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The Spin of the Nucleon

Nucleon Spin Sum Rule

L= SAY (1) + Lg() + Jg(u)

(1 — scheme dependence)

e AY = f01 Y i(Agi(x) + Agi(x)) — singlet axial charge
e L4 orbital angular momentum of the quarks
@ J, total angular momentum of the gluons
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Results from Lattice QCD (Keh-Fei Liu et al.)

Results from Lattice QCD

X Au=0.79(11)
X Ad=—-042(11)
X As=-0.12(1)

S.J. Dong, J.-F. Lagaé, and K. F. Liu, PRL 75, (1995)
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Results from Lattice QCD (Keh-Fei Liu et al.)

Results from Lattice QCD

X Au=0.79(11)
X Ad=—-042(11)
X As=-0.12(1)

S.J. Dong, J.-F. Lagaé, and K. F. Liu, PRL 75, (1995)

More Results from Lattice QCD

X AY =0.30+0.07
X Ly=0.17+0.06
X Jy = 0.20 +0.07

N. Mathur et al., PRD 62 (2000)
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Results from Lattice QCD (Keh-Fei Liu et al.)

Results from Lattice QCD

X Au=0.79(11)

X Ad=-0.42(11) Recent Results from HERMES

X As=-0.12(1) AU+ A_L_I = 0.842 +0.004 + 0.008 + 0.009
S.J. Dong, J.-F. Lagag, and K. F. Liu, PRL 75, 1995) Ad + Ad = —0.427 4+ 0.004 + 0.008 + 0.009
As+ As=—0.085+0.013 £ 0.008 £+ 0.009

AY =0.330+0.011 £ 0.025 £ 0.028
More Results from Lattice QCD

Q@? = 5GeV?, NLO (MS), SU(3); symmetry
X AY =0.30£0.07

A. Airapetian et al., HERMES, PRD 75 (2007)

X Ly=0.17+0.06
X Jy = 0.20 +0.07

N. Mathur et al., PRD 62 (2000)
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Spin Physics at Jefferson Lab
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Jefferson Lab

JLab Experimental Parameters

Hall Target density [cm~2] polarization current | AQ [msr]
A 3He 1022 0.5 10 A 2x6
B | NHs, ND; > 1023 0.7(p), ~0.3(d) | 2nA 1500
C | NHs, NDs > 1023 0.7(p), ~0.2(d) | 100 nA 8

X beam energy < 6 GeV

X beam polarization ~ 0.8

X polarized luminosities:
L =~ (10%° — 10%6)/cm?/s

X ideal for large-x physics and
moments
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Polarized Electron Scattering

_ Kinematic variables
K’ "(E’, K’)

K E K W = invariant mass
v D Q® = —¢° = 4EE'sin’(6/2)
X (W) P.

e q

PY, " ASESIE M
e Q®  2Mx
oMy T V@R

Beam: longitudinally polarized
Target: longitudinally or transversely polarized

Measure scattering asymmetries = virtual photon asymmetries:

— 03 g1(x,Q%) — y2g2(x,Q?)

oy %%
Ai(x,Q%) = -2 2

o1 +U% Fi(x,Q?)
2\ 2071 . 7[91(X7Q2)+92(X7Q2)]
Al ) = ey = Fr(x, Q)
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Measurement of A' at Large x

World data on A7: (at measured Q?)

. con w Large x data even consistent

o8 E143(2D) . Isgur 1 1 i . n -—
e Nl\i/ with SU(6) prediction: A} = 0
0.6 N S5;( )(g 1) ) ////

EEEEE S(3He)

Experiment E99-117 at JLab:
x | Q2[GeVZic?] W2 [GeV?]

