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What we know ...
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What we know ...
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Direct evidence observed by

"’ Friedman, Kendall and Taylor (1969):
Inclusive, deep inelastic ep scattering!




Proton Dynamics: @QCD

Quarks: Quar o
u.d.s.c,...; 3 colors; spin 1/2; my g4, < my
Gluons:

no charge; 8 “color types”; spin 1; mg =0

P
— e
P

G. Wollf, P. Soding, S.L. Wu, B. Wiik (1979)



pling is “weak”: perturbative QCD (DGLAP)

@ Low momentul transfer @ Low spatial resolution

Relativistic, strongly coupled, many-body problem

Saturation region
‘olor Glass Condensate

Extended Geometric
Scaling region

Y=Inl/x A
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2. Outstanding Questions



Outstanding Questions arise through Validation

= What are the momentum distributions of quarks,
anti-quarks and gluons ?

~ How is the flavor symmetry broken ? u #d, s#3
= How do partons carry spin % of proton ?
=~ Longitudinal vs. transverse spin difference?

~ Spatial distribution of quarks?

=~ Transition from partonic to hadronic d.o.f.: how are
quarks and gluons correlated?

= How do protons and neutrons form atomic nuclei ?
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Example 2: Proton’s Spin Structure

1 1
— = —AX + AG + Ly + Ly

2 )2/ ¢ \
30 O/O\ QUARKS SPIN

Jor=1GevV? e "

K — AT
. rApix)
1,3 i WA ee GHSY f
4 1 mm B
02d xAu (x) i L pss

.14 s 3 | & .__." i ,_.‘. A
e SR --- ; hoss sy ---'..--'_‘:' - _._.--'- .
kiR ELXEN LS| I
= A2
ooy ol .l (|

--- L2E
B - - -3 o T
Y .l i i x4 lx) Q=1 GeV? Ag ~ O

x ol B0l 0l
x

Q&G
ORBITAL ANGULAR MOM.

Hirai, Kumano, Saito, PRD 74(2006)



Proton Spin Crisis_fostered searches for “different” observables

2 Transversity (Goldstein & Moravscik, Jafte, Ji, ...)
2 Orbital angular momentum (Ji, ...)

“New type” of experiments: from inclusive to semi-inclusive ...

Semi-inclusive DIS: Transversity

ﬁpT — e/t X

Observable =
ep! — e'A'X azymuthal dist. of pions
ep! — enmmX




... and from semi-inclusive to exclusive ...
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Virtual Compton Scattering Deeply Virtual Compton Scattering
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3. DVCS: new dimensions in proton studies



DVCS and Generalized Parton Distributions 1

Deep inelastic Scattering
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DVCS and Generalized Parton Distributions 2

Breit Frame interpretation of
the form factor (Sachs):
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DVCS and Generalized Parton Distributions 3
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@ GPDs are hybrids of PDFs and FFs: describe simultaneously x and t-dependences !
® GPDs give access to spatial d.o.f. of partons !

 GPDs give access to orbital angular momentum of partons!

"’ [d:r:Hq{:r,Q,t} + By (2, (,t) =2J, X Ji



Orbital Anhgular Momentum (Camacho et al., PRL(2007))
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DVCS and Generalized Parton Distributions 4: Optics

Question #1: How do we interpret the spatial d.o.f. of partons?

Theoretical Ideas:

® Impact parameter dependent PDFs (M. Burkardt, 2000« » D. Soper, 1977)
@ Holography (Ralston and Pire, 2000)

* Interference patterns (Brodsky et al., 2006)

® Wigner Distributions (Belitsky, Ji, Yuan, 2004)




DVCS and Generalized Parton Distributions 5: IPPDF's

04s
04 r
0.36
0.2 r
0.26 -
0.2 r
016 -
01 r
0.06 -

Hq

=0 dz,& e B ;
5 g(z,b) = f(%)ze CAH (e, 0,~A%)
(b?(z)) = M/dth(ﬂf,b) b?

x=0.5

(x,t) from Ahmad, Honkanen, S.L., Taneja (2006)



DVCS and GPDs 6: Wigner Distributions

“Quantum Phase-Space” distributions (Wigner, 1932): f(p,r)

Not positive-definite because of uncertainty principle
Become positive in classical limit

Vast literature — observable (!) in atomic systems

How do we generalize to relativistic systems/physics on the light-cone?

Belitsky, Ji, Yuan: Breit Frame

_— t'i"F ‘'m E Y R ) .
p4(F,z) = fl e (@6 1) ~Th(z £ 1)) Phase-space Charge Density

E by "-_F':]' —:!.q-F
) = i[§ % ' =———[H(z,& t)+ E(z.£ t)] .
’ f 2m)® 3” Phase-space Convection Current



But: ... “Ioffe time”

Deeply Virtual Compton Scattering in Coordinate Space

a
7.

