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Quark-Hadron Duality: E01-012
Gerasimov-Drell-Hearn (GDH) Sum Rule: E97-110
Future Hall A Spin Structure Measurements
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Inclusive Electron Scattering

Energy transfer:

v=F—F
Todetectors
4-momentum transfer squared: o e =(E, k)
L e = : %
g=k—k

Q? = —¢? = AEE sin?

DD

Invariant Mass:
W2 = M?*+2Mv — Q?

Bjorken variable:

@
x_QMV
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Inclusive Cross Sections

# Unpolarized cross sections
d’c E 2 2\ tan2 ¢
dE’dQ UMott [ 2($ Q ) (SE Q ) all 2}

® Polarized cross sections

d2 () d2 TN

Ao = ggraa — apaa = & {(E+El cos ) g1(x, Q%) — (QT) 92(5’%@2)}

251= 251=
Aoi = G — e = KE'sind [g1(2, Q%) + 22 ga(x, Q7))
K — 404 E/
MvQ? E

1, T are for electron spin
1, = are for target spin direction
Fy, Fy, g1, go. structure functions
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Quark-hadron Duality

First observed by Bloom and
Gilman in the 1970’s on Fs.
Scaling curve at high Q% is an
accurate average over the
resoance region at lower Q2.
Global and local duality are
observed for Fs.

I. Niculescu et al., PRL 85 (2000) 1182,

Recent Hall B data for g7

P.E. Bosted et al., PRC 75 (2007) 035203.

E. D. Bloom and F. J. Gilman, PRL 25 (1970) 1140
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E01-012

Spokespersons: J.P. Chen, S. Choi and N. Liyanage; PhD student:

Test of spin duality on the neutron (°He)
6

Ran in Jan.-Feb. 2003

Q2 (GeV/c)?

Jefferson Lab E01-012

. i 3_> 5 5| Kinematics

Inclusive experiment: “He(ele’)X
= Polarized electron beam: L szt

710% < Pheam < 85%
=- Standard Hall A equipment 3 5Ge,25°

3 .

= Pol. °He target (para & perp): | soest

<Ptarg> =37%
Measured polarized cross- L
section differences 7

3 O\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\\

Form g1 and g2 for °He 06 0.8 1 12 14 16 18 2 W(Ge\%.z
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3
g, at Constant ()*

L O EI154(SLAC)
0.02 - A E99-117 (JLab)
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He as an Effective Polarized Neutron Target

S state D state S’ state
(~88.2%) (~9.8%) (~1.4%)

P, =86% and P, =-2.8%
J.L. Friar et al., PRC 42, (1990) 2310

Extraction of Neutron Results

[H(Q2) = 4 [T1H(Q2) — 2RI} (Q?)]

C. Ciofi degli Atti & S. Scopetta, PLB 404, (1997) 223
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Test of Duality on the Neutron and SHe

# Define integration range as a function of W in the
resonance region

# Integrate ¢:* and ¢P™ over that same z range at
constant Q?

# Target mass correction applied.

D = [ gies(e, Q2)de TP = [ gPIS (2, Q%)

Lmin Lmin

If s = P15 = duality is verified.

.geff;?son Lab

—p.9/55



Test of Duality on the Neutron and SHe

0.005 3
! He
O .‘@.’-.’-;;;;'_:'-:'.:-'—'"‘"'""""'""'_-._-—_——_
[ I BB
I s GRSV
0005 o oRS
[ / O  JlabE9%4-010
N [ B Thiswork
-0.01_— @)
F _| 1 | 1 1 1 __|
Integration range: 1 e C
[ neutron

1.08 GeV < W <1.93 GeV

-0.005 |-

-001F ©

T 2 3
Q(GeV/c)
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_ 3
Virtual Photon-nucleon Asymmetry: AlHe

Parton Model:

2N 91(z,Q%)
(SEQ) leQZ)

If )?>-dependence for g; and F; are similar = weak (Q*-dependence for A;.

