Nucleon Structure at Jefferson Lab
I) the 6 GeV findings
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* The Role of Quarks in Nuclear Physics
CEBAF's Original Mission Statement

* Nucleon and Pion Elastic Form Factors and
Transition Form Factors to Nucleon Excited States

* The Strange Quark Content of the Proton

* The Onset of the Quark Parton Model:
The Quark-Hadron Transition

 Deep Exclusive Reactions:
Constraints on Angular Momentum
Proton Tomography



CEBAF’'s Original Mission Statement

Key Mission and Principal Focus (1987):
The study of the largely unexplored transition between
the nucleon-meson and the quark-gluon descriptions of

nuclear matter.
The Role of Quarks in Nuclear Physics

Related Areas of Study:

Do individual nucleons change their size, shape, and quark structure in
the nuclear medium?

How do nucleons cluster in the nuclear medium?
Pushing the Limits of the Standard Model of Nuclear Physics

What are the properties of the force which binds quarks into nucleons
and nuclei at distances where this force is strong and the quark
confinement mechanism is important?

Charge and Magnetization in Nucleons and Pions
The Onset of the Parton Model
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CEBAF's Original Mission Statement

Key Mission and Principal Focus (1987):
The study of the largely unexplored transition between
the nucleon-meson and the quark-gluon descriptions of

nuclear matter.
The Role of Quarks in Nuclear Physics

Related Areas of Studly:

Do individual nucleons change their size, shape, and quark structure in
the nuclear medium?

How do nucleons cluster in the nuclear medium?
Pushing the Limits of the Standard Model of Nuclear Physics

What are the properties of the force which binds quarks into nucleons
and nuclei at distances where this force is strong and the quark
confinement mechanism is important?

Charge and Magnetization in Nucleons and Pions

The Onset of the Parton Mode/



QCD and Nuclei

Gluons mediate the strong (color) force, just like photons
mediate the electromagnetic force, but ... gluons interact
with themselves ... which gives QCD unique properties
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QCD Lagrangian: quarks and gluons
Nuclear Physics Model is an effective (but highly successfull)
model using free nucleons and mesons as degrees of freedom.
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’H(e,e)?H elastic scattering ;
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JLab Data Reveal Deuteron’s Size and Shape
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Is there a Limit for Meson-Baryon Models?
Not really but ...
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Use the Nuclear Arena

to Study QCD



Total Hadron-Nucleus Cross Sections
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Physics of Nuclei: Color Transparency

Traditional nuclear physics expectation:

transparency nearly energy independent. Quantum ChromODynam'cs:

A(e,e’h), h = hadron
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"OLN h-N cross-section From fundamental considerations
_ (quantum mechanics, relativity,
* Glauber mu!‘rlple o nature of the strong interaction)
scatfering approximation it is predicted (Brodsky, Mueller)
(or better transport calculationl) that fast protons scattered from
. Correlations & Final-State the nucleus will have decreased
Interaction effects final state interactions
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Physics of Nuclei: Color Transparency
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Physics of Nuclei: Color Transparency

Atomic Number Dependence
of Nuclear Transparency
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Total pion-nucleus cross section slowly disappears, or ...
pion escape probability increases - Color Transparency?
- Unique possibility to map out at 12 GeV (up to Q? = 10)



CEBAF's Original Mission Statement

Key Mission and Principal Focus (1987):
The study of the largely unexplored transition between
the nucleon-meson and the quark-gluon descriptions of

nuclear matter.
The Role of Quarks in Nuclear Physics

Related Areas of Study:

Do individual nucleons change their size, shape, and quark structure in
the nuclear medium?

How do nucleons cluster in the nuclear medium?
Pushing the Limits of the Standard Model of Nuclear Physics

What are the properties of the force which binds quarks into nucleons
and nuclei at distances where this force is strong and the quark
confinement mechanism is important?

Charge and Magnetization in Nucleons and Pions
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Revolutionized Polarized Beam Experiments!

