroll, QCD-N'12
Lensing function = “"*gg 1 [ Diehletal., EPJ C39 (05) 1 GPDs
™~ ge B Guidal et al., PR D72 (05) 054013
y 000}z ] Liuti at al., PRD 84 (11) 034007
. L E Bacchetta & Radici, PRL 107 (1) 212001 |
> -00s}f LHPC-1, PR D77 (08) 094502
[l LHPC-2, PR D82 (10) 094502 Lattice
.. B QCDSF, arXiv:0710.1534
] Wakamatsu, EPJ A44 (10) 297
HERMES JHEP 0806 (08)
‘ ‘ (model based)
B T Y S T 04 o5 adapted from
Juei u+a “Physics Opportunities with the 12 GeV upgrade at
[Bu rkardt (200 2)] of Jefferson Lab”, arXiv:1208.1244

[Bacchetta, Radici (2011)]



Lectures 1-6

- Phase-space/Wigner distributions can be defined for quark & gluons
» Only projections of these distributions are experimentally accessible
* Nucleon spin decomposition is not unique (so be consistent !)

» Quark and gluon OAM account for ~50% of nucleon spin

» Spin and OAM are at the origin of observed asymmetries

g

LFWFs

GPDs TMDs FFs PDFs