Resonance Region:

If local duality is observed for g, and F; = At = AP,
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_ 3
Virtual Photon-nucleon Asymmetry: AlHe

0.1
O E142(S.ACQ)
O  EI154(SLAC)
0.08 F %  HERMES(DESY)
A E99117 (JLab)
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X
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Virtual Photon-nucleon Asymmetry: A

3He
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_ 3
Virtual Photon-nucleon Asymmetry: AlHe
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Virtual Photon-nucleon Asymmetry: A

1

3He
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Virtual Photon-nucleon Asymmetry: Al

3He
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_ 3
Virtual Photon-nucleon Asymmetry: AlHe
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In Progress

® The °He results are final but work is ongoing for the
neutron extraction.

# First paper in preparation:
s 3He: g1, I'1, and A;
s Neutron: Ty

# Future papers: dy, BC sum rule, A} and A5
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Gerasimov-Drell-Hearn (GDH) Sum Rule (Q2 =0)

Iopu = [, 72 =W g, = _4728a (ﬁ)2

Vinh vV

# Circularly polarized photons incident on a longitudinally
polarized spin-S target.
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Gerasimov-Drell-Hearn (GDH) Sum Rule (Q2 =0)

Iopu = [, 72 =W g, = _4728a (ﬁ)2

Vinh vV

® op (o) photoabsorption cross section with photon
helicity parallel (anti-parallel) to the target spin.

wfjuis- e~ o

S

- e o
S
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Gerasimov-Drell-Hearn (GDH) Sum Rule (Q2 =0)

Iopu = [, 72 =W g, = _4728a (ﬁ)2

Vinh vV

# Circularly Incident on a longitudinally
polarized spin-S target.

® op (o) photoabsorption cross section with photon
helicity parallel (anti-parallel) to the target spin.

#® The sum rule Is related to the target’s mass M and
anomalous part of the magnetic moment «.
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Spin-% Targets

]GDH — fl/iz U% > dy = —27‘(’204(%)2
The sum rule is valid for any target.
M|GeV] | Spin | & | Igpu|p D]
Proton 0.938 : | 1.79 | —204.8
Neutron | 0.940 : |-1.91| -233.2
Deuteron | 1.876 1 -0.14 —0.65
Helium-3 | 2.809 % -8.38 | —498.0

1 ub =10"3* m?

® Proton sum rule was verified to ~ 10%, Mainz and

Bonn.

# Measurements for the neutron are in progress.

.geffej?son Lab
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Generalized GDH Integral (Q2 > 0)

l\.’)IOJ
A/
X
Q
(N
—
I
S

Q) = [ |oy Q) -
01/2 — 03/2 = ?WK { 1(v, QQ) (C;?j) g2(v, Q2)}

#® Replace photoproduction cross sections with the
corresponding electroproduction cross sections.

# The integral is related to the Compton scattering
amplitudes: and

S1QY) = & [ g1(e, Q)de = ST1(QY)

X.-D. Ji and J. Osborne, J. Phys. G27, 127 (2001)

At )° = 0, the GDH sum rule is recovered.

.geff;gon Lab -ruwss



Importance of the Generalized GDH Sum Rule

YPT Lattice QCD pPQCD
- =

QZ =0 Q2 — 0
Hadronic Partonic

# Constrained at the two ends of the Q? spectrum by
known sum rules.

® S; and S, are calculable at any )~.

# Compare theoretical predictions to experimental
measurements over the entire Q? range.

# Provides a bridge from the non-perturbative region to

the perturbative region of QCD.

J)eff;gon Lab -russs



Hall A GDH Results

Neutron Helium-3

50 T T T T T T T T T 2500

2000 m E94010 + DIS |

¥ GDH Sum Rule

50 | 1500 - —-— MAID+QE. i
= < Hermes (DIS)
9 -100 K GDH Ssum Rule 1 .
— B Resonance ] g 1000 - /' \ 7
@ -150 B Resonance+DIS i = 1 \
g ‘o I \
£ - Bernardet al. (VM+A) = 500 \-\ 7
L 200 — Bernard et al (xPT) 1 i -
R Jietal, — (- : ,
-250 —— MAID (Resonance) i i
| —5003Tei -
-300 4 |I
| | | I . . L “  _1000 i ‘ ‘ ‘ .
0y 0a 06 08 1 " 0 0.2 0.4 0.6 0.8 1
Q*(Gev?) Q@ (GeV?)
M. Amarian et al., PRL 89, (2002) 242301 Preliminary results from K. Slifer
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Experiment E97-110

Precise measurement of generalized GDH integral at low Q2, 0.02 to 0.3 GeV?

