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Experimental tools: Scattering

®© Use of lepton and hadron beams

w Polarized beams of e-, e+, u+, -, p

© Use of proton and nuclei targets Rutherford,
= Targets in many cases are polarized (p, D, NH;, ND,, 3He, HD) 1908, Chem. N.P.

® Electromagnetic probe: Compton scattering, real and virtual
= Exclusive, semi-inclusive or inclusive (elastic scattering, inelastic scattering)
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A Framework in QCD

® Generalized Parton Distributions

w Matrix elements of non-local operators with quarks and gluon field

(p|O]p)

w Depend on two longitud. momentum fractions

z, {and t = (p—p')?
w For unpolarized quarks we have two distributions:
H4Y  conserves proton helicity
E9  flips proton helicity

_ q(x) forxz >0
— — q _

II 3/14/2012 Workshop on Confinement Physics, Newport News, VA 3



Elastic Form fators

= |ntegrating

[ dx z™ GPD(x,&,t) — local operators — form factors

> By fl dex HY(xz,&,t) = Fi(t) Dirac
g -1

> By fl dr E1(x,&,t) = Fo(t) Pauli
g 1

M. Diehl
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"Millennium Madness"
Physics Problems for the Next Millennium

In 1900 the world-renowned mathematician David Hilbert presented twenty-three problems at the
7. What are the fundamental degrees of freedom of M-theory (the theory whose low-energy limit is

eleven-dimensional supergravity and which subsumes the five consistent superstring theories) and
does the theory describe Nature?

Louise Dolan, University of North Carolina, Chapel Hill

Annamaria Sinkovics, Spinoza Institute

Billy & Linda Rose, San Antonio College

8. What is the resolution of the black hole information paradox?
Tibra Ali, Department of Applied Mathematics and Theoretical Physics, Cambridge
Samir Mathur, Ohio State University

9. What physics explains the enormous disparity between the gravitational scale and the typical mass
scale of the elementary particles?
Matt Strassler, Institute for Advanced Study, Princeton

10. Can we quantitatively understand quark and gluon confinement in Quantum Chromodynamics and
the existence of a mass gap?
Igor Klebanov, Princeton University

Oyvind Tafjord, McGill University

Thesg ten questions were presented, hy. David Gross at the closing of the conference on Saturday July 15,
2000.




Nucleon Electromagnetic Form Factors
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Flavor decomposition of Pauli and Dirac form factors

=>» A di-quark picture unravels ?!

) ® Using proton and neutron
« dd

i world data including JLab 6
Dirac and Pauli form factors for up and down quarks  GeV data a flavor

e ] decomposition has been
- u quark . ; performed
ca 02— o —
L B . i
‘(.‘jo- B s ’ 7]
4 ~ _
0.1— .,' — 2 . .
- . § quark x 0.75 : ®Q dependence hints at a di
_::T:'::::'::::'::::'::::'::::'::::'::::_ quarkaCtureatsomescaIe.
1.0_— ° —
. u quark .
wor :
O o5 . ; ! —
- . °° : ' ? il Cates, de Jager, Riordan Wojtsekhowski
- #’ d quark x 2.5 - Phys.Rev.Lett. 106 (2011) 252003
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12 GeV reach (Dirac and Pauli form factors)
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Courtesy of B. Wojtsekhowski
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Semi-Inclusive Deep-Inelastic Scattering

Factorization

Ul}fs X Z ol @ pdf (x) @ frag¥ 9" (2)

N’-\ . .
E 03 *Beam polarized
Y 44’\\ | *Target polarized transverse (T) or longitudinal (L)

/ Upgraded R
f JLab
Y

JLab

1 1 1
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Transversity distribution

® Quark transverse polarization in a transversely polarized

nucleon:
h — Nucleon Spin
1T ~— — '

= Can be probed in Semi-Inclusive DIS, Drell-Yan processes.

oyt @ sin (¢n — ¢s) fir @ Dy, cos (¢, + ¢s)h1 ® Hi-

= Does not mix with gluons, has valence like behavior.

