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Introduction
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Introduction

• Jefferson Lab Experiment E97-110:
◦ Precise measurement of moments of spin structure functions

at low Q2, 0.02 to 0.25 GeV2 for the neutron and 3He.

◦ Data covered an unmeasured region of kinematics to check
theoretical calculations (Chiral Perturbation Theory).

◦ Data from experiment E94-010 measured the transition region
(0.1 to 0.9 GeV2) from non-perturbative to perturbative QCD.

◦ Preliminary results are available and final results by this
summer.
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Inclusive Electron Scattering

Energy transfer:

ν = E − E
′

Momentum transfer:

~q = ~k − ~k′

4-momentum transfer squared:

Q2 = −q2 = 4EE
′

sin2 θ
2

Invariant Mass:

W 2 = M2 + 2Mν − Q2

Bjorken variable:

x = Q2

2Mν

e = (E, k)
e’ = (E’, k’)

q =  (   , q)ν

p = (M,  )0

θ

W

To detectors
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Inclusive Cross Sections

• structure functions:
g1 and g2 (quark polarizations)

or σTT and σLT

• Polarized cross sections:

∆σ‖ = d2σ↓⇑

dE′dΩ
− d2σ↑⇑

dE′dΩ
= K

[

(E + E′ cos θ) g1(x, Q2) −
(

Q2

ν

)

g2(x, Q2)
]

∆σ⊥ = d2σ↓⇒

dE′dΩ
− d2σ↑⇒

dE′dΩ
= KE′ sin θ

[

g1(x, Q2) + 2E
ν g2(x, Q2)

]

K = 4α2

MνQ2

E′

E

↓↑ are for electron spin, ⇑⇒ are for target spin direction
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Inclusive Cross Sections

• structure functions:
g1 and g2 (quark polarizations)

or σTT and σLT

• Virtual photon-nucleon polarized cross sections:

2σTT

(

x, Q2
)

= σ1/2

(

x, Q2
)

− σ3/2

(

x, Q2
)

= 8π2α
MK

[

g1

(

x, Q2
)

− 4M2x2

Q2 g2

(

x, Q2
)

]

σLT

(

x, Q2
)

= 4π2α
MK

[

g1

(

x, Q2
)

+ g2

(

x, Q2
)]

K: virtual photon flux
σ1/2, σ3/2: electroproduction cross sections
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Gerasimov-Drell-Hearn (GDH) Sum Rule (Q2 = 0)

IGDH =
∫ ∞

νth

σ 1
2
(ν) − σ 3

2
(ν)

ν
dν = −2π2α( κ

M
)2

• Circularly polarized photons incident on a longitudinally

polarized spin-1
2 target.

• σ 1
2

(σ 3
2
) photoabsorption cross section with photon helicity

parallel (anti-parallel) to the target spin.

• The sum rule is related to the target’s anomalous part of the

magnetic moment κ.

• Solid theoretical predictions based on general principles:

Lorentz invariance, gauge invariance, unitarity and casuality.
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GDH Measurements

The sum rule is valid for any target with a given

spin
(

S = 1
2 , 1, 3

2 , . . .
)

.

M [GeV] Spin κ IGDH[µ b]

Proton 0.938 1
2 1.79 –204.8

Neutron 0.940 1
2 -1.91 –233.2

Deuteron 1.876 1 -0.14 –0.65

Helium-3 2.809 1
2 -8.38 –498.0

• Proton sum rule was verified (7%): Mainz, Bonn and LEGS.

• Measurements for the neutron
(

2H and 3He
)

are in progress.
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Generalized GDH Integral (Q2 > 0)

I(Q2) =
∫ ∞

νth

[

σ 1

2

(ν, Q2) − σ 3

2

(ν, Q2)
]

dν
ν

σ1/2 − σ3/2 = 8π2α
MK

[

g1(ν, Q2) −
(

Q2

ν2

)

g2(ν, Q2)
]

• Photoproduction cross sections ⇒ electroproduction cross
sections.

• X.-D. Ji and J. Osborne, J. Phys. G27, 127 (2001)
Forward virtual compton scattering amplitudes: S1(Q2), S2(Q2).