Ran in spring and summer 2003
Inclusive experiment: 3ﬁe(eﬁe’)x
= Scattering angles of 6° and 9°
= Polarized electron beam:
65% < Ppeam < 78%
= Pol. He target (para & perp):
(Prarg) = 40%
Measured polarized cross-

section differences

0.01|

Q* (Gev?)

0.1]

O |

T R
0.5
threshold

1 1l /A ! 1.5/ | | 2 | | ! | 2.5/ !
W (GeV)

Spokespersons: J.P. Chen, A. Deur, and F. Garibaldi

Students: J. Singh, V. Sulkosky, and J. Yuan
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The Septum Magnet

Low QQ? requires forward angles.
Minimum spectrometer angle is 12.5°.
The septum magnet allows detection
of electrons with

of 6 and

Designed for the spectrometers to

retain their resolution.
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Cross Section Differences

Ao (nb MeV 'sr?)
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‘He Spin Structure Functions

0.06

2.845 GeV, 6°

0.04+

0.024

-0.021

-0.04+

-0.0
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-0.02,
-0.04]
-0.06-
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The GDH Integrand: ot

2.845 GeV, 6° 3.319 GeV, &
1.4—; A O'TT/V 1'5_, R GTT/V
1.2 ‘ ] T

" Preliminary

Preliminary

ub Mev?

0.5+

ub Mev?

0.2

A4 " "
AAj ™K AM AL BRAARE

2 A AAAKAA AR AR g A KARAAK

0.2

-0.4-

11000 1200 1400 1600 1800 2000 2200 2400 2600

=4
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I(Q%) = fyotz 2Oy 207t = 012V, Q) — 032 (v, Q?)

OTT = %\7}[? [ 1(v, QQ) (Vj) 92(v, QZ)}
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Expected Neutron Results

|1, Extended GDH Integral (normalized to sum rule)

Q? squared four-momentum transfer (GeV/c)®

0.4

0.2

@ FE94010 (PRL 89 2002)
O E97110,expected (Part 1)
O E97110, expected (Part 2)
—— MAID 2003 (NPA 645 1999)
1 MAID turnover
- .- MAID dopea Q*=0

JKO (PLB 472 2000)
BHM (PLB 545 2002)
BHM + A (PRD 67 2003)
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— p.22/55
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Future Hall A Experiments

#® E06-010/E06-011: Transversity
o E06-014: d5
o E12-06-122: AT (12 GeV approved proposal)
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E06-010/E06-011: Transversity

Spokespersons: X. Jiang, J.-P. Chen, E. Cisbani, H. Gao and J.-C. Peng
Requires two Chiral-odd objects to measure: Drell-Yan or Semi-Inclusive DIS

I N n7v I B nm
0.6 - Neutron 7 AUT 0.6 - Neutron 7 AUT
0.4 |- ¢ This experiment 0.4 |- ¢ This experiment
€ 02+ c 02
0 L 0
£ - £
o X o
s 4| ‘ 4 } . = o
0 = 0
e _ e
0 i .- 0
> i >
-02 U -0.2
-0.4 -0.4 ---
r \ _: Anselmino et al
-0.6 i -0.6 I:I Vogelsang and Y
T N I R S R A R
0 0 0.1 0.2 0.3 0.4 0.5

Aur(dn, ¢s) = AGF sin(@n + ¢s) + AZET sin(dp, — bs)
See Jen-Chieh Peng’s talk.
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E06-014: d5

Spokespersons: B. Sawatzky S. Chol, X. Jiang and Z.-E. Mezianni
fo (297 + 3g5) dx

OPE: ds a twist-3 matrix element

Arising from quark-gluon interactions

indi i 0.015 e N ———
Clean indicator of HT effects in g o E94010 Neutron
nucleons m E99-117 + E155x Neutron
E06-014: 0010 1 E155x Neutron
N | ____ChPT i
— BigBite and HRS spectrometers 0,005 | MAID

= 0.2 < x < 0.65

= 2 GeV? < ? < 5 GeV? 0.000 — Pmpo;’al‘i.

