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There is a pressing need for experimental measurements capable of testing chiral perturbation the-
ory and other long distance effective theories. One of the most valuable quantities for performing
low 𝑄2 comparisons between experiment and theory is that of the nucleon spin structure function.
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1. Introduction

Chiral effective theories are used to understand the long-distance regime of Quantum Chromo-
dynamics (QCD), where perturbative QCD methods fail. But as these theories become increasingly
developed, one pressing question is how to test them experimentally in the face of a dearth of ob-
servables which can be used for direct experimental tests of QCD. However, a few such observables
exist, one of the most successful of which for testing low 𝑄2 effective theories are the spin struc-
ture functions 𝑔1 and 𝑔2. These structure functions, which can be extracted with inclusive electron
scattering and a spin polarized nucleon target, can be integrated to form moments and spin polariz-
abilities which are directly computable with Chiral Perturbation Theory (𝜒PT) and other effective
theories. A program at the Thomas Jefferson National Accelerator Facility in Newport News, VA,
USA has been highly successful at measuring these spin structure functions over a broad kinematic
region for both the proton and neutron, culminating in an exciting set of published results over the
last few years. In the following sections, these results and the experiments which produced them
are presented and summarized.

To characterize the interaction rate and scattering cross section for an inclusive electron scatter-
ing interaction, it is necessary to write the leptonic and hadronic tensors in terms of the kinematic
variables of the scattered electron. Here, the hadronic tensor consists of a symmetric part which con-
tains unpolarized structure functions𝑊1(𝜈,𝑄2) and𝑊2(𝜈,𝑄2), and an antisymmetric part containing
polarized structure functions 𝐺1(𝜈,𝑄2) and 𝐺2(𝜈,𝑄2), which only enters when the hadronic target
is spin-polarized. These structure functions are written in terms of the electron’s energy transfer 𝜈
and momentum transfer 𝑄2. This exercise is carried out in full in [1, 2], but for the purposes of this
proceedings we focus on the extraction of the polarized structure functions of the nucleon. The full
form of the cross section 𝜎 = 𝑑𝜎

𝑑𝐸𝑑Ω is dependent on the angle of the hadron spin polarization vector
®𝑆 and the electron spin vector ®𝑠, as well as the scattering angle of the electrons 𝜃.

To isolate the polarized structure functions, we take the difference between the cross section
where the electron spin has forward helicity and the one where the electron spin has backward
helicity, cancelling the terms associated with the symmetric part of the hadronic tensor. We can
write two variants on this cross section difference, depending on whether the hadron polarized is
aligned in the same direction as the incident electron beam, or transverse to it:

Δ𝜎‖ =
𝑑2𝜎↑⇑

𝑑𝐸 ′𝑑Ω
− 𝑑2𝜎↓⇑

𝑑𝐸 ′𝑑Ω
=

(
𝑑𝜎

𝑑Ω

)
𝑀𝑜𝑡𝑡

4𝐸2

𝑄2 tan2 𝜃

2
sin2 𝜃

2
×(

𝑀𝐺1(𝜈, 𝑄2)
[
𝐸 + 𝐸 ′ cos 𝜃

]
−𝑄2𝐺2(𝜈, 𝑄2)

) (1)

Δ𝜎⊥ =
𝑑2𝜎↑⇒

𝑑𝐸 ′𝑑Ω
− 𝑑2𝜎↓⇒

𝑑𝐸 ′𝑑Ω
=

(
𝑑𝜎

𝑑Ω

)
𝑀𝑜𝑡𝑡

4𝐸2

𝑄2 tan2 𝜃

2
sin2 𝜃

2
×

𝐸 ′ sin 𝜃 cos(𝜃𝑂𝑜𝑃)
(
𝑀𝐺1(𝜈, 𝑄2) + 2𝐸𝐺2(𝜈, 𝑄2)

) (2)

For these polarized cross section differences, ↑↓ represents the spin of the electron and ⇑⇒ rep-
resents the spin of the hadron. E and E’ represent the electron energy before and after scattering,
respectively. 𝜃𝑂𝑜𝑃 is the out-of-plane scattering angle of the electron, and 𝑀 is the mass of the
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nucleon.
(
𝑑𝜎
𝑑Ω

)
𝑀𝑜𝑡𝑡

is the Mott cross section for a point particle, allowing us to understand the

structure functions as a description of a nucleon’s spin-dependent deviation from pointlike behav-
ior.