= Nucleon tensor charge can be extracted from the lowest
moment of h, and compared to LQCD calculation:

1
Tensor Charge (PSyatPS) :/O dx [0g(z) — 0q(x)
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Transversity and the Tensor Charge

Bjorken Sum rule

1
" 1 Axial Ch
| (9700 - 01(@.@%)] do = g ial Charge
0
And

GDH sum rule

> 0'3/2—0'1/2 27T2Oé 2
dy = ==
/thr ! v ] g M= "

Vector Charge

Tensor Charge

(PSP pPS) = / iz [6q(z) — 54()]
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Transversity using COMPASS and HERMES SIDIS data eN' — eHX

andthe Belledata e¢te™ — H{H,X

® A good start, good
agreement with models

© Soffer bound imposed in
the extraction

X At u(x)

© What happens if it is not

imposed. Is the Soffer <
bound violated? S
g -

© Soft gluon emission should
reduce the extracted
guantity by a factor of 2 ?!
(Boer, 2008)

Anselmino et al. 2008
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Tensor charges

1 1
orq = / dzr (h1g — h1g) = / dz hy,
0 0
Sru = 0.54709, 6rd = —0.2377- 7% at Q2 = 0.8 GeV?

1. Quark-diquark model:

A Our result a Cloet, Bentz and Thomas
PLB 659, 214 (2008), Q° = 0.4 GeV®
° 11 o 2. CQSM:
M. Wakamatsu, PLB 653 (2007) 398.
a 2 . Q* =0.3 Gev*

3. Lattice QCD:

M. Gockeler et al.,
Phys.Lett.B627:113-123,2005 ,

Q° =4 GeV’

- < 4. QCD sum rules:

Han-xin He, Xiang-Dong Ji,

@ St B PRD 52:2960-2963,1995, Q° ~ 1 GeV®

5. Constituent quark model:
—y 6 g B. Pasquini, M. Pincetti, and S. Boffi,

’ | l PRD72(2005) 094029 and PRD76(2007)034020,

0o o5 1 15 06 04 02 0 Q* ~ 0.8 GeV’

6. Spin-flavour SU(6) symmetry
. 87 u a-rd L. Gamberg, G. Goldstein,
Courtesy of Prokudin Phys.Rev.Lett.87:242001,2001 Q° ~ 1 GeV®
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Parton Distributions Functions at Large x

Understand the nucleon structure in the
valence quark region
® What is required?
=» Complete knowledge of parton distribution
functions (PDFs).
At Large x

- large x exposes valence quarks
- free of sea effects
- no explicit hard gluons fo be included

= x->1 behavior - sensitive test of
spin-flavor symmetry breaking x

= important for higher moments of

PDFs - compare with lattice QCD Mn(Qz) =/1dw -2 Fyo Qz) P
A , 4,..

= intimately related with resonances, ) 1 1 ,
quark-hadron duality M (Q°) =/d$ " qi(z,Q*), n=13,5..
0
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A" and Helicity-Flavor Decomposition

[ ® JLab E99-117 (°He)
- O E142 (3He)

O" A E154 (3He)

{ HERMES (3He)
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Effect of considering transverse

momentum of quarks in the nucleon

(a™-a)(q*+q)

T 3/14/2012

Tuclusive Hall 44 and & and Semi- Inclusive Fermes

Avakian, Brodsky, Deur and Yuan

1 Phy§.Bev.Lett.99:082001,2007.
Au —/ BBS
0.5 + G S q"(z) oc (1 —x)°
| qg () x (1—x)
}. r— 1
ol \
8 o |
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-0.5 . b T | [ Ad ;
v @ (l-x)
* qg () x (1 —2x)°In" (1 — x)
-1 r— 1
0.2 0.4 0.6 0.8 1
X
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Longitudinal Double Spin Asymmetry in SIDIS

At JLab 12 GeV with SIDIS

Ad/d
1.2 —

0.6

T

——
¢ HERMES
- @ JLab E99-117

= CLASI12

3/14/2012

0.4

E. =11 GeV NH, and *He

| HERMES @*=2.5 Gev * | SMC 0*=10.0 GeV 2

| A

4 This experiment

® Asymmetry measurements with
different hadrons (n+,t—) and
targets (p,n) allows for flavor
separation
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Inclusive double spin asymmetries using 12 GeV

n
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Quark Gluon Correlations
twist-2 twist-3

