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Deep inelastic scattering
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D. J. Gross, H. D. Politzer and F. Wilczek
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strong   interaction
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Scaling of F2

H. W. Kendall, Rev. Mod. Phys. 63 (1991) 597

J. I. Friedman, H. W. Kendall and R. E. Taylor
1990 Nobel Prize

F2=

€ 

x = 0.25
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Structure functions in the parton model
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In the infinite-momentum frame, partons are point-like non-interacting particles: 
σNucleon = Σi σi 
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Structure functions in the parton model
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The resonance region

  

€ 

e = (E,
 
k )

  

€ 

e'= (E ',
 
k ')

€ 

θ

Q2

Low Q2 and W<2 GeV : coarse resolution → we don’t see 
individual partons.

The nucleon goes through different excited 
states: the resonances



11



12

Scaling curve seen at high Q2 
is an accurate average over the 
resonance region at lower Q2
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Quark-hadron duality
I. Niculescu et al., PRL 85 (2000) 1182

High precision Hall C data 
allowed the confirmation 

global duality and the 
observation of local duality 

for F2
F2

Proton

Deuteron

ξ

What about spin-
dependent structure 

functions ?
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Theoretical interpretations

Q2 =0 Q2 =∞

pQCDOPEQuark modelsχPT
Lattice QCD

pQCD (Carlson, Mukhopadhyay): 
        ➥ Q2 dependence of transition form factors vs. x dependence of parton 
distribution functions
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Theoretical interpretations

Q2 =0 Q2 =∞

pQCDOPEQuark modelsχPT
Lattice QCD

Operator Product Expansion (Rujula, Georgi, Politzer):
        ➥ Higher twist corrections are small or cancel.
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Theoretical interpretations

SU(6) symmetry breaking in the quark model (Close, Isgur and Melnitchouk):
        ➥ investigate several scenarios with suppression of spin-3/2, helicity-3/2 or 
symmetric wave function

Q2 =0 Q2 =∞

pQCDOPEQuark modelsχPT
Lattice QCD

€ 

N = cosθw ψρ + sinθw ψλ
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Existing data on “spin duality”
P. Bosted et al, Phys. Rev. C 75 (2007) 035203

Hall B

g1p(DIS) > 0
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Hall B

g1p(DIS) > 0

but g1p(Δ) < 0 even

at Q2 as high as 3.5 GeV2 

Duality for g1p ?

P. Bosted et al, Phys. Rev. C 75 (2007) 035203
Existing data on “spin duality”
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Hall B
Global duality

local duality
P. Bosted et al, Phys. Rev. C 75 (2007) 035203

Existing data on “spin duality”
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FIG. 3: Results for g1 from this experiment (RSS) and other
relevant data [2, 32], as well as target mass corrected NLO
PDFs. The upper scale shows W (at Q2 = 1.3 GeV2) for
reference.

at this Q2. The ratios for restricted, but still rather
broad, W ranges differ from unity by several sigmas,
demonstrating that local polarized duality is not valid
at our Q2: 1.09 < W < 1.4 GeV is 6.47 ± 0.95, and
1.4 < W < 1.91 GeV is 0.87 ± 0.06. Including also
large x resummations for the PDFs [11], the global ra-
tio changed to 1.42 ± 0.10. The quoted errors are based
on the data integrals only, including a 0.4% contribution
from computing our fit at fixed Q2. Our results are in
good agreement with the recent results from CLAS [13].

Approximate global duality within errors was reported
by [10], based on A1 resonance data averaged over a
broad Q2 range from 1.6 to 2.9 GeV2 and compared to a
DIS fit to data. The weak Q2 dependence of A1 (within
large errors) allows for averaging, instead of calculating
the ratio at each Q2 value as is required for testing du-
ality in the structure functions. But duality in the spin
asymmetry A1 ∝ g1/F1 could be due to accidental can-
cellations in the ratio g1/F1.

