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Energy / Luminosity landscape

Hadron structure investigations with electromagnetic probes :

Present
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Understanding QCD origin of the
nucleon spin

Quark spins  Gluon spins
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Orbital angular momenta

EMC : (1988)
AX=0,12+0,09+0,14

HERMES (2007):  AS = 0,330 + 0,025 + 0,011 + 0,028 courtesy : K. Rith

COMPASS (2007): AX=0,33+0,03+0,05
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Gluon helicity contribution

Photon-gluon fusion

COMPASS, open charm, prel., 02-06

* . ..
@  COMPASS highp , Q%<1 (GeV/c)?, prel, 02-04 NLO GnGIYSIS Of h@llClTy De Florian et al.
v COMPASS, high pT, Q2=1 (GeVic)?, prel., 02-04 e .
m 1 A HERMES,highpT,aIIQZ pClI"TOH d@ﬂSlTICS (2008)
) \ HERMES, single high p_ hadrons, all @2, prel. TN LR T T TTTTT] T T TTTTH
O)o.s o SMC, high p_, Q%=1 (GeTVIc)z \ . \ - 03
e \ C "xAg D]
Q 0.6 T fit with AG=0, u*=3(GeVic)? y \ C ' b
| fit with AG<0, u*=3(GeVic)® '[ ! . ~ 11 4 02
C A /" - .f.e"' ‘-\' \ .
0-4: l/!,. : ‘r‘-t'__._}. - “‘\. 1 —_ 0 1
0-2 :_ -r / a _e:ﬁq:—--- \*}.'I i -
: |T‘_l- // J[_| E_- X E
R _ 1o =10
0.2 ] . C i
0.2 C — ] -0.1
0.4 - — — GRSV max. Ag .
Z T ' o+ GRSV min Ag : J .02
-0_6_— 1 SRR -.'J II““II_II RN
C 10 © 10
-0.8 X
_1:| | EEREEEEY | L1 ‘Ag:_Ol.g.Ol
102 10" X

Gluon helicity
Hadrons with high p+ contribution is small

Charm production
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What have we learned from
polarized DIS so far ?

Quark spins  Gluon spins

R

% - % A + Ag + L<— Orbital angular momenta

—— 57 Y
0175 + 0 + ?

Origin of nucleon spin still unclear:

m) where do the remaining ~65% come from ?
m) how accurate do we know Ag ?

m) what is the contribution of orbital angular momenta L ?
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interpretation of Form Factor as
g quark density g

overlap of wave function Fock
components with different
number of constituents

Y Y YA

= — NO probability/charge
\,/ J density interpretation
overlap of wave function .

same number of quarks

- =q°+¢’ =0

inferpretation as
probability/charge density
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proton e.m. form factor

1.2 e 1.5

status

0‘6 |||||_l PR lllllllo L Illlllll T 0.0 i ] 1 | 1 |
10 , 10 . 10 0.0 2.0 4.0 6.0
Q? (GeV?) Q® (GeV?)
- Han6o 5 Borrs green : Rosenbluth data (SLAC, JLab)
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new JLab/HallC recoil pol. exp. (spring 2008) :
new MAMI/A1 data up to Q2= 0.7 GeV? extension up to Q2% 8.5 GeV?
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quark fransverse charge densities
in hucleon (T)

light-front
q.1
I::> q+—q0+q3—o/K‘>z
Q — QJ_ p p' ‘
photon only couples to forward moving quarks s
=) quark charge density operator
1
Jr=00+ P =ate=24 s, with g =3977" g . b
v¢ longitudinally polarized nucleon
> d*qL 1 qL qL
N — iqL-b + -+ + 4L
A0 = [ G T (P A0 P

d Miller
— /O —QQ Jo(bQ)F1(Q?) (2007)
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quark ftransverse charge
densities in nucleon (IT)

% transversely polarized nucleon

transverse spin - S| = cospgé, + singsé,

e.g. along x-axis:  ¢pg =0
b=1b (cos @p €y + sin ¢y €y) 0 b,
- dqu_ Y- QI_ 1 Q1_ 1
N = 1q1b__— pt i= — + pt 2= _ =
A0 = [Tl S e L — 43101 PY =L = )
o0 dQ Q2
_ N - il F 2
P () +sinon = d5) [ GE5 - RBQ)R(QY
|

dipole field pattern

Carlson, Vdh (2007)
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by [fm]
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induced EDM : d, = F,, (0) . e / (2 My)

data : Arrington, Melnitchouk, Tjon (2007)

b, [fm] densities : Miller (2007); Carlson, Vdh (2007)
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Form Factors : transverse quark
charge densities

data: MAMI, NIKHEF, n p -> A (1232)
MIT-Bates, JLab
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Miller (2007), quadrupole
Carlson, Vdh (2007) pattern
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Generalized Parton Distributions
(GPDs) : 3D picture of nucleon

