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" J——
Outline
=) What is the physics contained in GPDs ?

® (GPDs: basic definitions and properties

® 3D imaging of the nucleon: link between elastic nucleon Form Factors and GPDs,
connection between longitudinal momentum and transverse position

® (Generalizations: Wigner distributions

® (GPDs and nucleon spin
@ Hard exclusive processes : DVCS, hard meson production, N -> A DVCS, ...

Reviews on GPDs

—> Goeke, Polyakov, Vdh : Prog.Part.Nucl.Phys. 47, 401 (2001)
—> Diehl : Phys.Rept. 388, 41 (2003)

—> Ji : Ann.Rev.Nucl.Part.Sci 54, 413 (2004)

—> Belitsky, Radyushkin : Phys.Rept. 418, 1 (2005)

—> Boffi, Pasquini : Riv.Nuovo.Cim. 30, 387(2007)



GPDs
and
nucleon spin



" I
handbag (bilocal) operator:

generalized probe
Y A
W
y? generalized probe

g(0) v q(y) = q(0)v* q(0) + v q(0)y* 0T q(0) + - - -

(y~0) JI il
Y (W=, Z%) probe  spin 2 (graviton) probe
4
(N|---|N) electroweak energy-momentum

form factors form factors



"
energy-momentum form factors
hucleon in external classical gravitational field

== G couples o energy-momentum tensor

symmetric (Belinfante)

1
(n,v) = 5 (v +vp)
{A(t) ,y(NPV) + B(t) P(/Lz'o.u)aQA_]\Z
+ C(t) (AFAY — A%ghY) %}N(p _ %) Gordon
identity



I
momentum sum rule

(P|PV|P)

P [ &7 @)| P

= lim ( P—i——\/d3 % (x \P——)

A—0

. 32 ) Ov A
= dim [ dFe TR (P 2 10)| P )
~ lim (2n)° (&) (P + % 10 P )
= A(0) P” (2P°) (27)° 6°(0)

—  A(0)P”" (P|P)
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mementum sum rule (cont.)

(P|P"|P) = A(0) P” (P|P)

=) Total system : energy-momentum conservation

!

A0)=1

=) Physical interpretation in terms of

quarks : A (0) AO)+A ) - 1
q g

&
gluons : A (O)



" S
angular momentum sum rule

consider N in rest frame : P# (M 000 S5#(0,0,0,1)

1 - 1 1
(P,+§\J12\P,+—>—J(P+ | P, +=)

2 2
- <P,+%\ /d%? {at T%(x) — 2 T () } \P,%)
= €43 giino (P + é,—Fl\ /dsfﬂ?iTOj(w)‘P_ %v+%>
—eya lim [ d*Fate A (P4 %,Jr% | T(0)| P — %ﬁ%)
= €43 ilino [za%(%r) 53(5)]
x (P + - +1 7Y (0)| P — é,+1>

27 2 2 2



" S
angular mementum sum rule (cont.)

= €ij3 lim (27)3 63 (A) (—i%) {[A(t) + B(t)] N PO jgie QA—]\Z N

+terms independent of A

+terms quadratic in A}
1

= eij3 (2m)70°(0) [A(0) + B(0)] 577

Y 1 1 0 . ji j ;0 l
XN(P,—|—§) <—§> {1P ‘|‘T }N(Pv—I_Q)
M 0 inrest frame
= (27)% 6°(0) [A(0) + B(0)] 2i M N(P,%) o'’ N(P,Jr%)
= [4(0) + B(0)] (P| P) 2M



" B
angular momentum sum rule (cont.)

J = 5 [A(0) + B(0)]

=) Total system : angular momentum conservation

!

A0)+B(0)=1 m=m B(0)=0

=) Physical interpretation in terms of quarks & gluons

1
Jog.g = 2 [Agg(0) + B, (0)]| == JgtJg = 7 AZ+ L+ J,




» B
T“” form factors in terms of GPDs

A A
=) (P+ | T(0)|P—2) muny
A

A e
= (P+ 277" D" q(0)| P = Z) npny

— N{ ! A(t) +4E° C(1)] + [A(t) + B(2)] ia”O‘QA—]\(}nV} N

1
—_ / dz  of both Ihs and rhs
1



" S
energy~-momentum form factors &
spin of nucleon

G.a

hucleon in external classical gravitational field

P-A/ 4P+ A/ =2 G couples to energy-momentum tensor

— 2 1
<N‘T’U’V(OHN> (MaV):§(MV+VM)
_ N{A(t) ~BPY) & B(1) P%awaf—]\} +C(t) (AAY — A2gh) %}N
1
= link to GPDs : / doaH(z,68) — Alt)+4€2C()
1

X. Ji (1995)

/_11da:ajE(a:,§,t) = B(t)—4£°C(t)

=) SPIN

1
[ e {Hq<:c,§,o> +Eq<w,g,o>} — A(0)+ B(0) = 2J°
sum rule _1




" S
GPDs: angular momentum sum rule

—

X. Ji
(1997)

—

1
total angular momentum J? = 5 Aq +

2Jq:M§+/

1

-1

dxx E(x,0,0)

Valence parametrization for GPD E ¢
Goeke, Polyakov, Vdh (2001)

Proton | M.¢ 2 Ja 2 Ja

GPD model Lattice

(M2=2GeV?) | (LHPC)