Precise access to (small) charge form factor of proton utilizing
polarization transfer technique: e+ p > e + |5'

Focal Plane Polarimeter

Carbon or (CH,).

Ge. PL(E+E), O,
6. P, 2m 19" 73

No error contributions from >
- analyzing power e
* beam polarimetry




Proton charge and magnetism in 2006
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Hall A

n

Neutron has no charge, but does have a
charge distributions: n = p + n-, n = ddu.
Use polarization and 2H(e,e'n) to access.
‘Guarantee” that electron hits a neutron
AND electron transfers its polarization
fo this neutron.

(Polarization Experiments only)
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Hall B

= Use dual target (hydrogen & deuterium)
= Measure simultaneously e?H — enX and ol
e’H — epX, as well as ep — en*n for in-
situ calibration of neutron detection

Magnetic Form Factor
of the Neutron

efficiency in CLAS EC and TOF.
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Pion's charge distribution m

- Atlow Q2 (< 0.3 (GeV/c)?):usen +e
scattering > R = 0.66 fm

- At higher Q?2: use 'H(ee'n*)n

Lo* i

-
-’

' g

1

1

P

Use a realistic pion electroproduction

(Regge-type) model to extract F,
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HallB| Electron Scattering

CLAS
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The YNA(1232) Quadrupole Transition

W W
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(A. Buchmann, E. Henley, 2000 )
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Transition amplitudes y,p — Nj,,+ (1232)
(The N-A Transition)

e
.........
[Ih
ey
LLr
ray

_ ® Hall € 1999
A CLAS 2002
| W CLAS 2006

DMT
------------ Sato-Lee (Bare)

............ Sato-Lee (Dressed)
= Braun
— * Maid 2003

CLAS

- ¥ BATES

A MAMI 1

(1+Q2/0.71)2

Sato,Lee)
DMT

factor::

— Quark (Li,Dong, I\Ao)
—  MAID (Drechse\)

10~ |




Hall B
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At large distances the Roper resonance shows behavior similar to

what is predicted in a model containing large meson contributions,
at short distances the data are consistent with behavior expected
from a constituent quark picture.




The proton’'s magnetic moment

Nobel Prize, 1943: "for his contribution to the
development of the molecular ray method and his
discovery of the magnetic moment of the proton"

K, = 2.5 nuclear magnetons, + 10% (1933)

Otto Stern

2002 experiment
b, = 2.792847351(28) py
u, = -1.91304274(45)

2006 theory

“p ~2.8 HN
Hp ™ -1.8 HN -




JLab: Polarized Electronsll|

Ga As

Crystal NN 0%V
Anode == |™™ _300kVv
laser
(850 nm)
electron beam
circular polarization
1/2 wave plate of laser beam

(manual reversal)

Pockels cell
(600 Hz)

AN /

Reverse polarization of beam
at rate of 30 Hz

Feedback on laser intensity
and position at high rate




Hall A| Parity Violating Studies on 'H and ‘He

The HAPPEx Program: Strange Quark Contributions to the Proton

Target
400 W transverse flow
20 cm, LH2
20 cm, 200 psi ‘He

o

Polarimeters
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Continuous /

|

High Resolution Spectrometer
| S+QQADQR 5 msr over 4°-8e°




Hall A| Parity Violating Studies on 'H and ‘He

The HAPPEx Program: Strange Quark Contributions to the Proton
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@—> JLab polarized beam 4—@

G0 forward running beam: HAPPEX-II beam (2005):
strained GaAs (P; ~ 73%) | |+ superlattice (P, > 85%)
32 ns pulse spacing - 2 ns pulse spacing
40 uA beam current - 35 uA beam current
Beam Parameter G0 beam (Hall ) | HAPPEx beam (Hall A)
Charge asymmetry |-0.14 + 0.32 ppm -2.6 £ 0.15 ppm
Position difference |4 * 4 nm -8 £ 3 nm
angle difference 15+ 1 nrad 4 + 2 nrad
Energy difference |29+ 4 eV 66 + 3 eV
Total correction to |-0.02 + 0.01 ppm 0.08 £ 0.03 ppm
Asymmetry