Our results for g2 are much clearer, especially in the
framework of the QCD OPE. The comparison of our data
and the gWW

2 approximation, evaluated from our mea-
surements of g1, provides strong evidence of the signifi-
cance of higher-twist terms at this Q2, as shown in Fig. 4.
Combining our measurements of g1 and g2, we can inves-
tigate specifically the twist-3 contribution via the matrix
element d2 (Eq. 2). Over the measured range (0.29<x<
0.84), we find d2 = 0.0057±0.0009 (stat)±0.0007 (syst),
including a 4% contribution to the systematic error from
our fit’s assumed Q2 dependence. This significantly non-
zero result highlights the limitation of leading-twist ap-
proximations. Extrapolating this result to Q2 = 5 GeV2,
assuming a 1/Q dependence, we find d2 = 0.0029 com-
pared to the SLAC result d2 = 0.0032± 0.0017 [33].

In summary, our results significantly increase the avail-
able information on the proton spin structure: These new

FIG. 4: Our (RSS) values for g2 and the approximation gWW

2

(Eq. 1) as evaluated from our data.

data provide a connection to the measurements at DIS
kinematics and fill a significant void in the explored re-
gions. Our measurement with transverse spin arrange-
ment is the first in the resonance region, with notably
non-zero results. Our data clearly indicate the impor-
tance of higher twist contributions and thus quark–gluon
correlations. We have established that Bloom-Gilman
polarized duality is meaningful only for the resonance re-
gion as a whole, although local polarized duality may yet
be observed at higher Q2 ranges.

We would like to thank the Hall C technical staff and
the accelerator operators for their efforts and dedication.
This work was supported by the Department of Energy,
the National Science Foundation, the Schweizerische Na-
tionalfonds, and by the Institute of Nuclear and Parti-
cle Physics of the University of Virginia. The South-
ern Universities Research Association (SURA) operates
the Thomas Jefferson National Accelerator Facility under
contract for the United States Department of Energy.

[1] J. Ashman et al. (EMC), Phys. Lett. B 206, 364 (1988).
[2] K. Abe et al. (E143), Phys. Rev. Lett. 78, 815 (1997);

Phys. Rev. D 58, 112003 (1998).
[3] D. Adams et al. (SMC), Phys. Lett. B 396, 338 (1997).
[4] K. Ackerstaff et al. (HERMES), Phys. Lett. B 404, 383

(1997), hep-ex/9703005.
[5] J. Kodaira, S. Matsuda, K. Sasaki, and T. Uematsu,

Nucl. Phys. B159, 99 (1979).
[6] R. L. Jaffe, Comments Nucl. Part. Phys. 19, 239 (1990).
[7] S. Wandzura and F. Wilczek, Phys. Lett. B 72, 195

(1977).
[8] E. D. Bloom and F. J. Gilman, Phys. Rev. Lett. 25, 1140

(1970); Phys. Rev. D 4, 2901 (1971).
[9] W. Melnitchouk, R. Ent, and C. Keppel, Phys. Rept.

406, 127 (2005), hep-ph/0501217.
[10] A. Airapetian et al. (HERMES), Phys. Rev. Lett. 90,

092002 (2003), hep-ex/0209018.
[11] N. Bianchi, A. Fantoni, and S. Liuti, Phys. Rev. D 69,

014505 (2004), hep-ph/0308057.
[12] Y. B. Dong, Phys. Lett. B 641, 272 (2006).
[13] P. E. Bosted et al. (CLAS) (2006), submitted to Phys.

20

F. Wesselmann et al, Phys. Rev. Lett. 98 (2007) 132003

Hall C

Existing data on “spin duality”
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F. Wesselmann et al, Phys. Rev. Lett. 98 (2007) 132003

Hall C

Q2 (GeV2)
0.50 1.00 1.50 2.00 2.50 3.00

 I 
(R

es
/D

IS
) o

f g
1

0.00

0.50

1.00

1.50

2.00

2.50
RSS M<W <1.91 GeV
RSS 1.08<W <1.91 GeV (stat. error)
eg1a M<W <2 GeV (from M.E.K.)
eg1b resonances
eg1b resonances + elastic (stat. error)

Global duality
Existing data on “spin duality”
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Indication of duality for g1
3He  from Hall A (E94-010)

Existing data on “spin duality”



B. Neutron results

Results for the neutron asymmetries A1
n and A2

n, structure

function ratios g1
n /F1

n and g2
n /F1

n, and polarized structure

functions g1
n and g2

n are given in Table VIII.