= Polarized electron beam Lattice QCD'

= Pol. He target -0.005 T ;
0.01 0.1 1 Q2 (GeVz) 10

Reduce statistical uncertainty
by a factor of 4
Benchmark test of Lattice QCD
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E12-06-122: A}

Spokespersons: B. Wojtsekhowski, N. Liyanage, X.-C. Zheng, G. D. Cates,
Z.-E. Mezianni and G. Rosner

A% using 6.6 GeV and 8.8 GeV beam with BigBite, approved by PAC30.

c
1
H y
Beam time: 90 hours at 6.6 GeV < " o BigBite, 8.8 and 6.6 GeV, W>2.0 GeV
and 460 hours at 8.8 GeV. - © El42
- A E154
= Beam Current: 10 pA. . HERMES y
= Polarized electron beam: 05 | E99LL7

Ppeam = 80%
= 40 cm Pol. 3He target:
Ptarg = 50%

Resonance data collected simultaneously.

Similar proposal conditionally

approved using 11 GeV beam and

baseline equipment in Hall C: « up to 0.77. 0 0.2 0.4 0.6 0.8 1
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Summary and Conclusion

Duality:

® E01-012 provides first data of neutron(*He) spin Structure functions
in the resonance region for Q% between 1.0 GeV? and 4.0 GeV?.

Dedicated test of Quark-hadron duality for neutron and 3He SSFs.

°

Global duality demonstrated for the neutron and *He SSF g¢;.

°

Observed DIS-like behavior in AiHe measured in the resonance
region.

°

.geff;?son Lab -eemss



Summary and Conclusion

Generalized GDH:

9

9

The GDH integral is an important tool used to study the nucleon over
the full Q2 range.

E97-110 provides precision data for the generalized GDH integral at
low Q?, 0.02 to 0.3 GeV?

Extraction of the He structure functions and the GDH integrand has
been performed.

Moments of the spin structure functions and the GDH integral
extraction are in progress.

These data allow us to check xPT at very low Q2.

J)effe’?son Lab -eemss



Summary and Conclusion

Future Hall A Spin Program:

® E06-010/E06-011: Transversity (2008)
® E06-014: di (2008)

® E12-06-122: A" (12 GeV)
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Extra Slides

.geff;gon Lab  -reess



Target Mass Corrections

91(7,Q%) = g1(2, Q% M = 0) + g—g(l)TMC( Q%) + h%g )+ O(g7)

# Kinematic effect: finite value of 4]‘52 =

# Need to apply before calculating higher twist effects.

#® TMCs are expressed by higher moments of
g1(z, Q% M = 0).
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E12-06-122: A}

Spokespersons: B. Wojtsekhowski, N. Liyanage, X.-C. Zheng, G. D. Cates,
Z.-E. Mezianni and G. Rosner

A%} using 6.6 GeV and 8.8 GeV beam with BigBite, approved by PAC30.

< 1
=
_ . - ® BigBite, 8.8 and 6.6 GeV, W>2.0 GeV
Light Blue: LSS(BBS) Lo E142
] . - - & E154
- using HHC with fit to data. o HERMES

Blue: BBS - using HHC. 05 BN

magenta (above yellow band):

bag model. )

yellow band: RCQM. 0 :

black: LSS2001. itea o
magenta (< 0): soliton model. o o2 o4 os  os 1
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Analysis Procedure

Ef dea time . I Neut 2PNy
Acc ettancc()aran tar ensit N, dilution O~ = e ES ACC. — g
€p l y 2 l o 1ncp€detLT P + pNQ N2
Radiative
CEEm— Corrections
)
01,02
Data Ao, |
GDH
—
|
) )
N Ay
- Araw -
N~ Al
—/ —/
PID and Charge & Pt, Pb and Nt N~
Acceptance cuts Deadtime N, dilution A L 1 Q+ LTﬂL QLT
L = fNQPtngeam 4+ N—

Q+LT+ Q—LT—
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The E97-110 Collaboration

S. Abrahamyan, K. Aniol, D. Armstrong, T. Averett, S. Bailey,
P. Bertin, W. Boeglin, F. Butaru, A. Camsonne, G.D. Cates,
G. Chang, J.P. Chen, Seonho Choi, E. Chudakov, L. Coman,
J. Cornejo, B. Craver, F. Cusanno, R. De Leo, C.W. de Jager,
A. Deur, K.E. Ellen, R. Feuerbach, M. Finn, S. Frullani,
K. Fuoti, H. Gao, F. Garibaldi, O. Gayou, R. Gilman,