¢ Probe is local inn L direction:

Az 73 1/0/Q3

3 e Non-local in || direction:
i"h3+ e ]_ll.-"lﬂlf_ng ey

Simohnmstta Liuti China-US Sympositm oh Maditm Enetrgy Phymice, July 31 - saugus=t 4, 2006



Longitudinal variables

__ﬁ> / quark’s mobility (P. Hoyer) \
- _II__r"'JF (&:’: == &i]Iaﬂ'E = '&z-l_
|l

We are aware of large AzT

¥

only through the observation

Qf [nuclear Ehﬂdﬂwing] /

= Study the interplay between Azt and Azspepp in nuclei

Simonmstta Liuti Chinha-TI5 Sympozitim on kediitm Energy Phy=ice, July 31 - Aaugus=t 4, 2006



Correlation Function in Coordinate Space
(work in progress...)
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DVCS Cross Section
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| VGG Crisis: Cannot reproduce both!
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What goes into a theoretically motivated
parametrization...?

" The name of the game: Devise a form combining
essential dynamical elements with a flexible model
that allows for a fully quantitative analysis constrained

by the data

N

4

Hq(X,t) = R(X,t) G(Xt)
- \

GGRegg699

Quark-Diquark

Q2 Evolution is an essential element!!



Reaching a more advanced phase of extracting GPDs from
data
(a bit of summary from ECT*, June’08)

+ No longer simple models (D. Muller)

¥ Include Q2 dependence (M. Diehl)

¥ Include all constraints from data DVCS, DVMP... (S.L.)

¥ Include new data as they become available... (S.L.)

# Use Lattice + Chiral Extrapolations (P. Hagler, A. Schaefer)
+ Connect various experiments, separate valence from sea,
flavors separation (T. Feldman)...

+ New! Representation in terms of dispersion relation  only
necessary to measure imaginary part? Stronger polynomiality
constraint (M. Diehl and Yu. Ivanov)

A similar program exists for TMDs (simpler partonic interpretation
than GPDs) see M. Anselmino and collaborators




4. Extracting femtoimages requires
new computational methods



Proposed Strategy: Bottom-Up Approach

@ Construct theoretically motivated parametrizations
at a given low initial scale

@ Merge data/information from:
=#= Form factors (=0
=& PDF's (=0
== Higher GPD moments (lattice calculations) {+0
== DVCS data +0

2 Apply PQCD evolution to connect different sets afgdata
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For (= 0 and in the DGLAP region = partonic picture
{a) 9 a2, ._.,55 q+A
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AHLT Parameterization

=0 o
X8 = B (X, ) X2 RO,
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HIT(X, 1) = G (X, ) X oAl =Xt
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- ,_ ook
E'(X,t) = Gy (X, 8) X~ -f (=X

X

(+0 = use vi1 for DGLAP region (X ¢ )
HY(X, (1) = Gy, (X, (1) RU(X. (1)

"ML

EN(X, (1) = sGY, (X, 6, 1) RYX. ¢, 1)

T ML

More details in AHLT, PRD 2007



Summary of Constraints

Constraints from Form Factors

1
/ dXHYX,t) = F{ (i) Dirac

Ll

1
/ dX EY(X,t) = FI(t), Pauli
i

Constraints from Polynomiality e
HI(£,1) = Z A (DEH + mod(n, 2)EMCY(t)

]

E9(¢. 1) Z B, (1)€* — mod(n, 2)€"Ci(t).

Constraints from PDFs b

Q(E) = Hi}'(:ﬂﬂ ':', D)

Further Theoretical Constraints:
* Sensible prediction for hadron shape at x—1
* Sensible prediction for k; dependence (connection with TMDs!)

(SL and Taneja, 2004)




GPDs from available data 2

Parton Distribution Functions

Notice! GPD parametric
form is given at Q?={4?
and evolved to Q2 of data.

Notice! We provide a
parametrization for GPDs that
simultaneously fits

the PDFs:

Regge Quark-Diguark
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Comparison with similar parametrizations at /=0
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Two different time orderings/pole structure!

DGLAP
(a) (b) ERBL

Quark anti-quark pair describes similar physics (dual to) Regge t-channel
exchange!!
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GPDs from Bernstein moments

o +1 1 Fi== K | /
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ERBL Region AHLT arXiv:0708.0268
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Comparison with Jlab Hall A data (proton)

Munoz Camacho et al., (2006)
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Comparison with Jlab Hall A data
Mazouzet al., (2007) ( heutron )
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Are the exclusive data “telling” us something?
Real Part (S.Ahmad, S.L., preliminary)
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Fitted directly at Q
of data
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dependence of Jlab data!!!
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= [ A umod2 — umodl
O e . dmod2 — dmodl1
S. Ahmad a [ Oi=4Gev2
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*Behavior determined by Jlab data on Real Part and Q2 dependence
*Consistent with lattice determination!