The A1
n, g1

n /F1
n, and g1

n results are shown in Figs. 19–21,

respectively. In the region of x!0.4, our results have im-
proved the world data precision by about an order of magni-

tude, and will provide valuable inputs to parton distribution

function parametrizations. Our data at x=0.33 are in good

agreement with previous world data. For the A1
n results, this

is the first time that the data show a clear trend that A1
n turns

to positive values at large x. As x increases, the agreement

between the data and the predictions from the constituent

quark model becomes better. This is within the expectation

since the CQM is more likely to work in the valence quark

region. It also indicates that A1
n will go to higher values at

x!0.6. However, the trend of the A1
n results does not agree

with the BBS and LSS(BBS) parametrizations, which are
from leading-order PQCD analyses based on hadron helicity
conservation. This indicates that there might be a problem in
the assumption that quarks have zero orbital angular momen-
tum, which is used by HHC.
The sources for the experimental systematic uncertainties

are listed in Table IX.
Systematic uncertainties for the A1

n results include that
from experimental systematic errors, uncertainties in internal
radiative corrections "A1

n,ir and external radiative corrections
"A1

n,er as derived from the values in Tables V and VI, and
that from nuclear corrections as described in Sec. V F. Table
X gives these systematic uncertainties for the A1

n results
along with their statistical uncertainties. The total uncertain-
ties are dominated by the statistical uncertainties.
We used five functional forms x#Pn!x"!1+$ /Q2" to fit our

g1
n /F1

n results combined with data from previous experiments
[25,53]. Here Pn is the nth-order polynomial, n=1,2 for a
finite # or n=1,2 ,3 if # is fixed to be 0. The total number of
parameters is limited to %5. For the Q2 dependence of
g1 /F1, we used a term 1+$ /Q2 as in the E155 experimental
fit [53]. No constraints were imposed on the fit concerning
the behavior of g1 /F1 as x→1. The function which gives the
smallest &2 value is g1

n /F1
n= !a+bx+cx2"!1+$ /Q2". The new

fit is shown in Fig. 20. Results for the fit parameters are

given in Table XI and the covariance error matrix is

' = #
1.000 ! 0.737 0.148 0.960

! 0.737 1.000 ! 0.752 ! 0.581

0.148 ! 0.752 1.000 ! 0.039

0.960 ! 0.581 ! 0.039 1.000
$ .

Similar fits were performed to the proton world data

[25,53,54] and the function g1
p /F1

p=x#!a+bx"!1+$ /Q2" was
found to give the smallest &2 value. The new fit is shown in
Fig. 2 of Sec. II G. Results for the fit parameters are given in

Table XII and the covariance error matrix is

' = #
1.000 0.908 ! 0.851 0.723

0.908 1.000 ! 0.967 0.401

! 0.851 ! 0.967 1.000 ! 0.369

0.723 0.401 ! 0.369 1.000
$ .

TABLE X. Total uncertainties for A1
n.

%x& 0.33 0.47 0.60

Statistics 0.024 0.027 0.048

Experimental syst. 0.004 0.003 0.004

"A1
n,ir 0.012 0.013 0.015

"A1
n,er 0.002 0.002 0.003

F2
p, F2

d 0.006 0.008 +0.005

!0.010

Nuclear effect 0.001 0.000 0.009

A1
p 0.001 0.005 0.011

Pn, Pp +0.005

!0.012

+0.009

!0.020

+0.018

!0.037

FIG. 20. Results for g1
n /F1

n along with previous world data from

SLAC [25,53]. The curves are the prediction for g1
n /F1

n from the

LSS 2001 NLO polarized parton densities at Q2=5 !GeV/c"2 [41],
the E155 experimental fit at Q2=5 !GeV/c"2 (long-dash–dot–
dotted) [53], and the new fit as described in the text

(long-dash–dot–dot–dotted).