Asymmetry

i)
M
H

I I I I I
1 02 03 04 05 06 07 08 09 1

X
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g —= Uncertainties:
1t
® £99117 ¢ AE —4
E o pras » FP2<5-10
| 2 E154 > 22 <5.107
o5 L ¢ HERMES ,,.’ > Af < 0.1°
‘ ! > &% < 3%
L > b
: , > 48 < 4%
sl B > Af; < 0.5°
_05 . R T B R N | PR T T T T N T T

dashed-dotted: S. Brodsky, M. Burkardt, I. Schmidt; Nucl. Phys. B441 (1995)
short dashed: E. Leader, A. Sidorov, D. Stamenov, Int. J. Mod. Phys. A13 (1998)
red solid: E. Leader, A. Sidorov, D. Stamenov; Eur.Phys. J C23 (2003)

long dashed: C. Bourrely, J. Soffer, F. Bucella; Eur.Phys. J C23 (2002)
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Spin-Flavor Decomposition at Large x

Neglecting the sea quarks and
combining neutron and proton data:

9 _ 4Aut+Ad+4AT+AT

FP 4u+d+40+d

97 _ Au+dAd+AT+4Ad
F u+4d+U+4d

Ad+Ad _ 4 9f 1 197 4
d+d ﬁ7(4+ﬂdu)_ﬁ€p(1+gdu)
with RdU — d+d
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Spin-Flavor Decomposition at Large x

3 =
Neglecting the sea quarks and 3 E +
combining neutron and proton data: 3 -
' : -
< 05 |- i
i - % —
9 _ 4Aut+Ad+4AT+AT i gt
FP 4u+d+4t+d '}f{l i
P
- o —_—
91 _ Aut+4Ad+AT+HAAd o A
Fr U+4d+T+ad B e me
ie) & HERMES
Au+AT _ 4 9 d 197 d S oesh
— 1 uy - 1 I U i B
g = 54T AY) - (1 H4RM g
g 0 S
- n o i 'ﬂﬁ‘_} 3
Ad+Ad _ 4 9 1y 197 4 By ot
d+d _ﬁ7(4+ ,qdu) 15F1ﬂ7(1+gdu) i t 5 ;
I
L L
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From 3He to the Neutron

In general: [gfﬁe(x. Q%) = Pugf o(x, @) + 2Ppg? 5(x, OZ)J

@ spin depolarization — S’ -, D - states — P, = 0.86 0050,

Pp = —0.02873:9%%
@ nuclear binding, Fermi motion — A isobar, pions, vector
mesons, off-shell effects

@ small-x-effects (nuclear shadowing, nuclear anti-shadowing:
0.05 <x<0.2)

In resonance region: nuclear binding and Fermi motion significant:
9¢, = (20-30)% uncertainty, but effects on integrals smaller ($10%)

MQ?) = %rSHe(QZ) = 2?’ P(@%)  Proton: MAID or CLAS (Hall B)
n n

J.L. Friar et al., PRC42, 2310 (1990)
C. Ciofi degli Atti et al., PRC48, R968 (1993)
F. Bissey et al., PRC65, 064317 (2002)
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The Generalized Drell-Hearn-Gerasimov Sum Rule

Q2 =0) = [ L(o,(v) - o1(v) = —Z52kf = 1(Q?) |V

hresh V

S.B. Gerasimov, Sov. J. Nucl. Phys. 2, 430, 1966

@n (Q2) — PinAIB He (Q2) ) ;s P (02 )} S.D. Drell and A.C. Hearn, Phys. Rev. Lett. 16, 908, 1966

C. Ciofi degli Atti, S. Scopetta; PLB 404, 223 (1997)

X. Jiand J. Osborne, J. Phys. G: Nucl. Part. Phys 27 (2001 50
02 0 2
< Hermes (DIS)
00 0| Koo
—02 ®  Resonance+DIS
a2 100
0.4 4
/ t B -150
-06F pro Ozn z 0
ey %
-0.8 7200*\_/9/
-1.0 L L L L =250
0.0 0.2 0.4 0.6 0.8 1.0 0
Q* (GeV/c) =300 S
0 02
D. Drechsel et al., Phys. Rev.D63,114010, 2001 =350 5 02 o7 o o8 T To
0 (GeV')