Evaluation of interparton distances

y is the average distance of quark g from the spectator quarks

s is the average shift of quark along the y-axis when proton is (transversely)
polarized along the x-axis
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3. Nuclel



Deuteron: New sum rules
S1 S.K.Taneja
5 [ 52 a-3) ) )] = (o) B

)
E ; AT E=AF_ —

(en_ ) e*P)+ (e™"n_){eP) 2(eP )™ P)
. ’

(en_We*P) —(e"*n_}eP)

Cano and Pire (2001)

Form Factors (i=1.2,3)

2
(;(_3 = E’;l - ET}'{;Q*

Gog=0G1 —Ga + [1 + f]:lﬂ;h
Gar = Ga



Energy momentum tensor

P“P" -~ ] ‘ 5 [P"‘P” ] hP (2)
.ﬂ!‘&u_ B'T&z] (e" E ; Eﬂ#&u 9‘"”&2] {Fpi{f’;-P}.

(€K (eP) + e (€*P)) P + p v - g"w(EF}{:EhFH
(€*#(eP) - (P A+ 63 w4 ()EP) - (e ek 47+ (0 9| @)

W) = -

.. and relation with deuteron GPDs:

fﬂ'—’-’?iﬂHl{I-.f-. t) - % ffimﬂa{ﬂ?-.f-.ﬂ = Gia(t)+ £Gaa(t)
[ dzo(e.6,) = Gaalt)

ff-f-‘ﬂ-‘l-'Ha{-'??1§1ﬂ = Gaa(t) + £Ga(1)

1 M?
E f{-l'-‘EIH4{I1£'.t} — de:ﬂ:ﬂH5{I.|§, t} = Gﬁnz{t}



...inserting the energy momentum tensor i {p’|fd3:n{fx ﬂ?fg}alp}

An essential piece of information for extracting quarks
angular momentum!



4He: nuclear GPDs as tools to

study in medium modifications
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S.L.,

S.K. Taneja,

PRC72, 032201 (2005)
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Experiments on 4He are feasible at Jlab:
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Spatial structure of quarks and gluons in nuclei

Burkardt-Soper

quark’s position impact parameter

in nuclei




mo Electroproduction Observables and GPDs
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Dual Representation?

sk ////.O *
Yﬁ% 7 t=-A2
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helicity amps. “Quark-Hadron” Helicity Amplitudes
(Marcus Diehl)



Only chiral-odd GPDs!l! A

Wws) < JPe=17,1*, .. & H,E,, ...
& JPC=1**, ... (a,-type exchange) <i>H,

E, ...



What goes into the quark-hadron amplitudes?

F(G,8) =—im 3 & [F(G, 6, 8) — FU(—¢, &, 8)] +
|
1 1 1
JRSCE A

Generalized Form Factors

H.(X,0,0) = h,(X) = transversity \

Jh,(X,Q2) dX = 6q= tensor charae Eo=2Hr + &7




Main Result: Tensor Charge and Anomalous Transverse Moment treated as
free parameters to be extracted form data = Show sensitivity!
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GPDs & hadron tensor for Spin 0 nuclear target
(Liuti and Taneja, PRC 2005)
70 production (with G. Goldstein)

— 1st consider nucleon target GPDs & Regge Cuts

—Like T&+N = TN

*2 invariant amps (A,B)-> 2 leading twist GPDs
*Like ~ H(x,{,t) & E(x,{,t) or Hi(x,4 1)

- H(x,0,0)~A(x), H(x,0,0p~B 00 ( )ilips 1/2 particle helicity
*E; more like Chiral-odd GPDs for nucleons than E
—Carries over to 4He -~ q g’ - 4He'

—Can coherent e+*He - e'+1°+*He’ be treated as pure spin 0 target?
—Need 2 steps involving “He - N==N' - *He' & N- g==q' - N'
and (PQCD?) y*+q- 1°+q'’

—2 helicity amps longitudinal & transverse y*

—How can these distinguish H from chiral odd, C=parity odd structures?



Conclusions and Outlook

Comparison between GPD models and data is
indeed possible...GPD extraction is possible!!!

Approaching “Global Analysis”
Interesting connections between TMDs and GPDs

Proposed extraction of tensor charge and
transverse anomalous moment from neutral pion
production data

Spatial structure of Nuclei