A. Glamazdin, C. Glashausser, J. Gomez, O. Hansen, D. Hayes,
B. Hersman, D. W. Higinbotham, T. Holmstrom, T.B. Humensky,
C. Hyde-Wright, H. Ibrahim, M. Iodice, X. Jiang, L. Kaufman,
A. Kelleher, W. Kim, A. Kolarkar, N. Kolb, W. Korsch,

K. Kramer, G. Kumbartzki, L. Lagamba, G. Laveissiere,

J. LeRose, D. Lhuillier, R. Lindgren, N. Liyanage, B. Ma,

D. Margaziotis, P. Markowitz, K. McCormick, Z.E. Meziani,
R. Michaels, B. Moffit, P. Monaghan, S. Nanda, J. Niedziela,
M. Niskin, K. Paschke, M. Potokar, A. Puckett, V. Punjabi,
Y. Qiang, R. Ransome, B. Reitz, R. Roche, A. Saha, A. Shabetai,
J. Singh, S. Sirca, K. Slifer, R. Snyder, P. Solvignon, R. Stringer,
R. Subedi, V. Sulkosky, W.A. Tobias, P. Ulmer, G. Urciuoli,
A. Vacheret, E. Voutier, K. Wang, L. Wan, B. Wojtsekhowski,
S. Woo, H. Yao, J. Yuan, X. Zheng, L. Zhu

and the Jefferson Lab Hall A Collaboration
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Systematic Uncertainties

Source Systematic Uncertainty
Target density 2.0%
Acceptance/Effects 7.5%

VDC efficiency 2.5% (6°) 2.0% (9°)
Charge 1.0%

PID Detector and Cut effs. < 1.0%

0Oraw 8.4% (6°) 8.2% (9°)
Nitrogen dilution 0.2—-0.5%

00 exp 8.5% (6°) 8.3% (9°)
Beam polarization 3.5%

Target polarization 7.5%

0 (A1)

11.9% (6°) 11.7% (9°)
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Chiral Symmetry

Lqep = — 352G, G6” + @iy Dug — GMq
Lqocp = Lo+ Ly
# Consider the limit where the light quark masses vanish.

# For massless fermions, chirality (handedness) is
identical to a particle’s helicity.

# Extra symmetry to the Lagrangian and obtain left and
right handed quark fields.

(1F5)q,

DO|—

dL,R =
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GDH Derivation

Based on fundamental physical arguments

9

°

Lorentz and gauge invariance: low energy theorem,
Phys. Rev. 96, 1428 (1954).

Unitarity of the S-matrix: optical theorem.

Causality: dispersion relations for forward compton
scattering.

.geffej?son Lab
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The Quark-Parton Model

Infinite-momentum frame

# Partons: quarks and gluons (point-like).
# With no quark-quark or quark-gluon interactions.

# . fraction of nucleon’s momentum carried by the struck
guark

® g;(x) and Ag;(z) are quark momentum distribution
functions.

01(7) = = 3 2Agi(z)

J)effe’?son Lab  -raess



Experimental Setup

Hall A Floor Plan

e pre

Pion .

LeftHRS Rejectors:-.
(Pb glass) . R
Cerenkoy at 18
VDC

Scintillators ":To Beam

/
Compton Moller
Polarimeter Polarimeter

’5 Dump
Preshower

Shower
(Pb glass)

Laser Hut

Right HRS
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Spectrometer Optics

Optics transformation matrix

9

The target coordinates are related to coordinates
measured at the focal plane.

The matrix i1s well know for the standard HRS.
The addition of the a

Experiment E97-110 was the commissioning
experiment for the septum.

6 (Olz)  (4]0) (dly) (d|®) x

0 _ | (Olz) (016)  (ly) (]) 0

Y (ylz)  (wl0) (yly) (ylo) Y
¢, (dlz)  (D10) (oly) (o) | [ ¢ |,

J)eff;?son Lab

— p.38/55



Target Coordinates

Scattered
electron

Sieve plane

Spectrometer
central ray

~ Beam

Hall center
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Optics Calibration Results

Sieve Slit

Out-of—plane Angle (rad)

0.06

0.04

0.0Z

(=)

|
=
|
!

—(.04

Angular Reconstruction

—0,0%_

03

1 1 | 1 1
—0.02

1 1 | 1 1 1
—0.01 8]

0.G3

o
L

.01 a.

