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I

I Our experiment focuses on the spin structure of the neutron. To
better understand this spin content, we probe the nucleon using a
high energy longitudinally polarized electron beam focused on a
polarized 3He target, acting as an effective neutron target. The
electrons will then interact with the neutrons in the target via the
exchange of a virtual photon, which probes inside the neutron:
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I This exchange gives access to the spin structure functions g1 and g2.
These structure funtions may be accessed due to having a
polarized beam and two different polarizations of the target

I g2 contains information concerning quark-gluon correlations via
the imaginary part of the process:
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Abstract

We propose to make a measurement of the spin-dependent scattering cross section for a
longitudinally polarized electron beam off a transversely and longitudinally polarized 3He target.
The measurement will cover excitation energies across the resonance and deep inelastic regions at
constant 4-momentum transfer Q2 = 2 (GeV/c)2. We will extract the linear combination 2g1 +
3g2 of spin structure functions and evaluate the neutron dn

2 matrix element. This measurement
will significantly improve the precision of the neutron dn

2 world data and test the predictions
of several models including the updated lattice QCD calculation of this quantity. The matrix
element dn

2 reflects the response of the color electric and magnetic fields to the polarization of
the nucleon. Because dn

2 is a higher moment of a special linear combination of gn
1 and gn

2 it is
dominated by the contributions from the large x region. CEBAF at Jefferson Lab is ideal to
perform such a measurement. Since the quantity of interest is an integral we expect that the
uncertainty on the nuclear corrections applied in the extraction of the neutron quantity from
3He will not spoil the result at the present stage of statistical precision.

1 Introduction and Motivation

In inclusive polarized lepton-nucleon deep-inelastic scattering, one can access two spin-dependent
structure functions of the nucleon, g1 and g2. While g1 can be understood in terms of the Feynman
parton model which describes the scattering in terms of incoherent parton scattering, g2 cannot.
Rather, one has to consider parton correlations initially present in the participating nucleon, and
the associated process is a coherent parton scattering in the sense that more than one parton takes
part in the scattering. Indeed, using the operator product expansion (OPE) [1, 2], it is possible
to interpret the g2 spin structure function beyond the simple quark-parton model, in terms of
the technical jargon in QCD, g2 is a higher-twist structure function. As such, it is exceedingly
interesting because it provides a unique opportunity to study the quark-gluon correlations in the
nucleon which cannot otherwise be accessed.

In a recent review Ji [3] explained that higher-twist processes cannot be cleanly separated from
the leading twist because of the so-called infrared renormalon problem first recognized by t’ Hooft.
This ambiguity arises from separating quarks and gluons pre-existing in the hadron wave function
from those produced in radiative processes. Such a separation turns out to be always scheme
dependent. Nevertheless, the g2 structure function is an exception because it contributes at the
leading order to the spin asymmetry of longitudinally-polarized lepton scattering on transversely-
polarized nucleons. Thus, g2 is among the cleanest higher-twist observables.

Why does the g2 structure function contain information about the quark and gluon correlations
in the nucleon? According to the optical theorem, g2 is the imaginary part of the spin-dependent
Compton amplitude for the process γ∗(+1) + N(1/2)→ γ∗(0) + N(−1/2),

+1 0

+1/2
-1/2

Figure 1: Compton amplitude of γ∗(+1) + N(1/2)→ γ∗(0) + N(−1/2).

where γ∗ and N denote the virtual photon and the nucleon, respectively, and the numbers in the
brackets are the helicities. Thus this Compton scattering involves the t-channel helicity exchange
+1. When it is factorized in terms of parton sub-processes, the intermediate partons must carry

I This is a t-channel helicity exchange process, composed of two
parts:
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this helicity exchange. Because of the chirality conservation in vector coupling, massless quarks in
perturbative processes cannot produce a helicity flip. Nevertheless, in QCD this helicity exchange
may occur in the following two ways (see Fig. 2): first, single quark scattering in which the quark
carries one unit of orbital angular momentum through its transverse momentum wave function;
second, quark scattering with an additional transversely-polarized gluon from the nucleon target.
The two mechanisms are combined in such a way to yield a gauge-invariant result. Consequently,
g2 provides a direct probe of the quark-gluon correlations in the nucleon wave function.

Leading twist = twist-2 Higher twist = twist three
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Figure 2: Twist-two and twist-three contributions to Compton scattering

The piece of interesting physics we want to focus on in this proposal contains the second moment
in x of a linear combination of g1 and g2,

d2(Q2) = a2(Q2) + 3
∫ 1

0
x2g2(x, Q2)dx (1)

= 2
∫ 1

0
x2g1(x, Q2)dx + 3

∫ 1

0
x2g2(x, Q2)dx (2)

where a2(Q2) is a twist-two matrix element related to the second moment of the g1(x) structure
function. The d2(Q2) matrix element is a twist-three matrix element which is related to a certain
quark gluon correlation,

〈PS|1
4
ψ̄gF̃ σ(µγν)ψ|PS〉 = 2d2S

[σP (µ]P ν) , (3)

where F̃µν = (1/2)εµναβFαβ , and (· · ·) and [· · ·] denote symmetrization and antisymmetrization of
indices, respectively. The structure of the above operator suggests that it measures a quark and a
gluon amplitude in the initial nucleon wavefunction [1, 2].