— also data from Hall B
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g5 atlow @ and low W

0
°° ®eee®’ g,(x)
M 2
o 0.90 GeV
0 Pooge2°  Paa,
.-' '....."
—0.1p 0.74 GeV
0.1 R
a
+¢DD¢DD DDDDU
O L] L3 L]
- ®e_,o° 2
I e 0.58 GeV~ |
Sopg
|
e ‘e °*
—0.1F  o° °** 0.42Gev?
o
0.1} Tq,DDDDD DDDD B
0(1 Y .. )
e % 0.26 GeV?
=]
0216 ]
0 foADn 2
—_02F '.. ) 0.10 GeV |
0 05 1

DDDDDDDDDD gz(x)

HallA: g} and g,

@ pronounced A resonance

® 9> =~ -g; = Q2 is not small !!
note: o1 o (g1 + g2), A is M1
transition
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Extension of pQCD to Resonance Regime

Relation between 15! Cornwall-Norton moment of (spin-dependent)
scaling function (N =p,n) and the OPE:

N M@)oy (@2 (@)
r(e?) = /ng1 (x, @) T; Q-2 ~ 12 (QF) + 402 + 604 +

@ /., contain nucleon matrix elements

e /i > incoherent scattering of partons (+ perturbative QCD
corrections) > large Q2

e /i~o > coherent scattering of several (few) partons (+ pertubative
QCD corrections), measure of quark-gluon and quark-quark
correlations

e measure of “Initial(Final) State Interactions” > should become
more important at lower Q?

e related to quark-hadron duality
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Look at pi:

1
(@R — o) :/ dx g (X) = +a5 + a5 +
0

e Axial charges:
a3 — galnp = 1.2670(35) v/
ag — hyperon weak decay (0.579(25))v
ap — AY =Y, 4 s(Ag+ Ag), from fit to high Q data v/
(SU(3); symmetry assumed)
e finite Q?: use Q? dependence of coefficient functions
e Accessing higher twist terms:

= AT(QF) =T1(Q) — p2(Q°)
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X. Jiand P. Unrau, Phys. Lett. B333 (1994)
E. Stein et al., Phys. Lett. B353 (1995)
X. Ji and W. Melnitchouk, Phys. Rev. D56 (1997)
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X. Jiand P. Unrau, Phys. Lett. B333 (1994)
E. Stein et al., Phys. Lett. B353 (1995)
X. Ji and W. Melnitchouk, Phys. Rev. D56 (1997)
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X. Jiand P. Unrau, Phys. Lett. B333 (1994)
E. Stein et al., Phys. Lett. B353 (1995)
X. Ji and W. Melnitchouk, Phys. Rev. D56 (1997)
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X. Jiand P. Unrau, Phys. Lett. B333 (1994)
E. Stein et al., Phys. Lett. B353 (1995)
X. Ji and W. Melnitchouk, Phys. Rev. D56 (1997)
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Higher Twist Contributions to I'"(Q?)

pol. 3He from Hall A

)oY — ——
] e JLab E94010 o SLAC E142 -
o HERMES o SLAC E143
F vSLAC E154
0
. I
5 %’
S 1
—~ + ; | J
-0.05 J[ .
-0.10 L

10
02 (Gev?)

Z.-E. Meziani et al., Phys. Lett. B 613 (2005)
M. Osipenko et al., Phys.Lett. B 609 (2005)
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M(Q?) = [y dxgi(x, )

UK, April 2007
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0.08

e JLab E94010 = SLAC E142
o HERMES ©SLAC E143

ASMC v SLAC E154 Fitted range:
0041 1 0.5GeV2 < @2 < 10 GeV?
A ¢ f = 0.034 = 0.043 (tot. uncert.)
= J8/M* = —0.019 +0.017
~0.04 | (Values for Q2 = 1 GeV?)

