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Outline

▪ Spin Sum Rules

▪ Experiment E97-110 at Jefferson Lab

▪ Experimental Results for neutron and 3He
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▪ Relate photoabsorption cross sections to the target’s static properties
– Anomalous magnetic moment 𝜅𝜅, spin 𝑆𝑆, mass 𝑀𝑀

▪ Prediction based on general principles
– Dispersion relation
– Unitarity
– Lorentz and gauge invariance

▪ GDH sum rule can be tested experimentally

Gerasimov-Drell-Hearn (GDH) Sum Rule
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Circularly polarized photons incident 
on longitudinally polarized targets



Experimental Tests of the GDH Sum Rule

▪ Valid for nucleon and nuclear targets (𝑆𝑆 = 1
2

, 1, 3
2

, …) with real photons (Q2 = 0)

– Proton: Verified in 10% - Mainz, Bonn, LEGS
– Neutron (D and 3He): Mainz, Bonn, LEGS, HIGS
– Light nuclear target (D and 3He) measurements are interesting

• GDH integrands and sums
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Generalized GDH Sum Rules

▪ Virtual Compton amplitudes are connected with the moments of spin 
dependent structure functions
– Connect moments of spin-dependent structure functions with the Compton 

amplitudes

▪ 𝑔𝑔1 and 𝑔𝑔2 are experimentally accessible, 𝐼𝐼𝑇𝑇𝑇𝑇 𝑄𝑄2 predicted by theories
– Chiral Effective Field Theory (ChEFT)
– Lattice QCD (not available yet)
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Generalized Spin Polarizabilities

▪ Longitudinal-Transverse (LT) interference polarizability

– Quantifies the spin precession from LT interference (analogous in classical view)
– Arises because of virtual photon (𝑄𝑄2 ≠ 0) can be longitudinally polarized
– “Gold-plated” observable for ChEFT because of suppression in ∆ 1232

contributions

▪ Forward spin polarizability
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▪ First Moment of g1

– Connects to the total spin carried by the quarks
– Inelastic contribution: another generalized form of GDH sum

▪ Bjorken Sum Rule

– gA, nucleon axial charge
– Consistent with experimental result within 10%
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Importance of the Generalized GDH Sum Rule

▪ Constraints at two-ends
– GDH sum for real photons (𝑄𝑄2= 0)
– Bjorken sum rule (𝑄𝑄2→ ∞)

▪ Tests the theoretical calculations for the Compton amplitudes at very low 𝑄𝑄2
– Baryon Chiral Perturbation Theory (HBChPT, IRBChPT, RBChPT)
– Future Lattice QCD

▪ Study the transition from non-perturbative to perturbative QCD
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▪ Spin Sum Rules

▪ Experiment E97-110 at Jefferson Lab

▪ Experimental Results for neutron and 3He
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Experiments Summary
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Recent Low-Q experiments at JLab:

1. EG4 (CLAS):  NH3 and ND3 to 
measure g1

2. E08-027 (Hall A): NH3 to 
measure g2

3. E97-110 (Hall A): 3He to 
measure g1 and g2

All measurements down to at least 
Q2 ~ 0.02 GeV2



Motivation for E97-110

▪ Precision measurement of the moments of 
spin structure functions at low Q2, 0.02 to 
0.24 GeV2 for the neutron (3He)

▪ Covered an unmeasured region of 
kinematics to test theoretical calculations 
(Chiral Perturbation theory)

▪ Complements data from experiment E94-010
covered region from 0.1 to 0.9 GeV2
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Spokespersons: J.-P. Chen, A. Deur, F. Garibaldi



E94-010 Results
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Neutron Helium-3

M. Amarian et al., Phys. Rev. Lett., 89:242301, Nov 2002. K. Slifer et al., Phys. Rev. Lett., 101:022303, Jul 2008.

Turning point?

Better agreement?