(4 GeV?)

u 0.37 0.58 ~0.47

d 0.20 -0.06 ~0.00
S 0.04 0.04
u+d+s | 0.61 0.56

lattice :

no disconnected diagrams

0.10
HERMES JHEP '08

0.05

0.00 = L]

0.05

9 b
Q%= 4 GeV?
-0.15
0.1 02 0.3 04 0.5

L]u%~ﬁ

JLab Hall A PRL'07

quark orbital angular
momentum

1
with known  MJ = / dx x [q(x) + q(x)]
0

E(x,0,0) = kg /Ny (1 — x)" g, ()

Goloskokov & Kroll, EPJ C59 (09) 80
Diehl et al.. EPJ C39 (05) 1

Guidal et al., PR D72 (05) 054013
Bacchetta & Radici, PRL 107 (11) 212
LHPC-1, PR D77 (08) 094502
LHPC-2, PR D82 (10) 094502

QCDSF. arXiv:0710.1534

Wakamatsu, EPJ A44 (10) 297

Thomas. PRL 101 (08) 102003

Thomas, INT 2012 workshop

lattice :
no disconnected graphs



nucleon spin
content




Ji proton spin decomposition
jQC’D — —/dBT@DTi@D

Ji 1997

5 AY

+ /d?’rf’x (E* x B%)

Kinetic potential ferms attributed to gluons
PROs: - gauge-invariant decomposition

- accessible in DIS and hard exclusive processes (DVCS)

CONs: - kinetic momentum 7 = mv and angular momentum do not satisfy
canonical commutation relations, no simple partonic interpretation
- incomplete decomposition: only gluon total J9

NEWS: - light-front gauge invariant extension (GIE) Wakamatsu (2009, 2010)
J9= Ag+L9 (price to pay: preferred direction)



Jaffe-Manohar proton spin decomposition

Jaffe-Manohar 1990

_ /dEA

Canonical

= / d®r B9 x VA%

PROs: - canoncial momentum p'= 0L/0v and angular momentum do satisfy
canonical commutation relations, partonic interpretation

- complete decomposition (quarks and gluons)

CONs: - gauge-variant decomposition (light-cone framework & gauge A* = 0)
- no observables for orbital angular momenta

NEWS: - gauge invariant extensions Chen et al. (2008)
Lorce, Pasquini (2011)

- r'elaTing OAM to Wigner‘ distributions Lorce: arXiv 1205.6483[hep-ph]



" S
quark helicity distributions from SIDIS

XAd

0.2

L -
02

|

! 'IIIIII| | IIIIIII| I
2 -1
10 10 X

e COMPASS
o HERMES [PRD71 (2005)]

— DSS8V

0.05

-0.05 |

0.02 |

-0.02 |

-0.04 |

107 10"
X
Results from inclusive and semi-inclusive experiments
(COMPASS, HERMES, Jlab) are consistent A Z Y O . 3
HERMES (2007): AX=0,330+ 0,025+ 0,011 + 0,028
COMPASS (2007): AX=0,33+0,03+0,05




" A
1 X gjmm h@llﬁ@iﬁry

T q
g q :
o 0.8r _ 5 5
< ~ = New COMPASS, high p_, Q>>1 (GeV/c)?, 2002-2006
> %D 0.6 ©® COMPASS, highp, Q%<1 (GeV/c)2, 2002-2003
" % COMPASS, open charm, 2002-2007
04l °© SMC, high p_, Q%1 (GeV/c) ) -
"' A HERMES, highp_, all @’ -
0.2
O : -----------------
-0.2
0.4
-~ —— DSSV fit, u?=3(GeV/c)?
0.6/~ - LSS fitwith AG>0, u?=2.5(GeV/c)?
[ e LSS fit with AG changing sign, n?=2.5(GeV/c)?
C | | R | |

102 10 X



»
what have we learned from
polarized DIS so far ?

quark spin gluon spin
1 1 O
— — — _AZ _|_ L _|_ Ag _|_ Lg Jaffe-Manohar
2 2 l
Y
~0.15 %0

= remaining ~ 70% must come from orbital angular momenta

1 1
= S =5AN+ LYY g

15 - re but difference may be interpreted as change in
OAM as quark leaves the nucleon surkarat (2012)
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quantifying the orbital angular mementum

= 2quMg+/

1

—1

dxx E(x,0,0)

1
‘ Jq:§Aq—|—Lq

using a valence parametrization for GPD E :

X. Ji (1997)

with M2 — / dz e [g(x) + 7(@)]

Goeke, Polyakov, Vdh (2001)

Proton 2 Ja Aq 2 La
GPD model HERMES
u 0.61 0.57 £ 0.04 0.04 ¥ 0.04
d -0.05 -0.25 £ 0.08 0.20 ¥ 0.08
S 0.04 -0.01 £ 0.05 0.05 ¥ 0.05
u+d+s 0.60 0.30 £0.10 0.30 ¥ 0.10

evaluated at
p2 =25 GeV?

m) remaining part ~ 40% originates from gluon angular momentum J9



S
connection with d/u quark
spatial distribution

p0?/ (00"/2), pz°(by)/ (pz"(-by)/2)

L~

by [ £fm]

2D spatial distr. :

d-quark distr. spread out further in
proton compared to u-quark
distr.

Opposite behavior for neutron