The spatial distribution of quarks and

the proton’s magnetism Hall A
Gy (Q*)=3Gy (Q)-1Gy (Q)-3Gy (Q")
proton charge/magnetism ) up
neutron charge/magnetism >~ down
proton response to Weak force | strange ¢— ~5%
0.2 o [18] |3
—— e 015, s 1191 | 2
0.15¢ = GO z o [20]] 1
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SN - 122 1

Arrington

5 ° ] g & S
%mh MU{; Rk

-0.05}

E AA,, oAf
smaller distance — ;

w 0.2 0.3 0.5 1 -1._5||||-|1IIIT-I]?5_I'HIOIIHID.I5HH1|HH1_.5
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Extracting Nucleon Strange Form Factors from World Data
Ross Young (JLab- Theory), Julie Roche, Roger Carlini (JLab), Tony Thomas (JLab-Theory)

Approach: Use the complete (SAMPLE, PVA4, HAPPEx, G0) world set of
parity-violating electron scattering asymmetries up to Q% = 0.3 GeV?.

Ge® = pQ% + p' Q"
Gy = Hg * “‘SQZ

= 0.1 GeV? (2004))

— HAPPEX He

Contours — SAMPLE

1o, 20

68.3, 95.5% CL

Theories
1. Leinweber, et al.
PRL 94 (05) 212001
2. Lyubovitskij, et al.
PRC 66 (02) 055204
3. Lewis, et al.
PRD 67 (03) 013003
4. Silva, et al.
PRD 65 (01) 014016




Extracting Nucleon Strange Form Factors from World Data
Ross Young (JLab- Theory), Julie Roche, Roger Carlini (JLab), Tony Thomas (JLab-Theory)

Approach: Use the complete (SAMPLE, PVA4, HAPPEx, G0) world set of
parity-violating electron scattering asymmetries up to Q% = 0.3 GeV?.

' World Data @ Q2 = 0.1 GeV?
G.S = Q2 + Q4 0.15 - \ \ -
E Ps Ps
GpS = ug + W Q5 Global Analysis
0.1 (GO, PVA4, SAMPLE,
Contours + all HAPPEX data)

1 G’ 26 0 05 ~Theory, Leinweber et al.
68.3, 95.5% CL \
o W "\\
TheOr (D < ‘ - 68%CL
Leinweber, et al. o] es%CL

PRL 94 (05) 212001;
hep-lat/0601025

-0.1¢

.. or include recent
HAPPEx-H and -He data  07°

-1.5 -1 -0.5 0 05 1 1.5 2




PV Asymmetries
Weak Neutral Current (WNC) Interactions at GF << M7

e

Longitudinally Polarized

. longitudinally
Electron Scattering of f polarized ¢”
Unpolarized Fixed Targets
O k& I A'Y -I-Aweakl2
_ cy-0, A Gr 02
-AjR= Apy = G*+G’ ~ Cweak OGP O (9.%0," +B
O 4, b Jveda’)
Electron-Quark Phenomenology
- A S > vV x Cru=—73 + 3sin” (fw)~—0.19
~0 o~ Cira= % — %Sin2 (Qw) ~ 0.35
Coy=—3 + 2sin? (O ) ~—0.04
vV A Cog= % — 2sin” (fw) ~ 0.04.

C, 529290 C,i 52g\ejgiA
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Possible Impact of Qweak Experiment (2010-2012)

WG

Qweak constrains new physics to beyond 2 TeV

O,ISF\\ .:. ‘: \ \ —
| SLAC: D DIS Mainz; Be Anticipated ’/ \
| - 51 QweakLimit

(assuming SM) ,'

Present Limit
1 (all electron-N PV data
95% CL + recent JLab PVES results)
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CEBAF's Original Mission Statement

Key Mission and Principal Focus (1987):
The study of the largely unexplored transition between
the nucleon-meson and the quark-gluon descriptions of

nuclear matter.
The Role of Quarks in Nuclear Physics

Related Areas of Studly:

Do individual nucleons change their size, shape, and quark structure in
the nuclear medium?