+15 0 +1& 2 0

=
>
o
>
=
=

Carry one unit of orbital Couple to a gluon
angular momentum

gZ(fE Q ) ” W ((L', Qz) o+ g?(m’ Qz)

a twist-2 term (Wandzura & Wilczek, 1977):

. 7 J O (1
9 "V (x,Q%) = —gi(, Q%) + / 91y, @’ 1—
a twist-3 term with a suppressed twist-2 piece (Cor'Tes Plre & Ralston, 92):
m, d
72(z, Q°) / {hT‘/Q]‘*'k(.UQ)) y
oy \] Y
transversity quark-gluon correlation 19



Average Color Lorentz Force (m. Burkardt)

— dy a measure for the color Lorentz force acting on the struck quark
in SIDIS in the instant after being hit by the virtual photon
(FY(0)) = —M?ds (rest frame; S* = 1)
® |Interpretation of d, with the transverse FSI force in DIS also
consistent with (Y ) fo dz [ A%k k% fir(z, k%) in SIDIS (Qiu,
Sterman)

(k) =—5 <P, S ‘q(O) /0 h da:_gG+y(a:_)7+q(0)| P, s>

semi-classical interpretation: average k, in SIDIS obtained by
correlating the quark density with the transverse impulse acquired
T /2020{T0 (colon) Lorentz foree acting on stk quark glong its
trajectory to (light-cone) infinity

20



Moments of Structure Functions

- . - -

1 = T > 2
- Fl(QQ) = / da 91(55:@2) single quark qq and gg
0 scattering correlations
twist—2 2 M]2V 2 2 2 M]%]
= IR + 5o [a2(Q?) + 4d2(Q°%) + 4 £(Q%)] + O ot
1
N a2(Q?) = 2/ dz z? gtV ~%(x,Q?*) — Target mass correction term
0

= d>(Q°) — dynamical fwist-3 matrix element

dg(QQ) = /0 dz 2° {Sgg(az,Q2)—|—Zgl(x,Q2)}

= f2(Q%) — dynamical twist-4 matrix element

*Both d,and £, are required to determine the color polarizabilities
*To extract f,, d, needs to be determined first.

II 3/14/2012 Workshop on Confinement Physics, Newport News, VA 21



Hall A d," and Hall € SANE experiments
Neutron and Proton

Spokespeople: Spokespeople:

B. Sawatzky, S. Choi, X. Jiang and Z.-E.M O. Rondon, S. Choi, M. Jones,, Z.-E. M

Students: Students:

D. Flay, D. Parno, M. Posik W. Armstrong, H. Kang, A. Liyanage, J. Maxwell,
J. Mulholland

and the Hall A collaboration
and the Hall C collaboration
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Experiment E06-114 (d,") in Hall A

hower Counter

N
Beam Polarization: 75% v HRS-I Spectrometar /" Pp-glass

Beam Current: 15 microA Cerenkov K\ -~
=

Moller Polarimeter

S

Drift Chambers —\
i Pre—shower P

MWDC

Raster 4
Shower 6=45

E=5.7GeV

Two beam energies 4.7 and 5.89 GeV

4
(4 pass, 5 pass) (data divided into 10 bins during analysis)

L][!' - 5'/'?385‘15 ran Jan.-Mar. 09 Workshop on Confinement Physics, Newport News, VA

g

BigBite fixed at single scattering angle (6=45°)
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Al

A2

A1 on *He
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Expected precision in Experiment E06-114
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SANE experiment in Hall C

IIIIIIIIIIIIIIIIIIIIII‘_IIIIJ‘J-S:
{

03 04 05 06 0.7 08 09

X

© Two beam energies:
— 6.0 GeV (black)

Target

e UVa NH3 target
e 5T field
Beamline

e Chicanes

e SEM

* He Bag

Electron Arm
e BETA

Background Studies
e HMS

CEBAF polarized beam
- 85 nA

- 75% beam polarization

- Experiment Ran January-March 09

T



BETA detector

© Three subsystems:

Lead glass calorimeter Blg
Energy Measurement

Gas Cherenkov: e-
identification ‘
Lucite hodoscope: trackingt -
Front tracker: tracking )