~0.08 _.__1

0 0.5 1 1.5 2
1/0° (GeV™)

al)= —0.0031(20)

dl=0.0079(48) (E155x)

Z.-E. Meziani et al., Phys. Lett. B 613 (2005)
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The Spin Structure Function g

E97-103: 1.92 GeV < W < 2.48 GeV

09 1
Q% [GeV7ic?]

= higher twist (twist-3?) increase
for @2 < 1 GeV?, but not huge (h.t.
> 0)

K. Kramer et al., Phys. Rev. Lett. 95 (2005)
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The Spin Structure Function g

E97-103: 1.92 GeV < W < 2.48 GeV

Evolve Blumlein and Béttcher pol.
parton distribution functions down
to low Q?: twist-2 evolution

g F
.002} xBl=0.2
'006; + + +
8506 07 o8 08 1 11 12 13 14 OOB; V.
Q’[GeV’Ic? o1 N, .
onsfF- B & B, scenario 2
. . . . onaf
= higher twist (twist-3?) increase e T
2 < 2 . . Qz[Gev/c.z] ]
for @ < 1 GeV?, but not huge (h.t. _, higher twist contributions appear
>0) to be small (or cancel) down to
K. Kramer et al., Phys. Rev. Lett. 95 (2005) Q2 ~ 0.54 Gev2
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0.3

0.2
0.4~
— F ]
2 o = ¢ o
= L]
=
= F
r A JLab E97-103
0.1 [ JLab E97-103 Systematic Errors
- [ ] SLAC E155X
r | JLab E99-117
0.21— ° 9! from B&B scen. 1 @ 1.0 GeV’
F g™ from B&B scen. 1 @ 5.0 GeV’
0.3 L L P L L L L L

(2 = 0.0062 = 0.0028 |

Q2 ~ 5 GeV2

X. Zheng et al., Phys.Rev.C 70 (2004)
P.L. Anthony et al., Phys. Lett. B553 (2003)
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0.3

0.2
01—
—
o o _ ¢ o
X ]
&
=
F A JLabE97-103
-0.1— [ JLab E97-103 Systematic Error:
r ®  SLACEISSX 9615 T T T T
r = JlabE99-117 SLACET
0.2 . " from B&B scen. 1 @ 1.0 GeV’ o 5%
B g™ from B&B scen. 1 @ 5.0 GeV’ ® JLabE99-117
N U.UI
ol s L A o0 JLab E97-103

0.005

(2 = 0.0062 = 0.0028 |

~

o
%0
><

Q% ~ 5 GeV? -0.005

X. Zheng et al., Phys.Rev.C 70 (2004)
P.L. Anthony et al., Phys. Lett. B553 (2003)

Stratmann
Weigel and Gamberg

Soffer and Bourelly
g2_WW
1 1 1

0.2 0.4 0.6 0.8
X

-0.01

o N —
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Status and Future of d;

0.015 .
~ o E94010 Neutron

o a E99-117 + E155x Neutron
0010 g E155x Neutron

____ChPT i

0.005 | —— MAID

Proposal

(X1
0.000 3
Lattice QCD
-0.005L i Ll
0.01 0.1 1 Q2 (Ge\/z) 10
2008: da((Q2) = 3GeV?)
JLab at 12 GeV: d2(<02> = 3,4, 5GeV2) M. Géckeler et al., Phys. Rev. D 63 (2001)
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Results on g} from Hall B

Q- 2 a0 | 3
[} PR SUE T ] 0045Q00s4 o 110<Q%131
L]
o PR R A L L L
0.054<Q%<0.065 I IR IS W WA WS W T R S
131<Q%<1.56
w
[T A W
o 156<Q*<187
o I I
187<Q%<223
P S R S————— i R ) STEELL PEETTEERETT RN SRR E S €6 S E Y
[ B B
2,
N 223Q'<266
I I
w 5
266<Q°317
o
[ B B
317<Q<379
T e T T T SN b i . ot 5 = = ¥ S
[ B B
o 379Q452
w Ly . L s b b b b b b b b
0 0@ 0M 005 005 007 000901 02 0 04 05 05 07 0809 01 02 03 04 05 06 07 08 09 1
. Xp:
XBJ Bj