How do nucleons cluster in the nuclear medium?
Pushing the Limits of the Standard Model of Nuclear Physics

What are the properties of the force which binds quarks into nucleons
and nuclei at distances where this force is strong and the quark
confinement mechanism is important?

Charge and Magnetization in Nucleons and Pions

The Onset of the Parton Mode/



The Double-Faced Strong Force

Confinement

Nucleons
Q< A

o, (Q)>1

o(Q) large

Constituent

Quarks
Q> A

0.5

a(Q) |

0.2 +

0.1
P m———— QCD os;{Mz)=0.118 = 0.003

.'lil

\ aa Deep Inelastic Scattering

d 0.3:-

oce e'e Annihilation
kY o Hadron Collisions
= 8 Heavy Quarkonia

x
LA
W,
o
&

......
.....
=

1

Quark Model

10 Q [GeV] 100

Asymptotically
Free Quarks

Q» A
a,(Q) small

One parameter, Agqen

~ Mass Scale or
Inverse Distance Scale
where a(Q) = o0

"Separates” Confinement
and Perturbative Regions

Mass and Radius of the

Proton are (almost)
completely governed by

Quark Parton Model



Inclusive 'H(e,e") Scattering - Formalism

Cross section for inclusive
lepton (electron) scattering:

2
da/:a4 E/LVW“V
dQde’ Q*E’ “

o1 terms of virtud o =1'(o; +eo0 ) =To;(1+R)
PhOTOh polar'iza’rion ol dQdE’ T L T

Or, in terms of structure functions W,(v,Q?) and W,(v,Q?):

do  4a’(E')
dQde’ Q@

{WZ (v, Q%) cos” Z+2W, (v,Q)sin’ ﬂ



do/dQdW (nb/sr GeV?)
p— ] it p— ]
= & (-] =] (] = -} [="]

2

=}

Inclusive 'H(e,e') Scattering

E =3.245 GeV, 0 = 26.98°

* JLab DATA

- —— SLACfit

. — Resonant Contribution

Nonresonant Contribution

*

nri v=E-FE
- x = Q2/(2Mv)
] W2z M2+ 2My - Q2

Q? = 4EE'sin?(6/2)

= M2+ Q3(1/x-1)

Define several regions:

1 0) elastic region: W2 = M?

1)1st resonance excitation "A"

1 2)2nd resonance region "S"

3)3rd resonance region “F"

_ 4)4th region: 3.3 < W2< 4 GeV?

5) Deep-inelastic "DIS” region

25 3

35
W (GeV)y

? W2 > 4 GeV?

Spectrum consists of Resonant
and Non-Resonant Contributions



Deep Inelastic Scattering

hard process

........... - mmamlemmmn= Factorization

In the limit of large Q?, structure functions
scale (with logarithmic corrections)

MW, (V»Qz) — F(x) Q2

. X =
(Infinite Momentum Frame) VW, (v.Q) 5 F, (x) M

Bjorken Limit: Q* — oco,v — oo

F,interpreted in the quark-parton model as the _ 2
charge-weighted sum over quark distributions: K, (x) = z e; Xq; (x)
|

Empirically, DIS region is where
logarithmic scaling is observed

Q% >16GeVe, We >4 GeVe



World Data on F,P Structure Function

HERA F,
>
= | x=6.32E-5 , 0 000102 _
= x=0.000161 == ZEUSNLO QCD fit
g =0.000253 H1 PDF 2000 fit
= x=0.0004 !
~ x=0.0005
LL 5 - x=0.000632 e H194-00

x=0.0008

x=0.0013

4

x=0.002

A H1 (prel.) 99/00
= ZEUS 96/97

1 2 BCDMS

(DIS data only)