S1(Q
2) = 8

Q2

∫ 1

0 g1(x, Q2)dx = 8
Q2Γ1(Q

2)

• Based on same general principles: Lorentz invariance, gauge
invariance, unitarity and casuality.
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Importance of the Generalized GDH Sum Rule

χPT Lattice QCD pQCD

Q2 = 0 Q2 = ∞
Hadronic Partonic

GDH Sum Rule Bjorken Sum Rule

• Constrained at the two ends of the Q2 spectrum by known sum
rules: GDH (Q2 = 0) and Bjorken (Q2 → ∞).

• Generalized GDH Integral is calculable at any Q2.

• Compare theoretical calculations to experimental measurements
over the measurable Q2 range.

• Tool to study transition from non-perturbative to perturbative QCD.
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Neutron and 3He GDH Results

Neutron

Bernard et al (with ∆)

GDH Sum Rule

Bernard et al (no ∆)
Ji et al
MAID

Q2 GeV2

I T
T

E94010 (Resonances+DIS)
HERMES
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MAID: phenomenological model with only resonance contributions.
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Neutron and 3He GDH Results

Neutron Helium-3

Bernard et al (with ∆)

GDH Sum Rule

Bernard et al (no ∆)
Ji et al
MAID

Q2 GeV2
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MAID: phenomenological model with only resonance contributions.
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Neutron Spin Polarizabilities

γ0 = 16αM2

Q6

∫ x0

0 x2
(

g1 − 4M2

Q2 x2g2

)

dx δLT = 16αM2

Q6

∫ x0

0 x2 (g1 + g2) dx

∆ resonance suppressed for δLT

more robust prediction of χPT
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Experiment E97-110

• Inclusive experiment:
→

3He(~e,e′)X

⇒ Scattering angles of 6◦ and 9◦

⇒ Polarized electron beam:

〈Pbeam〉 = 75%

⇒ Pol. 3He target (para & perp):

〈Ptarg〉 = 40%

• Measured polarized cross-

section differences
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Precise measurement of generalized GDH integral at low Q2, 0.02 to 0.25 GeV2
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Experimental Setup
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3He - g1, g2 versus W at constant Q2
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First Moment of g1

Γ1 =
∫ x0

0 g1(x, Q2)dx

Xpt - Chiral Perturbation Theory
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Spin Polarizabilities New Results
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Summary and Conclusion

• The GDH integral is an important tool that can be used to study
nucleon spin structure over the full Q2 range:
◦ in particular, the transition from perturbative QCD to

nonperturbative QCD.

• Experiment E97-110 provides precision data for moments of the
spin structure functions at low Q2: 0.02 to 0.25 [GeV/c]2

• Preliminary results of the the neutron moments are available and
work is in progress to finalize the systematic effects.

• These data provide a precise-benchmark test of Chiral
Perturbation Theory calculations at a Q2 where they are expected
to be valid.

• Final neutron results this summer.
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Extra Slides
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Summary of Data Comparison with χPT

Not sensitive to unmeasured high energy part.

White: no data available
red: poor agreement
yellow: some agreement
green: good agreement

– p.19/33



DIS 2011

Systematic Uncertainties

Source Systematic Uncertainty

Angle 6◦ 9◦ 3.775 GeV, 9◦

Target density 2.0%

Acceptance 5.0% 5.0% 15.0%

VDC efficiency 3.0% 2.5% 2.5%

Charge 1.0%

PID efficiency < 1.0%

δσraw 6.4% 6.2% 15.5%

Nitrogen dilution 0.2–0.5%

δσexp 6.5% 6.3% 15.5%

Beam Polarization 3.5%

Target Polarization 7.5%

Radiative Corrections∗ 20% (40% for Q2 ≤ 0.08)

Total on ∆σ 12.1% 12.0% 18.6%
∗ Radiative correction uncertainty ≈ 6% in delta region
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Chiral Symmetry

Chiral symmetry is an important symmetry of the strong interaction.

mu,d ∼ few MeV ≪ MN ∼ 940 MeV:

Chiral symmetry is a fairly accurate

symmetry of QCD, i.e. Mu,d

MN
∼ 5·10−3.