The significance of d2(Q2) has been articulated by Ji and we quote, ”we ask when a nucleon
is polarized in its rest frame, how does the gluon field inside of the nucleon respond? Intuitively,
because of the parity conservation, the color magnetic field $B can be induced along the nucleon
polarization and the color electric field $E in the plane perpendicular to the polarization”. After
introducing the color-singlet operators OB = ψ†g $Bψ and OE = ψ†$α × g $Eψ, we can define the
gluon-field polarizabilities χB and χE in the rest frame of the nucleon,

〈PS|OB,E |PS〉 = χB,E2M2$S . (4)

Then d2 can be written as
d2 = (2χB + χE)/3 . (5)

Thus d2 is a measure of the response of the color electric and magnetic fields to the polarization of
the nucleon.

I dn
2 is written as the second moment of a linear combination of g1

and g2:

dn
2 =

∫1

0
x2
[
2g1

(
x, Q2

)
+ 3g2

(
x, Q2

)]
dx =

∫1

0
d̃n

2dx

I  dn
2

I In terms of the electric (χE) and magnetic (χB) ‘polarizabilities’:

dn
2 =

1
8

(χE + 2χB)

I At low Q2:
I Analogy to a polarized atom in an external electric field
I The virtual photon wavelength is larger than the nucleon size, the

electromagnetic field of the virtual photons associated with g2 in the
interaction will appear as uniform over the nucleon volume. Subsequently,
dn

2 is associated with spin polarizabilities1
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I At high Q2, the interpretation changes:
I When the incoming electrons interact with one of the quarks, it gains energy

and tries to move. It feels a ‘force’ due to the other two quarks (and their
associated gluons). This ‘force’ due to the unaffected constituents is precisely
what we call the response of the color field1,2

Fy (0) ≡ −

√
2

2P+〈P, S | ψ̄q (0) G+y (0)γ+ψq (0) | P, S〉 = −
1
2

M2dn
2

TM  dn
2

I In order to determine dn
2 experimentally, we measure the unpolarized

cross section (σ0) and the parallel
(

A‖
)

and perpendicular (A⊥)

asymmetries. From these measurements, we determine the value of dn
2

through the relation3:

d̃n
2 =

MQ2

4α2
x2y2

(1 − y) (2 − y)
σ0×[(

3
1 + (1 − y) cos θ

(1 − y) sin θ
+

4
y

tan
θ

2

)
A⊥ +

(
4
y

− 3
)

A‖
]

I Kinematic range covered during the experiment:

T E S (T V)

T

I
3He serves as an effective neutron target since roughly 86% of the
polarization is carried by the neutron. This is due to the two protons in
the nucleus being primarily bound in a spin singlet state4,5

I The pumping chamber sits just above the target chamber filled with 3He
and small amounts of Rubidium and Potassium to assist in the
polarization process
I 3He is polarized via double spin exchange from Rb to K, and then from K to 3He

5S 

 
1/2 

 

5P 

 
1/2 

 

m  

 

= !1/2 

 

m  

 

= +1/2 

 

Zeeman 

Splitting 

 

B 

 

(795 nm) 

 

"+

Collision Mixing

      N2  

quenching

D
1
 t
ra

n
si

tio
n

BB S

I Three sets of Multiwire Drift Chambers (MWDC) to track the particle trajectories
I A gas Čerenkov counter and a double layer lead glass calorimeter for pion rejection
I A set of scintillators for triggering on charged particles

I Measures parallel
(

A‖
)

and perpendicular (A⊥) asymmetries

L H-R S

I Two Vertical Drift Chambers (VDC) for measurement of momentum and production
(scattering) angle

I A gas Čerenkov counter and a double layer lead glass calorimeter for pion rejection
I A set of scintillators for triggering on charged particles
I Measures the absolute cross section (σ0)

LHRS P A
I π− rejection in the gas Čerenkov and Pion Rejector
I pion rejection factor = the ratio of the number of pions rejected by the detector to that of the number of pions that are

mis-identified as electrons
I Gas Čerenkov Study: We select π− in the Pion Rejector and see how many events show up in

the gas Čerenkov ADC spectrum
I Pion Rejector Study: We plot the E/p distribution, and compare it to E/p subject to a cut on

the gas Čerenkov ADC spectrum
I Sample calculations are shown below:
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P R

I Bag and soliton model calculations yield a value consistent with
Lattice QCD. Current experimental values are approximately two
standard deviations away from these predictions3.

I In previous experiments, large error bars affect the overall sign of
dn

2. Therefore, the sign and magnitude of the neutron d2 is unclear.

I The high precision of this experiment will provide for a more
difinitive statement regarding the overall value of dn

2.
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