JLab Polarized 3He System

Measurement of SSF

▪ Experimental access to the spin-dependent structure 
functions
– Doubly polarized inclusive scattering
– Different polarization configurations
– Effective neutron target (3He)
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Kinematic Coverage
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8 datasets covering 1.1 – 4.4 GeV @ 6° or 9°
– Quasi-elastic, resonances, and partially DIS
– Constant Q2 interpolation based on the 5 low-Q 

datasets
– 3 high-Q datasets for constraining
– Q2 values selected to minimize syst. from  

interpolation (close to real-data threshold region)



Setup and Analysis

15

𝑃𝑃𝑏𝑏 ≈ 75%

▪ Right-arm HRS + septum magnet
– Extend forward angle to below 12.5°

▪ Cross-section analysis and asymmetry 
analysis combined



Elastic Radiative Tail Subtraction

▪ Significant contribution to syst. in Q.E. at the lowest Q2

– A dedicated simulation for elastic radiative tails
– EM FF was based on Amroun et al. Nucl. Phys. A579, 596-626 (1994)
– Radiative effects from different recipes evaluated 
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Akushevich & Shumeiko (AS), Journal of Physics G, 20(4):513, 1994.
Mo & Tsai (MT), Rev. Mod. Phys., 41:205–235, 1969.



Inelastic Radiative Correction

▪ Iterative correction
– Build a pseudo-model with the experimental data
– Bilinear/bicubic interpolation for unmeasured points
– A few of points extrapolated with models
– Radiative effects calculated following POLRAD
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Experimental 
Data

input

Born Cross 
Sections

Pseudo Cross 
Section Model

Radiative 
Correction

Ends if

converged

I. Akushevich et al., Comput. Phys. Commun. 104, 201-244 (1997)



Quasi-elastic Calculations

▪ Quasi-elastic contribution subtracted for neutron results
– Faddeev calculations from Hannover or Golak
– MAID model with ENPA plus Smearing for 3He
– Separation of Q.E. and inelastic contributions with fits
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Neutron Results – First Moments
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Nuclear corrections follow the recipe from C. Ciofi degli Atti and S. Scopetta (1997)

V. Sulkosky, J. Singh, C. Peng, J.-P. Chen, A. Deur et al., 
Phys. Lett. B 805 (2020) 135428



V. Sulkosky, C. Peng, J.-P. Chen, A. Deur et al., 
Nature Physics 17, p687–692 (2021)

Neutron Results – Spin Polarizabilities
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3He Spin-dependent Structure Functions

▪ Two lowest Q2 point
– Interpolated from

1.1 GeV @ 9°
2.1 GeV @ 6°
2.8 GeV @ 6°

▪ 𝑔𝑔1 + 𝑔𝑔2 ≈ 0 for ∆(1232)
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3He Spin-dependent 
Structure Functions

▪ Three higher Q2 point
– Interpolated from

2.8 GeV @ 6°
2.2 GeV @ 9°
3.3 GeV @ 9°

– Additional constraints from
4.2 GeV @ 6°
3.8 GeV @ 9°
4.4 GeV @ 9°
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3He First Moments Γ1, Γ2
Consistent with E94 results at overlapping Q2, trend is turning at < 0.1 GeV2
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3He Results - Sum Rules 𝐼𝐼𝑇𝑇𝑇𝑇, 𝐼𝐼𝐿𝐿𝐿𝐿
A turning point observed at < 0.1 GeV2, data curve is approaching the real photon point.
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Summary

▪ JLab E97-110 has measured the spin sum rules for neutron and 3He at low Q2

▪ Generalized spin polarizabilities of the neutron do not agree well with ChEFT
predictions at Q2 < 0.1 GeV2

– Lattice QCD inputs will be important to understand the discrepancy on 
neutron result

▪ The turning point of 3He GDH sum rule is observed at around Q2 = 0.1 GeV2, 
correct trending to the real photon point
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Thank you

This work is supported in part by the U.S. Department of Energy, Office of 
Science, Office of Nuclear Physics, under Contract No. DE-AC02-06CH11357.
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Data Table - 𝜹𝜹𝑳𝑳𝑳𝑳
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Data Table - 𝜸𝜸𝟎𝟎
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Data Table - 𝑰𝑰𝑳𝑳𝑳𝑳
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Measurements of Γ1