Notable 𝐺1,2 are dimensionful quantities, so it is customary to instead write the cross section
differences in terms of dimensionless structure functions 𝑔1,2, where:

𝑔1(𝑥, 𝑄2) = 𝜈𝑀2𝐺1(𝜈, 𝑄2) (3)

𝑔2(𝑥, 𝑄2) = 𝜈2𝑀𝐺2(𝜈, 𝑄2) (4)

Such that:

Δ𝜎‖ =
𝑑2𝜎↑⇑

𝑑𝐸 ′𝑑Ω
− 𝑑2𝜎↓⇑

𝑑𝐸 ′𝑑Ω
=

(
𝑑𝜎

𝑑Ω

)
𝑀𝑜𝑡𝑡

4𝐸2

𝑄2 tan2 𝜃

2
sin2 𝜃

2
×

1
𝑀𝑝

(
1
𝜈
𝑔1(𝑥, 𝑄2)

[
𝐸 + 𝐸 ′ cos 𝜃

]
− 𝑄

2

𝜈2 𝑔2(𝑥, 𝑄2)
) (5)

Δ𝜎⊥ =
𝑑2𝜎↑⇒

𝑑𝐸 ′𝑑Ω
− 𝑑2𝜎↓⇒

𝑑𝐸 ′𝑑Ω
=

(
𝑑𝜎

𝑑Ω

)
𝑀𝑜𝑡𝑡

4𝐸2

𝑄2 tan2 𝜃

2
sin2 𝜃

2
×

𝐸 ′

𝑀𝑝
sin 𝜃 cos 𝜃𝑂𝑜𝑃

(
1
𝜈
𝑔1(𝑥, 𝑄2) + 2

𝐸

𝜈2 𝑔2(𝑥, 𝑄2)
) (6)

With two equations and two unknowns, it is clear that an extraction of 𝑔1 and 𝑔2 can be per-
formed with a quality measurement of the polarized cross section differences Δ𝜎‖ and Δ𝜎⊥. The
former is dominated by the spin structure function 𝑔1 while the latter is dominated by 𝑔2. Conse-
quently, a measurement of 𝑔1 largely relies on a parallel polarized target while a measurement of
𝑔2 largely requires a transversely polarized one.

𝑔1 and 𝑔2 are useful observables to study in large part because of kinematically weighted inte-
grals of these quantities, known as moments or sum rules, which are calculable with virtual-virtual
Compton Scattering (VVCS) cross sections, and can be computed directly by theoretical QCD
frameworks. Using the Cauchy Integral Formula [3], we can write the a dispersion relation for
the VVCS interference amplitudes as:

𝑓𝑇𝑇 (𝜈, 𝑄2) = 1
2𝜋2

∫ ∞

𝜈𝜋

𝐾𝜈𝜎𝑇𝑇 (𝜈, 𝑄2)
𝜈′2 − 𝜈2 𝑑𝜈′ (7)

𝑓𝐿𝑇 (𝜈, 𝑄2) = 1
2𝜋2

∫ ∞

𝜈𝜋

𝐾𝜈′𝜎𝐿𝑇 (𝜈, 𝑄2)
𝜈′2 − 𝜈2 𝑑𝜈′ (8)

Here 𝜈𝜋 is the pion production threshold and 𝜎𝑇𝑇 and 𝜎𝐿𝑇 are the virtual photon cross sections.
These are related to the spin structure functions by [4]:

{𝜎𝑇𝑇 , 𝜎𝐿𝑇 } =
4𝜋2𝛼2

𝑀𝑝𝐾
{𝑔1 −

𝑄2

𝜈2 𝑔2,
𝑄

𝜈
(𝑔1 + 𝑔2)} (9)

We can perform an low-energy expansion on the dispersion relations where 𝜈 « 𝜈𝜋 to obtain [4]:

3
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Re 𝑓𝑇𝑇 (𝜈, 𝑄2) = 2𝛼
𝑀2

𝑝

𝐼𝐴(𝑄2)𝜈 + 𝛾0(𝑄2)𝜈3 + O(𝜈5)... (10)

Re 𝑓𝐿𝑇 (𝜈, 𝑄2) = 2𝛼
𝑀2

𝑝

𝑄𝐼𝐿𝑇 (𝑄2) +𝑄𝛿𝐿𝑇 (𝑄2)𝜈2 + O(𝜈4)... (11)

The terms of these expansions are the first class of spin structure functions moments. Compar-
ison to the Cauchy integrals and the relationship with structure functions 𝑔1 and 𝑔2 yields sum rules
for these terms as a function of the spin structure functions. The first moment in the 𝑓𝑇𝑇 low-energy
expansion (LEX) is:

𝐼𝐴(𝑄2) =
2𝑀2

𝑝

𝑄2

∫ 𝑥𝑝𝑝

0

(
𝑔1(𝑥, 𝑄2) − 4𝑀2𝑥2

𝑄2 𝑔2(𝑥, 𝑄2)
)
𝑑𝑥 (12)

This important integral is referred to as the GDH Sum Rule. At the real photon point, 𝑄2 = 0, the
GDH Sum Rule is a function of the magnetic moment 𝜅 of the proton, such that:

𝐼𝐴(0) = −2𝜋2𝛼𝜅2

𝑀2
𝑝

(13)

The second term in 𝑓𝑇𝑇 ’s expansion is known as the generalized forward spin polarizability:

𝛾0(𝑄2) =
16𝛼𝑀2

𝑝

𝑄6

∫ 𝑥𝑝𝑝

0
𝑥2
(
𝑔1(𝑥, 𝑄2) − 4𝑀2𝑥2

𝑄2 𝑔2(𝑥, 𝑄2)
)
𝑑𝑥 (14)

Spin polarizabilities such as this describe a spin-dependent response of the nucleon to an external
field. The integrals for 𝐼𝐴 and 𝛾0 are dominated by the 𝑔1 term due to the kinematic weighting. This
means that an extraction of these moments requires, primarily, an extraction of 𝑔1, or in other words,
an experiment with a longitudinally polarized target.

Another spin polarizability of interest in these proceedings is the second term of the 𝑓𝐿𝑇 ex-
pansion, known as the longitudinal-transverse spin polarizability [5]:

𝛿𝐿𝑇 (𝑄2) =
16𝛼𝑀2

𝑝

𝑄6

∫ 𝑥𝑝𝑝

0
𝑥2
(
𝑔1(𝑥, 𝑄2) + 𝑔2(𝑥, 𝑄2)

)
𝑑𝑥 (15)

𝛿𝐿𝑇 was considered a benchmark test of 𝜒PT and other effective theories due to its expected in-
sensitivity to the Δ-resonance. As will be shown in section 2, the experimental data for 𝛿𝐿𝑇 has
produced puzzling discrepancies from theoretical calculations at especially low 𝑄2.