In-plane Angle (rad)
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Optics Calibration Results

Configuration

wElectron Beam

lDownstream Foil 7
\ - Insertable Sieve Slit

Central Foil

.Upstream Fail

3000

B J —— dp=+2%
- | ——dp=+0%
- | dp=-2%
B
2500/ ! dp =- 4%
2000
1500—
1000|—
500(—
: ! q '_I' drerearpfl o e ' T e !
- ! TRt ] : H q
P I]IIl I|II|IIIlIIII|II ]I

Position Reconstruction

0 Tt b b by [ I =
-0.3 -025 -0.2 -0.15 -0.1 -0.05 0 0.05 01 0.15

Z react (m)
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Hysteresis of the Septum Magnet

The septum shows

signs of hysteresis at

higher currents.

An interpolation between
optimized settings was used
to correct shifts seen in

the target quantities.

Conversion Factor (A/GeV)
'_\
N
[(e}

Septum Conversion Factor at 9 degrees

¥

| 1 1 |
0.5

=

15 2 2.5 3
Momentum (GeV/c)
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cceptance for ‘He Data

Black: Data, Red: Simulation
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He Elastic Asymmetry

Monte Carlo prediction: 1.390%
Preliminary data analysis:
(1.403 + 0.044)% (stat. only)
x?/Ngof = 1.08.

Four target and beam
configurations

For seven out of the twelve
beam energies, elastic data

were acquired.

Asymmetry (%)

Beam 1

Target I:I Target III Target I:i Target []

e Data

} --- MonteCarlg

. Beam!: Beam ! ‘! Beam 1

run number (arb.)
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He Inelastic Asymmetries
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He Inelastic Asymmetries
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Nitrogen Subtraction

0, (nb/MeVi/sr)
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Preliminary SHe Cross Sections
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Preliminary SHe Cross Sections
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Cross Section Differences
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Cross Section Differences
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‘He Spin Structure Functions
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‘He Spin Structure Functions

1.147 GeV, 9

-0.02
-0.04

-0.06]

-0.08/

-0.04
-0.02]

-0.03]

-0.04+4

0.04 1
1 ‘ o ij g
0.03] i .xmgz
] [ )
0.02]
] T +
0.04 | | +
] []‘ ‘ ‘ |
o I | 1® LAY iy Iy
] $¢f‘£ L
] o] 4 4
-0.04 o
1 :
-0.021 o
1 Preliminary
-0.03]
-0.04 —— —
10° 10° 10"
Bjorken
3.775GeV, &
0.06 1
1 o ij g
] . X, 92
0.04] !
< ¢
0.021 s
i . | |
‘ [}
i ol
1 ot [+
o ‘ AL
1 > il QDD )
[j[ oDT P £ g
4 >
-0.02 !
J ° F
-0.044 ..
1 : Preliminary
-0.06 e —————
10° 102 10

Bjorken

0.08

2.234 GeV, &

0.061
0.04-

0.02]

Preliminary

-0.024

-0.04

-0.06

10°

T T T

107 10

Bjorken

4.404 GeV, 9

0.06;
0.05]
0.04°
0.03]
0.02]

0.04

‘ o ij gl

Preliminary

10°

107 10"

Bjorken

3.319 GeV, 9

0.06
0.04

0.02-

Preliminary

10°

T T T T T
107 10"

Bjorken

.geff;gon Lab  -pess




The GDH Integrand: ot
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The GDH Integrand: ot
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Spin Polarizabllities
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OLT

M. Amarian et al. ,

PRL 93, 152301 (2004)
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Electron Beam Polarization

Beam Polarization from Hall A Polarimeters
85
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(Pheam) Was 74.7% from Mgller and 74.9% from Compton.
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Polarized °He System

# Both longitudinal and transverse configurations.
#® Two independent polarimetries: NMR and

Four

Polarizing 30 W
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Preliminary Target Polarization
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Spin Exchange Optical Pumping

Collisional Mixing

1
mjy = +3
1 2
SP% mjy = —; é
Nonradiative

Quenching

coeYeee 1, _ !
5S% @ [ ] mjy—= —5 J 2

[y

2

Spin Relaxation

SHe nucleus is polarized via with
Rb atoms.
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