PRL 89, 242301 (2002)

Neutron

MAID: phenomenological model with only resonance contributions. 31

Proton

Y. Prok et al. Phys. Lett. B672 12, 2009



The Bjorken Sum
Proton − Neutron
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Pr
ot

on

PLB672 12, 2009

Calculations also fail for proton γ0

Proton Spin Polarizability: γ0

𝑸𝑸𝟐𝟐 33



Neutron Forward Spin Polarizabilities

PRL 93: 152301 (2004)

Heavy Baryon χPT Calculation
Kao, Spitzenberg, Vanderhaeghen
PRD 67:016001(2003)

Relativistic Baryon χPT
Bernard, Hemmert, Meissner
PRD 67:076008(2003)

Failure of χPT?
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Summary of Data Comparison with χPT
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State of 𝝌𝝌pt affairs (2006):

Ref. Γ1
𝑝𝑝 Γ1𝑛𝑛 Γ1

𝑝𝑝−𝑛𝑛 Γ1
𝑝𝑝+𝑛𝑛 𝛾𝛾0

𝑝𝑝 𝛾𝛾0𝑛𝑛 𝛾𝛾0
𝑝𝑝−𝑛𝑛 𝛾𝛾0

𝑝𝑝+𝑛𝑛 𝛿𝛿𝐿𝐿𝐿𝐿𝑛𝑛 𝑑𝑑2
𝑝𝑝 𝑑𝑑2𝑛𝑛

Bernard et al. X X A X X A X X X - X
Ji et al. X X A X - - - - - - -

Kao et al. - - - - X A X X X - X

A: agree with data
X: disagree with data
-: no calculation available

no unmeasured low-x data 

𝛥𝛥 suppressed 𝛥𝛥 suppressed 𝛥𝛥 suppressed
(expected)
“𝛿𝛿𝐿𝐿𝐿𝐿crisis”



Recent Experimental Efforts at JLab

1. EG4 (CLAS):  NH3 and ND3 to measure g1
2. E08-027 (Hall A): NH3 to measure g2
3. E97-110 (Hall A): 3He to measure g1 and g2

All measurements down to at least 
Q2 ~ 0.02 GeV2
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HRS
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Systematic Table (V. Sulkosky)
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E94-010 Results
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Heavy Baryon ChPT Calculation
Kao, Spitzenberg, Vanderhaeghen
PRD 67:016001(2003)

Relativistic Baryon ChPT
Bernard, Hemmert, Meissner
PRD 67:076008(2003)

Need further tests at low Q2



Theoretical developments
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▪ Born level cross sections are retrieved after radiative corrections

▪ External Energy loss
– Bremsstrahlung
– Ionization

▪ Internal effects
– Bremsstrahlung, energy loss
– Virtual photon, no loss

Radiative Correction

41



Elastic Radiative Tail

▪ Generated with Monte-Carlo simulation
– 3He form factor parameterization from Amroun, Nuclear Physics A, 579(3):596 – 626, 1994

▪ Internal effects
– Akushevich & Shumeiko (AS), Journal of Physics G, 20(4):513, 1994.
– Mo & Tsai (MT), Rev. Mod. Phys., 41:205–235, 1969.
– Main difference lies in Bremsstrahlung calculation, MT – modified Bethe-Heitler formula, AS –

QED calculation

▪ External effects
– Bremsstrahlung, Tsai’s formula (SLAC-PUB-848)
– Ionization, Landau theory
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Faddeev Calculation Comparison

▪ Good agreement at lowest Q2



Faddeev Calculation Comparison

▪ Good agreement at lowest Q2



Faddeev Calculation Comparison

▪ Both Faddeev and PWIA are not working well at intermediate Q2



Spin-dependent Structure 
Function, 6 degree

▪ 𝑔𝑔1 + 𝑔𝑔2 ≈ 0 for Delta resonance



Spin-dependent Structure 
Function, 9 degree



Interpolation to Constant Q2 (He3 results)
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