We can also cast our previously introduced VVCS interference amplitudes into a covariant
form:

𝑆1(𝜈, 𝑄2) =
𝜈𝑀𝑝

𝜈2 +𝑄2
(
𝑓𝑇𝑇 (𝜈, 𝑄2) + 𝑄

𝜈
𝑓𝐿𝑇 (𝜈, 𝑄2)

)
(16)

𝑆2(𝜈, 𝑄2) = −
𝑀2

𝑝

𝜈2 +𝑄2
(
𝑓𝑇𝑇 (𝜈, 𝑄2) − 𝜈

𝑄
𝑓𝐿𝑇 (𝜈, 𝑄2)

)
(17)

We can write dispersion relations for 𝑆1, 𝑆2 and 𝜈𝑆2:

𝑆1(𝜈, 𝑄2) = 2
𝜋

∫ ∞

𝜈𝑝𝑝

𝜈′ Im 𝑆1

𝜈′2 − 𝜈2 𝑑𝜈
′ (18)

4
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𝑆2(𝜈, 𝑄2) = 2
𝜋

∫ ∞

𝜈𝑝𝑝

𝜈 Im 𝑆2

𝜈′2 − 𝜈2 𝑑𝜈
′ (19)

𝜈𝑆2(𝜈, 𝑄2) = 2
𝜋

∫ ∞

𝜈𝑝𝑝

𝜈′ Im 𝑆2

𝜈′2 − 𝜈2 𝑑𝜈
′ (20)

Subtracting the latter two dispersion relations and exploiting the connection to 𝑔1,2 yields an
important “super-convergence” relation [6]:

Γ2(𝑄2) =
∫ 1

0
𝑔2(𝑥, 𝑄2)𝑑𝑥 = 0 (21)

This integral, known as the Burkhardt-Cottingham Sum Rule, predicts that 𝑔2 integrated across the
full bjorken-𝑥 spectrum must vanish for all 𝑄2.

We can also perform a low energy expansion on the 𝑆1 dispersion relation, yielding several
moments which were discussed above, as well as one new one, the first moment of 𝑔1:

Γ1(𝑄2) =
∫ 1

0
𝑔1(𝑥, 𝑄2)𝑑𝑥 (22)

One final moment of interest to us here is extracted by using the Operator Product Expansion
(OPE) on the generalized form of the VVCS forward Compton scattering amplitude at high 𝑄2.
The full exercise of calculating the matrix elements of the forward scattering amplitude and using
dispersion relations to link the matrix elements to the structure functions 𝑔1 and 𝑔2 is carried out
in [7], with the end result of: ∫ 1

0
𝑥𝑛𝑔1(𝑥, 𝑄2) = 1

4
𝑎𝑛 (𝑄2); 𝑛 = 0, 2, 4 (23)∫ 1

0
𝑥𝑛𝑔2(𝑥, 𝑄2) = 1

4
𝑛

𝑛 + 1
(
𝑑𝑛 − 𝑎𝑛

)
; 𝑛 = 2, 4 (24)

Here, 𝑎𝑛 and 𝑑𝑛 are the matrix elements of the forward scattering Compton amplitude. The n=0
case of the second relation is ignored because the OPE assumes implicitly that the B.C. sum rule
previously introduced holds. Of interest to us is the matrix element 𝑑2. For the n=2 case, we solve
the previous two equations to obtain:

𝑑2(𝑄2) =
∫ 1

0
𝑥2
(
2𝑔1(𝑥, 𝑄2) + 3𝑔2(𝑥, 𝑄2)

)
𝑑𝑥 (25)

At high 𝑄2, this matrix element is identified as a color polarizability, which quantifies a color-
dependent response to an external field. At lower 𝑄2, we can still employ this sum rule to look at
the inelastic part:

𝑑2(𝑄2) =
∫ 𝑥𝑝𝑝

0
𝑥2
(
2𝑔1(𝑥, 𝑄2) + 3𝑔2(𝑥, 𝑄2)

)
𝑑𝑥 (26)

In the following sections, the newest experimental results for 𝑔1 and 𝑔2 are discussed, along
with, especially, extractions of Γ1, Γ2, 𝛾0, 𝐼𝐴, 𝛿𝐿𝑇 , and 𝑑2. These spin structure results were ob-
tained at Jefferson Lab (JLab), a high-intensity electron linear accelerator in Newport News, VA.
At JLab, traditional electron scattering measurements with a fixed target are collected across three
experimental halls A, B, and C, where halls A and C utilize high resolution spectrometers, and hall
B uses a large acceptance detector known as CLAS. The results below include data from all three
experimental halls.
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Figure 1: Jefferson Lab accelerator layout