Mq 6= 0 explicitly breaks the symmetry. mirror image of object  object 
object is chiral

Some objects in real world
occur with both chiralities…

“I call any geometrical figure, or group of 
points,  chiral,  and  say that it has chirality, if its image in a plane 
mirror, ideally realized, cannot be brought to coincide with itself.”

• Treat light quark masses as perturbations to the chiral symmetric
part of QCD

• Makes calculations possible in the non-pertubative region, i.e.,
Chiral perturbation theory.
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First Moments of g1 and g2

Γ1 =
∫ 1
0 g1(x, Q2)dx

Γ2 =
∫ 1
0 g2(x, Q2)dx

Bjorken Sum Rule (Q2 → ∞)

Γp
1 − Γn

1 = gA

6

J.D. Bjorken, Phys. Rev. 148, 1467 (1966)

• gA = (1.2695 ± 0.0029): the nucleon axial charge.

• The sum rule has been measured and agrees with expected

value (at the 10% level).
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GDH Derivation for Real Photons

• Begin with the spin dependent part of the forward Compton
amplitude, S1

• Use the following dispersion relation and three assumptions:

Re S1(ν) = 2ν
π

∫ ∞

νth

dν ′ Im S1(ν′)
ν′2−ν2

• Optical Theorem: Im S1(ν) = ν
8π

σTT (ν)

• Low Energy Theorem: Re S1(ν) = − e2κ2

8πM2 ν

• Unsubstracted Dispersion Relation: assumption is
convergence of the dispersion integral.

IGDH =
∫ ∞

νth

σ 1

2

(ν) − σ 3

2

(ν)

ν
dν = −2π2α( κ

M
)2
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New Bending Magnet

• Low Q2 requires forward angles.

• Minimum spectrometer angle is 12.5◦.
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Kinematic Coverage and Interpolation

W [GeV]
500 1000 1500 2000 2500

 [
G

eV
]

2
Q

-210

-110

First Period

Second Period

2 Body Breakup
2Constant Q

Six constant Q2 points: 0.04, 0.06, 0.08, 0.1, 0.12 and 0.24 GeV2.
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Constant Q2 Interpolation and Integral Extraction

Procedure:

• First interpolate to constant W for each energy.

• Second interpolation with respect to Q2.

• Integrals formed from W = 1073 GeV to 2000 GeV.

• We could use our own data above W = 2000 GeV.

• DIS contribution included up to W =
√

1000 using Thomas and
Bianchi parameterization.

• Neutron extraction performed using calculation from Scopetta and
Ciofi degli Atti for Q2 >= 0.1 GeV2.

• Q2 < 0.1 GeV2 use effective polarization technique (difference ∼
5–10%).
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3He as an Effective Polarized Neutron Target

pp

n
pp

n

p

n

pS state(�88.2%) D state(�9.8%) S 0 state(�1.4%)
Pn = 86% and Pp = -2.8%
J.L. Friar et al., PRC 42, (1990) 2310

Extraction of Neutron Results

Γn
1(Q

2) = 1
Pn

[

Γ
3He
1 (Q2) − 2PpΓ

p
1(Q

2)
]

C. Ciofi degli Atti & S. Scopetta, PLB 404, (1997) 223
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Polarized 3He System

• Both longitudinal and transverse configurations.
• Two independent polarimetries: NMR and EPR.

λ
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λ
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λ
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Necessary for 6 degrees at Low Beam Energy!
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Near Final Target Polarization

Run number
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Spin Exchange Optical Pumping

Collisional Mixing

Spin Relaxation

5P1

2

5S1

2

Quenching
Nonradiative

D1 Light

mJ = +
1
2

mJ = +
1
2mJ = −1

2

mJ = −1
2

σ+
N

N

Rb
3
He

3
He Rb

3He nucleus is polarized via spin-exchange with optically
pumped Rb atoms.
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First Moment of g2

Γn
2 (Q2) =

∫ 1

0
g2(x, Q2)dx = 0

Burkhardt-Cottingham Sum Rule
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Neutron IGDH
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Cross Section Differences
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Radiative corrections: formalism of L. Mo and Y. Tsai (unpolarized)
and POLRAD (polarized), work done by J. Singh.
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