In general, Nex*,
Order (NL"" ,«\\6
(DGLAP (\’g\)

ding-
‘e QCD
0(\6\00 of

v

4l > re~ ,(‘\@ NS over the
: o ' ‘(‘\0 o\o\o\\ (.b‘r range.
A: < x=0.008 0(\ 66 ——
3 o 0\ ~ S | | 1
/m < (\6 o Q=5Gev”
/ Vﬂ Y\@ Q &0 0.8l !G _
b s & X \(\6 L NLO®94)
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Nuclear Physics in terms of protons, neutrons and pion
exchange is a very good effective model.
Momentum transfer Q is negligible

Protons and Neutrons in terms of constituent (valence)

quarks is a very decent effective model:
the Constituent Quark Model works surprisingly well.
Momentum transfer Q is small

Looking deep inside protons and neutrons, they are really
balls of energy, with lots of gluons and quark-antiquark
pairs popping in and out of existence.

Momentum transfer Q is “large”



The Quark Parton Model is well defined in
the limit of large Q% and large v (or W?).

Empirically, deep inelastic scattering (or quark
parton model) descriptions seem to work well down
to modest enerqy scales: Q¥ ~ 1 Gel?, WF ~ 4 Gel~.

Why is the Quark-Hadron Transition in
QCD so smooth, and occurring at such low
energy scales?

The underlying reason is the Quark-Hadron
Duality phenomenon.



E.g.: Inclusive Scattering

Jj A Factory for "Rosenbluth” Separations

; x 1 I ! I ' [
e+p (d) S e+ X 3 mu;— 0f = 0.635 (Gev,/c)? ]
. E‘* W= 1.925 (GeV)
Rosenbluth Separation 2 eoool L
Technigue: = Ty s
~— Bﬂmxﬁ_’,ﬂ-/j/fl -
LuJ
da E s B = o (F{;lu?gl] E) ]
: :F(GT —I—EGL) E K= 0233 +;=- !
dME - 4] | EI.!EE I 'L'.I'I.!l- : E.I?ﬁ I 1
£
Where: [ = flux of transversely polarized virtual photons

¢ = relative longitudinal polarization

S Transverse
R __ R F =+ s )F2—2XFI‘/
or 2xF 4 Q N

longitudinal miIxEd



E94-110 : Separated Structure Functions
Duality works well for F,, 2xF; (F;), and F,

0.6

0.4 -

F2

0.2 H

Q%= 1.5 GeV?

& JLab Hall C
+ SIAC
+ NMC

0.4 -

2xF,

Q% = 1.5 GeV?

015~

FL

0.10 | _

0.05

Q%= 1.5 GeV?

0.7

!‘ =
08 09 10

= The resonance region is, on average,
well described by NNLO QCD fits.

= This implies that Higher-Twist (FST)
contributions cancel, and are on
average small. "Quark-Hadron Duality"
= The result is a smooth transition
from Quark Model Excitations to a
Parton Model description, or a smooth
quark-hadron transition.

= This explains the success of the
parton model at relatively low W? (=4
GeV2) and Q2 (=1 GeV?3).

"The successful application of duality
to extract known quantities suggests
that it should also be possible to use
it to extract quantities that are
otherwise kinematically inaccessible.”
(CERN Courier, December 2004)



Quantification: Resonance Region F,
w.r.t. Alekhin NNLO Scaling Curve

E=4 GeV, 0=24 Deg
0.1 [ - Evidence of resonance

(Q? ~ 15 GeV?) transitions is "bumps
and valleys" around the

AF?

0.08

0.06 H expected parton model
: ‘ ‘ ‘ behavior.

0.04 | | | | ‘ o
- | \ ‘ - Similar as standard

0.02 | | || | | H H H H H textbook example of

0 i — i HH mll e*e” 2 hadrons
002 | | |||||| | |||||| HHHH HHHH ‘“ - "Resonances build the

: | I

: parton subprocess
-0.04 | cross section because
: of a separation of

-0.06 s "t pi cal” scales between hard
_0.08 | Y A=-01+/-07% and soft processes.”