2. Experimental Results

Though the experiments discussed in this proceedings have a number of variations in the
specifics of detectors, equipment, and analysis method, the basic experimental setup and proce-
dure is similar. Jefferson Lab consists of an electron beam which can reach energies between 1.1
GeV and 12 GeV, though at the time that most of the experiments discussed here ran the maximum
beam energy was 6 GeV before a recent upgrade. The beam energy is achieved with two parallel
linear accelerators, connected by recirculating arcs to create a ‘racetrack’ design, as in Figure 1. The
beam electrons have a spin polarization which is rapidly flipped between alignment and antialign-
ment with the beam direction to provide electrons of both needed helicities. Though higher beam
current is achievable at JLab, the beam current for these experiments is limited to <100 nA to avoid
depolarizing effects [8].

All of the experiments feature a polarized target. For experiments measuring the spin struc-
ture of the proton, this is generally solid ammonia (NH3) polarized by means of Dynamic Nuclear
Polarization (DNP) [9]. For the experiments measuring the neutron’s spin structure, since a stable
neutron target is not easily achievable, the standard target is polarized 3He, which is polarized by
spin-exchange optical pumping (seOP), and then utilized with analysis methods which attempt to
isolate the neutron’s contribution from that of the overall helium nucleus.

Though there are variations in the analysis procedure for each experiment, detailed in the rele-
vant publications cited below, the general analysis procedure consists of measurements of counts of
the forward and backward helicity scattered electrons, which are used to generate polarized asym-

6
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metries, one for a parallel polarized target and one for a transversely polarized target:

𝐴‖ =
𝜎↑⇑ − 𝜎↓⇑

𝜎↑⇑ + 𝜎↓⇑ (27)

𝐴⊥ =
𝜎↑⇒ − 𝜎↓⇒

𝜎↑⇒ + 𝜎↓⇒ (28)

These asymmetries can be combined with the standard unpolarized cross section 𝜎0 to form
the polarized cross sections differences of Eqs. 5 and 6:

Δ𝜎⊥ = 2𝐴⊥𝜎0 (29)

Δ𝜎‖ = 2𝐴‖𝜎0 (30)

The benefit of using this method is that there is significantly more unpolarized world data
than polarized, so the models [10] for the unpolarized cross section 𝜎0 have become increasingly
reliable [1]. We can then extract 𝑔1 and 𝑔2 from the polarized cross section differences, and calculate
their moments with the sum rules of Section 1.

2.1 E94010
E94010 was one of the first measurements of nucleon spin structure at Jefferson Lab, collecting

polarized neutron data in 1998 and publishing its first results in 2004. The experiment ran in Hall
A, and used a polarized 3He target, measuring scattering electrons with Hall A’s High Resolution
Spectrometers (HRS). This experiment was the first look at intermediate-to-low 𝑄2 𝑔1 and 𝑔2 for
the neutron, measuring both structure functions between a 𝑄2 of 0.3 - 1.0 GeV2.

The published E94010 results [11] for the spin structure function moments are shown in Fig-
ure 2. Perhaps the most transformative result of the experiment comes in the surprising result for
𝛿𝐿𝑇 ; despite this quantity being a benchmark test for 𝜒PT, the E94010 results demonstrated a large
tension at low 𝑄2 with the best available 𝜒PT calculation of Bernard et al., a discrepancy which
some have referred to as the “𝛿𝐿𝑇 Puzzle”. Γ1 and Γ2 show more expected behaviour: Γ2 shows
no sign of a B.C. sum rule violation, while Γ1 results at low 𝑄2 seem to be converging both to the
GDH Slope, as well as the Bernard et al. 𝜒PT calculation.