DIS Unifying concept Elastic Scattering

longitudinal transverse quark

quark distribution m—)> < distribution in

in momentum space coordinate space
fully-correlated

quark distributions in both
coordinate and momentum space

pion valence

cloud quarks

' ¢

longitud.

x<0.1 x~0.23 x~0.8
Burkardt (2000, 2003),

Belitsky, Ji, Yuan (2004)
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QCD factorization : tool to access GPDs

world data on proton F,

—
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. 000082
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GPD (x, E.1) § o
m) af large Q%: QCD factorization theorem :

hard exclusive process described by GPDs
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GPDs : transverse

GPDs : quark distributions w.r.t.
longitudinal momentum x and
Transverse position b,

Hu(x, b, )
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image of nucleon

lattice QCD : moments of GPDs

X" moment of Hu-d

“E 203, m_= 293 MeV

' 1
<# Fourier transform ,E> -t (GeV?)

Guidal, Polyakov, Radyushkin, Vdh (2005),

Diehl, Feldmann, Jakob, Kroll (2005)

LHPC Coll.




GPDs

total angular' momentum sum rule

— total angular momentum J¢ = — Aq +‘ quark orbital angular
momentum

X. Ji
(1997)

=

2J9 = Mq+/

-1

1

drr B4 (:C 0 O) with known

parametrizations for GPD E 7 :

Goeke, Polyakov, Vdh (2001)

PROTON | M., 2 Ja 2 Ja
GPD model Lattice (QCDSF)
u 0.37 0.58 0.66 £ 0.04
d 0.20 -0.06 -0.04 £ 0.04
S 0.04 0.04
u+d+s|0.61 0.56 0.62 £ 0.08

dzL’:L’ lq(x) + q(z)]
0

lattice : full QCD,

no disconnected
diagrams so far



distributions

Quark distribution functions
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DVCS : beam spin asymmetry

AL =

(BH) * Im(DVCS)
*sin ©

=
=

DVCS
Q?

0.4

Q% =2.6 GeV?,6 x5 =011, -t=0.27 GeV?
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Bethe-Heitler

=1-156eV?,xp=0.15-0.25,
-t=0.1-0.25 GeV?

JLab/CLAS
(2001)
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Kivel, Polyakov, Vdh (2000)
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DVCS : beam spin asymmetry (contd.)

—p data: J Lab/CLAS

e +p—e +p+y (E,=577GeV)

t=-0.14 r=-028

m) Harmonic analysis: ~ sin (@)

0 0
02 FQP=22 02 FoP-22 b d o Y amplitude gives GPD for one
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curves : dual GPD model

- —0.3‘1 g Moiseeva, Semenov,
A Polyakov, Vdh (2008)
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ink GPDs and
observables

TDVCS - P H(xa E:t)
J xx§ +ie

ax +...

Cross sections and
charge asymmetries measurements (ReT)
Integral of GPDs over x

Ay oyl

’Q e

W

P+ H(x,5,1) dx —imH(x£E,5,t)+...

), x=E

Beam or target spin asymmetries
contain only ImT,
i.,e. GPDs at x= € and -€

117 )
Trpo It
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DVCS : cross sections

12 * (d*6, - d*5) / (dQ* dx, dt d®) (nb/GeV")

polarized
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Hard electroproduction of
mesons (P*, w, ¢, m, ..)

o "

; [

H

_ _J__GPDs )\

Factorization theorem shown for
longitudinal photon

Collins, Frankfurt, Strikman (1997)

Fogs

hard scattering
amplitude



Meson acts as helicity filter

1
longitudinally pol. Vector meson |pr) = 7 | L+ 1T)

1

V2

PseudoScalar meson 7)) =

| TL—=1D)

A X
m) Vector meson : accesses unpolarized GPDs H and E
m) PseudoScalar meson : accesses polarized GPDs Hand E
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DVCS simulations for PANDA@ENC
e p->e py: acceptance ( 3 GeV e-on 15 GeV p )

Probability of exclusive reconstruction of all 3 particles in final state
using PANDA detector (e.g. PANDA @ ENC )

10 II|IIII|IIII|IIIIIIIIIIIIIIII: 2_
9 =418
Qz 8 416
7 414
DVCS generator ]
9 (GeV?) . E
. . . 5 =
first simulation - L
studies 4 = 08
3 =06
see talks : -
6rad|, Kang 2 <880 4
1 —880.2
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Q) 010203040506070809 1
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ENC : The Energy / Luminosity Frontier

N k
10 ‘\6 © ] high energy
HI, ZEUS ﬁ DR K | and
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ENC @ FAIR

L > 4-1032 /cm?2s
s'2>10 GeV (3.3 GeV e <= 15 GeV p)
polarised e- ( 80% )
polarised p/d (80% )
(transversal + longitudinal)
see next talk