© Target field sweeps low E -

background
® Characteristics

Effective solid angle (with
cuts) =0.194 sr

Energy resolution 5%/\E
(GeV)

angular resolution = 2°
1000:1 pion rejection

lass -
Hodoscope

Lead
Calorimeter



0.030 [ —
B , [0 Lattice QCD - Goeckeler er al.
0.025 — \ FAN SANEgg expected statistical errors
0 ‘ B RS
0.020 — 2 . Blaistic contribution
- B O SsLAC
= 0.015 — e ———dy = ;RSN (@ ss ! )
# SANE combined Q* 3.5 t0 6.5 GeV>
0.010 d, pQCD (NP B201:141)
0.005
0.000 —
_0.005 ] | | | ] | | | ] | ]
| 2 3 4 5 6 7
2 2
Q [GeVT]

T 3/14/2012

d,P RSS and SANE d,P projection in Hall C

RSS spokesperons: M. Jones, O. Rondon
SANE spokespersons: S. Choi, M. Jones, O. Rondon, Z.-E. M

Workshop on Confinement Physics, Newport News, VA
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12 GeV Projected results for g2n and d2n

x2gh d) with SHMS/HMS
2 2 O P . d n o
0.01 __ ® \ jLab 11GeV, SHMS POJQCTC gZ p0|nTS are
B o JLab {1Gev, HMS VCF‘TiCG”y offset from zero
) I « along lines that reflect
0.005— -
) s . . different (roughly) constant
) s+ e . Q? values from 2.5—7 GeV?.
B r\‘-l\i ¢} °
0 B P : 4 : ’.
: K K  al i 0.01 I I IIIIIII I I ||||||| I I I LI
- — . Kramer et al.
0.005 - P. Anthony et al. - —— MAID 2007 T
- A X. Zhengetal. = O Lattice QCD A .
B g\;vw from B&B scen. 1 @ 5.0 GeV ° | — = pQCD evolution ]
-0.01 _| e by v b v by by by | SLAC 155x @ _

0.1 0.2 0.3 0.4 0.5

X

from L and T spin-dependent
cross sections measured within
the same experiment.

® Strength of SHMS/HMS:
nearly constant Q2 (but
less coverage for x < 0.3)

=

0.005

JLab E99-117 (comb.) o) é

*

L 4

O JLab E94-010
A JLabRSS

® g, for 3He is extracted directly » B

JLab EO1-0127
JLab E97-110 |
|

reliminary!

.~ "E06-014] \,

0.1

1 10
Q*(GeV/e)’



Nucleon Spin Sum Rule

1 Ji Sum rule (1997)
5 = S () + ()

J1 —/daja:[Hq+Eq] J9 = [ de[HY + EY]

J(p) = %AEHZQ(M) \

/ Total angular momentum of gluons
_ / _ w Through the momentum sum
Spin of quarks Orbital angular rule and HERA DVMP with J/
Contribution: momentum of quarks: Psi data we have a glimpse on
Measured in DIS Input from Lattice
GPD HY
and measurements at
JLab 12 GeV

w Nothing is known about GPD
E9

II 3/14/2012 Workshop on Confinement Physics, Newport News, VA 30



Extractions and lattice QCD

0.10

0.05+

JLab Hall A PRL '07,

HERME

S JHEP

'08

0.00
IS I
+
X,
-0.05+
—-0.10+
 0?=4GeV?
-0.150L
0.1 0.2

03

JM +u

04

05

BEE EEEENENEE

Goloskokov & Kroll, EPJ C59 (09) 809
Diehl et al., EPJ C39 (05) 1

Guidal et al., PR D72 (05) 054013
Bacchetta & Radici, PRL 107 (11) 212001
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, this workshop

Extraction using SIDIS Sivers data from Hermes, Compass and JLab

Bachetta INT 2012

Thursday, 16 February 2012




®© There are important observables that tell a “story” about the
constituents of the nucleon but need to be measured with
precision.

© Theoretical tools to interpret the measurements are rapidly
improving allowing the investigation of the structure of the
nucleon as well as the dynamics of the constituents in the
valence region.

®© An EIC would be a natural extension for the investigation of
the sea and the glue in a confined nucleon.
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