Results on g¢ from Hall B

Ry T N N T N N N R
0 /IE,H{’;L.; 327 Q°=17GeV’
\/ ¢ zomee’ M
OSE . . L 0 I S
]

S ¥ T . Py T PR PR NN BT P

0 ! 025 Q’=200ev
Q’=036Gev 0251 5

R S . . L /—ULFH%—/J\:—;\T\_\

0 _—alfse,,, 0

r o b b b b b L Ly

\/ Q*=035Gev? 025 Q°=24GeV’
05F 025
- . . I 5
o TV 0 o * -

\J/ Q?=042Gev? ol b b b b b Ly

O5F ‘ e 0sf =306
N TR D
0 0 1! : —

‘ ‘ Q7=35

I—— s
0 T T o ST
0

o b b b b b L g 1
05F | 025 =y

Q*=06GeV
05¢ | | | | | | | | |
0070080001 02 03 04 05 060708091 01 02 03 04 05 06 07 08 08 1

X, Xy
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(Q%) and T4(Q?) from Hall B

o T
[ s o
os [ Ph.D. work: Y. Prok - UVa Soos| Ph.D. work: g
o V. Dharmawardane - ODU
0 —
0.04
0.075 F
wr t 0.02
0.05

SLAC

Preliminary

® EGlaData+DIS
° -0.02 ® EGIb measured 4
O EGTb meas. + DIS
O EGIb Data = EGla meas. +DIS
s | ® EGIb Data+DIS SLAC
<=-- Soffer-Teryaer ~0.04 —  paCD OIS 4
GDH slope Burkert/loffe
f ——  Burkert-loffe Soffer - a2
005 - coH < —— XPT—Jietal
I T T T T T T T TR FTFTF STy —0.06 [ SPH sope ‘ ‘ ‘ ‘ B
v 0 n;' 0s 0‘75 1 125 15 175 2 225 25 ° o8 ! s 2 22
s 05 o ; . 75 , Q(Gev/eY:
Q" (GeV/e)
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Higher Twist Contributions to T}(Q?)

EG1a Collaboration 02 T
0.15 | -
U B = Ayt * ]
S5 i .
— oir ]

=
[ —— total ----H
0.05 | T elastic  .-.-.. uy, /0% 7
"' 4444444 H6/Q4
0 !] ---------- LI T Ty .Tllo .
0% (GeV?)

fg = 0.039 + 0.022(stat.) + 818?g(sys.) + 0.030(low x) £+ 8:8(1)17(0@)
pg = 0.011 £ 0.013(stat.) £ 3319 (sys.) £ 0.011(low x) = 0.000(crs)
Values at Q2 = 1 GeV? M. Osipenko et al., Phys.Lett. B 609 (2005)
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Future Higher Twist Studies in Hall A

0.015 .
< o E94010 Neutron

m E99-117 + E155x Neutron
0010 g E155x Neutron

____ChPT i
0.005 | —— MAID

Proposal

¢ 00
0.000 4
Lattice QCD
-0.005 — e —
0.01 0.1 1 Q2 (Ge\/z) 10

2008: d2((@Q?) = 3GeV?)
JLab at 12 GeV: do((Q?) = 3,4,5GeV?)
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Higher Twist Contributions to the Bj Integral

e at infinite Q?:
Bjorken integral: Hall A and Hall B data combined

e at finite (large) values of Q2 and leading twist ( = twist-2), MS
scheme:

() = 9 [1 —?—358(ﬂ>2—20.21 (%)3+] =y "(CP)

e at finite (small) values of Q? and power corrections (OPE):