FIG. 21. Results for g1
n along with previous world data from

SLAC [51–53] and HERMES [50].

PRECISION MEASUREMENT OF THE NEUTRON SPIN… PHYSICAL REVIEW C 70, 065207 (2004)

065207-1723

Neutron spin duality ?

X. Zheng et al, Phys. Rev. C 70 (2004) 065207

DIS

g1n(DIS) < 0

and g1n(Δ) is negative up 

to the its FF fall off

Onset of duality for g1n 
is expected “sooner”



24

In order to improve our understanding of duality, we need 
to explore duality in:

   polarized SF vs. unpolarized SF 
and

 proton vs. neutron 

a dedicated experiment to study spin duality on the 
neutron was necessary

Quark-hadron duality: accidental or universal phenomenom ?
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The experiment 01-012

 Ran in Jan.-Feb. 2003

 Inclusive experiment:

 Measured polarized cross section 
differences  and form g1 and g2 for 3He

  

€ 

3
 
H e( e ,e')X

 Test of spin duality on the neutron (3He)

 Polarized electron beam: 
                 70 < Pbeam < 85%

 Hall A in standard equipment

 Pol. 3He target (para and perp): 
                  <Ptarg> = 37% 
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K. Aniol, T. Averett, W. Boeglin, A. Camsonne, G.D. Cates, 
G. Chang, J.-P. Chen, Seonho Choi, E. Chudakov, B. Craver, 

F. Cusanno, A. Deur, D. Dutta, R. Ent, R. Feuerbach, 
S. Frullani, H. Gao, F. Garibaldi, R. Gilman, C. Glashausser,
O. Hansen, D. Higinbotham, H. Ibrahim, X. Jiang, M. Jones, 

A. Kelleher, J. Kelly, C. Keppel, W. Kim, W. Korsch,K. Kramer,
G. Kumbartzki, J. LeRose, R. Lindgren, N. Liyanage, B. Ma, 
D. Margaziotis, P. Markowitz, K. McCormick, Z.-E. Meziani, 
R. Michaels, B. Moffit, P. Monaghan, C. Munoz Camacho, 

K. Paschke, B. Reitz, A. Saha, R. Sheyor, J. Singh, K. Slifer, 
P. Solvignon, V. Sulkosky, A. Tobias, G. Urciuoli, K. Wang, 

K. Wijesooriya, B. Wojtsekhowski, S. Woo, J.-C. Yang, 
X. Zheng, L. Zhu

The E01-012 Collaboration
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Experimental setup

Hall A

Both HRS in symmetric configuration 

at 25o and 32o

   ➥ Double the statistics
  ➥ Control the systematics

Particle ID = Cerenkov + EM 

calorimeter  

           ➥ π/e reduced by 104
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The polarized 3He target

Pick-Up Coils
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The polarized 3He target Pressure ~ 14 atm under running conditions
High luminosity: 1036 s-1cm-2

Ltg ~ 40cm

Pick-Up Coils
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The polarized 3He target

Pick-Up Coils
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The polarized 3He target

S

P
3He 

= κ
w
 S

Pick-Up Coils
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The polarized 3He target

S

P
3He 

= κ
w
 S

  

€ 

 
B o + δ

 
B 3He   

€ 

 
B o + δ

 
B 3He

  

€ 

 
B o −δ

 
B 3He

2Δν

P3He = κepr ΔνPick-Up Coils
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Agreement between both HRS better than 2% 

Statistical errors only

Unpolarized cross sections
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Statistical errors only

Asymmetries
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Statistical errors only