; example
e T [ S N R * Confinement is Local

| | | | | | | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | | ‘ | | |
1 1.1 1.2 1.3 1. 1.9 1.6 1.7 1.8 1.9 2
W (GeV)



Quark-Hadron Duality - Theoretical Efforts

N. Isgur et al : N 2
qq infinitely narrow resonances
qqq only resonances

scaling Curve

0

) Distinction between Resonance and Scaling regions is spurious
Bloom-Gilman Duality must be invoked even in the
Bjorken Scaling region > Bjorken Duality




QCD and the Operator-Product Expansuon

Moments of the Structure Function M (Q?) = f dx x"2F(x,Q?)
Operator Product Expansion

M(QD) = 2 (M2 Q1 B, (@)

k=1 higher logarithmic
Twist dependence
420 e e At High Q? : In(Q?) dependence of
: L moments one of first
100 |- ,,+'”'"+M T “proofs” of QCD > A(QCD)
- 80| , + A -
g | YA, At Low Q2 : O(1/Q?) power dependence is
G 6o A & due to initial and final state interactions
= A ", between the struck quark and target
Wi S remnants
wll A | = 'Higher TwisT" effects
: Quark-Hadron Duality is described in the
g 0’, E— Operator Product Expansion as higher twist

&P oVl effects being small or canceling



Separated Structure Function Moments up to Q% = 4 GeV?
1
MA(Q?) = [ dx xm2F(x,Q?)
0

n=2 Proton Moments 0.5 n=4 Proton Moments
—— MRST2004NNLO + T™ 0.06 :_ | — MRST2004NNLO + TM
N
* x L oo [ A
i A
r R
ooz [y ¥ L o %
| | | | F Ll e e | | | | |
B 7 8 9 1 l B & 4 5 5] v 8 9
~— r
s Ful TH T 2 Ful
v Elgstics Subtrocted x 004 L ; v Flastics Subtracted
o\ : &
. . C

C x —x

| |||||| | _|\ ||| \l\ |||||||||

B 7 8 9 B 6 3 ) 9
1 5

i x x r '
O_I‘\\Illllll‘\llllIII|\III|IIII|III||||I|\\II OT\l |||||||‘I\I| |||||I\II—|'—\ ||II¥III\
1

9 10 g 10

Q? (6eV?) Q?* (6eV?)
* Higher-twist at low Q2 mainly seems to reflect "discreteness” of low-W region

- M M= a (Q%) 4|V|2(") + 2cjdx xG(x,Q?)} at leading twist and at zero proton-mass
3(n+1) (n+1)(n+2)




Inclusive Electron Scattering - Formalism

Haodrons
Q? :Four-momentum transfer
X : Bjorken variable (=Q2/2Mv)
v Energy transfer (y = v/E)
M : Nucleon mass
W : Final state hadronic mass

- Nucleon

d*o 8a2 cos?(0/2) [Fa(z, Q%) 2Fi(z, Q%) ,
U gt + 1) =SR] Zmm o))

Unpolarized structure functions F;(x,Q?) and F,(x,Q?), or F1(x,Q?)
[=2xF,(x,Q?)] and F (x,Q?), to separate by measuring R = ¢, /o
Polarized structure functions g,(x,Q?) and g,(x,Q?)

d*o 4o E'
L dE’dQ(m_m) MQ2vFE

@,
(5 + B oostlg(0.Q) - Lanto. )

4o? sin @ B

d2
T u (J»:>_Tj) . MQ2 V2E

dE'dS}

v (z, Q%) + 2Eg:(z, Q%) ]



Parton Model Ideas Valid @ 6 GeV

First measurement in large-x region
unambiguously showing that A" >0
(A" =0 in the SU(6) Quark Model)

A

:
[ ® JLab E99-117 BHe) & &
- O E142 (3He) 5
0.8[" A E154 (3He) & S
- O HERMES (*He) & &
[ £ ;
0.6F : ;
: 00\ 5}.\
= _\‘;’\‘&(\@\é\
04 __ 000 Q/e;'bé
: Statistic;\—model
02 | (Soffer et al.)
of
0.2
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X
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Allows for Flavor Decomposition:

1

(Au + Ad) /(u+0)