Q3 e (@)
e

ey =3 D) iy e

02/
i=1
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The Bjorken Integral in the Transition Regime

AF E A neutron from *He (resonances + DIS)
L oz2rp 0 neutron from D (resonances+DIS)
[ O SLACE143
0175 o Freliminary eqlb _———"g @—"77704
0.15 [ ’
0.125 |
0.1 F
0.075 |
rlr-& ! = HExPT Ji et al
0.05 [ —— xPT Bernard et al
2 Burkert—loffe
F/& - e Soffer—Teryasv
0.025 ¢ — GDH slope
- 1 Leading Twist
Is] (AN T N S YT T S T S ) B T T T S N A S S S
o 0.5 1 1.5 2 22.5 5 3
0 (CeVv®)
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Fitted range:

o O 0.8 GeV2 < Q? < 10 GeV?
2
e 0%r [ 57" = —0.11 £ 0.15(uncor) 333 (cor)
s ] pg " /M* = 0.08 = 0.06(uncor) + 0.01
[ LL M [ Lok
Smil (cor)
0.15 Fitted range:
[ B JLab. Neutron from D 066 Gev2 < Q2 < 10 GeV2
0.1F LT A JLab. Neutron from *He
; v CeRuoMC p—n +0.04
Cosh v cERMSMC f; " = —0.17 & 0.05(uncor) " ps(cor)
[ Elastic 0 SLACEISS 8" /M* = 0.12 £ 0.02(uncor) + 0.01
o : - (cor)

0 (cevty  (Values for Q2 = 1 GeV?)

Low x extrapolation consistently done — Bianchi & Thomas (2 GeV < W < 32 GeV) +
Regge parameterization for W > 32 GeV (Note: Bj integral is flavor non-singlet)

A. Deur et al., Phys. Rev. Lett. 93 (2004)
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Summary

X Nucleon spin physics program at JLab has been successful for
~10 years.

X High luminosity = Q2 evolution of moments can be measured.
Interesting results in the large x region — Ad/d negtive

X Higher twist effects in spin structure g4 and g» functions appear to
be small for the proton and the neutron down to Q% < 1 GeV?2.

>
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(07710101) 4

Bloom®Gilman Duality
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(07710101) 4

Bloom®Gilman Duality

/ gDGH™ G2 < 0.5 GeV?
QW:F)

X
-y E
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Outlook
Bloom®Gilman Duality

gDGH™™CP < 0.5 GeV?

3He(8 &G - @ < 3.4 GeV/?

SPe Program
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Outlook
Bloom®Gilman Duality

gDGH™™CP < 0.5 GeV?

3He(8 &G - @ < 3.4 GeV/?

3?eProgram
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Outlook
Bloom®Gilman Duality

gDGH™ G2 < 0.5 GeV?

3He(8 &G - @ < 3.4 GeV/?

3?e'3rogram
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Outlook
Bloom®Gilman Duality

gDGH™ G2 < 0.5 GeV?

3He(8 &G - @ < 3.4 GeV/?

3?el:’rogram
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(07710101) 4

Bloom®Gilman Duality

gDGH™ G2 < 0.5 GeV?

3He(8 &G - @ < 3.4 GeV/?

BN SSAS™He(e, e/ 7) X

\

3‘mez’rogram
3He(8Y&AN)) = 3He wf., G2

0> @3 GeV2, A,

JLaB"@ 11 GeV
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Additional Slides
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AIso:§—>1asx—>1

Neutron
4
—
rYT 9.
9,97,
—
—
AN
g
Tr
9.

Coupling of a large-
k2[~ m?/(1 — x)] longitudinal
gluon to small-p?> quarks is sup-
pressed by (p?/k?)'/2~ (1 —x)!/2
relative to the transverse coupling.

G.R. Farrar and D.R. Jackson, Phys. Rev. Lett. 35, 1416 (1975)
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