Asymmetries
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From constant (E,θ) to constant Q2
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The structure function g1 in 3He P. Solvignon et al., PRL 101, 182502 (2008) 

Target mass corrections 
were applied on PDFs
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Spin duality on 3He and neutron
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Spin duality on 3He and neutron
P. Solvignon et al., PRL 101, 182502 (2008) 

Target mass corrections were applied on PDFs

-0.01

-0.005

0

0.005
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GRSV
AAC
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JLab E94-010
This work

1 2 3
Q2(GeV/c)2

-0.01

-0.005

0

!1

3He

neutron

~

 Neutron extraction using the effective polarization equation:

Pn=86%
Pp=-2.8%
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In the parton  model:

€ 

A1(x,Q
2) =

g1(x,Q
2) − γ 2g2(x,Q

2)
F1(x,Q

2)

If Q2 dependence similar for g1 and for F1 
⇒ weak Q2 dependence of A1

Virtual photon-nucleon asymmetry

€ 

γ 2 =
4M 2x 2

Q2with
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A1 for 3He

0 0.2 0.4 0.6 0.8 1
x
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E99-117 (JLab)
A1 DIS fit
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A1 for 3He
P. Solvignon et al., PRL 101, 182502 (2008) 

Large negative value in the 
Δ(1232) region

0 0.2 0.4 0.6 0.8 1
x

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

A1
3He

E142 (SLAC)
E154 (SLAC)
HERMES (DESY)
E99-117 (JLab)
A1 DIS fit

Q2 = 0.7 - 1.2 GeV2

!(1232) position



43

A1 for 3He

Still large negative value in the 
Δ(1232) region

P. Solvignon et al., PRL 101, 182502 (2008) 

Large negative value in the 
Δ(1232) region
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A1 for 3He

A1 becomes positive in the Δ(1232) 

region due to the drop in the Δ FF 
and the rising of the DIS 

background

P. Solvignon et al., PRL 101, 182502 (2008) 

Still large negative value in the 
Δ(1232) region

Large negative value in the 
Δ(1232) region
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A1 for 3He

No strong Q2-dependence is 
now observed

P. Solvignon et al., PRL 101, 182502 (2008) 

A1 becomes positive in the Δ(1232) 

region due to the drop in the Δ FF 
and the rising of the DIS 

background

Still large negative value in the 
Δ(1232) region

Large negative value in the 
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A1
n in the resonance region

✦ Effective equation polarization cannot be used for a pt-to-pt neutron 
extraction in the resonance region

✦  Y. Kahn, W. Melnitchouk and S. Kulagin are including a Q2-dependence in their 
convolution model (arXiv:0809.4308)

✦ Goal: test of quark-hadron duality on A1
n and possible access to high x region 
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g1
n and g2

n in the resonance region
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Convolution code: 
courtesy of Yonatan Kahn

g1p from Hall B

g2p from MAID: its use is 
questionable for Q2 > 1GeV2 

neutron uncertainties 
will be improved by 
using fit of our data 

in the convolution
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The g2 structure function

Leading twist contribution 
determined entirely from g1 

through the Wandzura-
Wilczek relation:
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The g2 structure function

Leading twist contribution 
determined entirely from g1 

through the Wandzura-
Wilczek relation:

higher twist contribution
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The structure function g2 in 3He
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Higher moment d2
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E01-012 provides first precise data of Spin Structure Functions on neutron (3He) in 
the resonance region for 1.0 < Q2 < 4.0GeV2

✓ Overlap between E01-012 resonance data and DIS data:
                 first dedicated test of Quark-Hadron Duality for neutron and 3He SSF

✓ No strong Q2-dependence in resonance A1
3He  for Q2>2.0 GeV2  

                        ➥ DIS-like behavior

Preliminary extraction of g1
n and  g2

n  in the resonance region  ⇒ A1
n  will come soon

Preliminary results on the Burkhard-Cottingham sum rule and d2
n  at moderate Q2

and more to come ...

Summary
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At JLab 12GeV