(Ad + Ad) /(d+d)
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o
w

. Statistical

coM
Chiral Soliton
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LSS 2001
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Structure function g, and its I';(Q?) Moment

[0°)- fio 0%

0
As Q2 2> «, isospin symmetry and
current algebra lead to the Bjorken
sum rule, relating the n-p
difference to the neutron B-decay
coupling constant g,

[P =147 = ga/6

As Q2= 0, Lorentz invariance,
uni’rar'i‘r¥, and dispersion relations
lead to the GDH sum rule, relating it
to the anomalous magnetic moment
of the nucleon

QZ
@Sw 2M2

Expect rapid change of T; in
transition from the hadronic
to the partonic regimes.

IGDH

L

;f quark models
s LOQCD?

7 ' >
<" ChPT ? I Q2 (GeV?)

GDH sum rule

"Zoom in" from tiny lenght scales
(DIS) to large length scales




Bjorken Integral I';P™" (pre-JLab)

Impressive set of data
at larger Q? (not shown)
validates Bjorken Sum

Rule to ~10-15%.

0.20 [
c - O SLACE143
a
o : g RS
- -,‘".‘*" """""
0.15 ‘
B 0 Soffer—Teryaev
) HO) Leading Twist
- g — GDH slope
i I --- HBxPT Ji et al
0.10 L — xPT Bernard et «al
B ---- Burkert—loffe
Pi® 0.10 ¢
[P 0.08 [ -
0.05F | /. 0.06
- ;'_‘5 0.04 F _ﬂ,.»
0.02 F /
-:J’ D - = 1 | i i I | i i
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1 I 1 | 1 1 L 1 | L 1 1 1 J 1 i L 1 J 1 1 1 1 I 1 1 1 1
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Q’(GeVic)
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Bjorken Integral I';P™" (today)

Hall B

Hall A

= Operator Product
Expansion description

works surprisingly well
for Q2> 0.7 GeV-2.

0.20 |

p-n
1

0.15 [

0.10

O Nl »

neutron from *He (resonances + DIS)
neutron from D (resonances+DIS)

SLAC E143
CLAS Preliminary T

------- Soffer—Teryaev
Leading Twist

— GDH slope

--- HBxPT Ji et al
—— xPT Bernard et al
--- Burkert—loffe

0.10 ¢

0.05 [

0.08 [
0.06 £
0.04 F
002 ;

N\ / | " 3.0
Q GeV/c)

= HByPT compatible for Q%< 0.2 GeV?



The Spin Structure of the Proton

Proton helicity sum rule:

%:%AZ+AG+LQ+L9

~g.3 I

Small?

? Large ?

The Impact of Quark and Gluon Motion on the Nucleon Spin
"TMDs and GPDs"




10 Years of Physics Experiments at JLab

- Experiments have successfully adressed original Mission Statement:

"The study of the largely unexplored transition between the
nucleon-meson and the quark-gluon descriptions of nuclear matter”

Highlight 1: The Role of Quarks in Nuclear Physics

Probing the Limits of the Traditional Model of Nucler

» Emphasis has slowly shifted from Base Equipment Experiments to Experiments

with dedicated/additional setups and/or detectors

* Emphasis has shifted to third sub-area of infended CEBAF research:

"What are the properties of the force which binds quarks into
nucleons and nuclei at distances where this force is strong and
the quark confinement mechanism is important?”

- Highlight 2: Charge and Magnetization in Nucleons and Pions

Charge distribution in proton differs from magnetization distribution
Elusive charge distribution of neutron well mapped out to high resolution
Strange quarks play <5% role in mass of proton - unsolved mysteries...

- Highlight 3. The Onset of the Parton Model at Low Energies

High quality hadronic structure function data at JLab at 6 GeV have
been accumulated spanning the nucleon resonance and low-W?2 deep
inelastic region. The data indicate a surprisingly smooth parton-hadron
transition at relatively low Q?2, allowing, for x > 0.1, an unprecedented
access to Parton Model physics with the 12 GeV Upgrade