2.2 EG1b
With the results from E94010 filling in the first low 𝑄2 data for the neutron, it is natural to ask

about intermediate-to-low 𝑄2 data for the proton. One major early experiment measuring the spin
structure functions of the proton was known as EG1b, and ran in Hall B from 2000-2001 using the
CLAS detector. As mentioned previously, the CLAS detector is a large acceptance spectrometer
based on a six coil toroidal superconducting magnet.

The data collected in EG1b [12] was from a target polarized longitudinally with respect to
the incident beam, and consequently, resulted in a high resolution measurement of the 𝑔1 structure
function of the proton, shown in figure 3. These results vary in 𝑄2 from around 0.04 - 5.4 GeV2.
Though no transverse data was collected, 𝑔2 results were generated for the purposes of extracting
the moments using the Wandzura-Wilczek relation [13]:

𝑔𝑊𝑊
2 (𝑥, 𝑄2) =

∫ 1

𝑥

1
𝑦
𝑔1(𝑦, 𝑄2)𝑑𝑦 − 𝑔1(𝑥, 𝑄2) (31)

7
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Figure 2: Moment results from E94010 for the neutron, for 𝛿𝐿𝑇 and 𝛾0 (left) and Γ1, Γ2, and 𝑑2 (right) [11]

This relation relies on the assumption of leading twist (twist-2), so at lower 𝑄2s where higher
twists contribute and the twist approximation eventually fails, the accuracy of 𝑔𝑊𝑊

2 is unknown.
Moment results from EG1b are shown in figure 4. Though the Γ1 results again approach the

𝜒PT calculation and the GDH slope, we note a large discrepancy in the 𝛾0 plot between the two lead-
ing calculations, where the EG1b data seems to favor the Lensky calculation. However, the Bernard
et al. calculation represents only the leading-order predictions and the subleading contributions are
large, so a true comparison between the two calculations is not simple.

2.3 E97-110

Especially given the “𝛿𝐿𝑇” puzzle of the first set of neutron data discussed above, it was highly
necessary to collect more neutron data at even lower 𝑄2. The E97-110 experiment ran in Hall A
in 2003, and published its results in Nature Physics in 2021 [14], becoming the first publication in
a set of three in that journal covering the new spin structure results from Jefferson Lab. By this
point, the 𝜒PT calculations had been refined and were in much better agreement with the previous
neutron results. E97-110 (or, the “small-angle GDH experiment”) used seOP with a 3He target
polarized both longitudinally and transversely to obtain 𝑔1 and 𝑔2 data for the neutron. Due to the
use of a septum magnet enabling very small scattering angles as low as 6𝑐𝑖𝑟𝑐 with the Hall A High-
Resolution Spectrometers (HRS), the experiment was able to measure almost an order of magnitude
lower in 𝑄2 than its predecessor, E94010.

The results of E97-110 are shown in Figure 5 for the spin structure functions, and Figure 6 for
the moments. The results for 𝐼 are notable in that the experimental data agrees well with the Lensky
et al. calculation at high 𝑄2, and crosses to better agreement with the Bernard et al. calculation
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Figure 3: 𝑔1 results for the proton from the EG1b experiment. [12]

Figure 4: Moment results for the proton from the EG1b experiment for Γ1 (left) and 𝛾0 (right).
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Figure 5: E97-110 results for 𝑔1 and 𝑔2 of the neutron [14]

at low 𝑄2. The spin polarizabilities present an even more puzzling disagreement: though both
calculations now agree well with data in the 𝑄2 regime of E94010, the new, lower 𝑄2 data from
E97-110 shows an increasingly large discrepancy from the 𝜒PT calculations for both 𝛿𝐿𝑇 and 𝛾0,
seemingly proving the “𝛿𝐿𝑇 Puzzle” to be alive and well. As of this writing the question of this
deviation from chiral perturbation theory remains an open question.

2.4 E08-027

With E97-110 filling in neutron data down to a 𝑄2 of almost 10−2, it is important to also
investigate the spin structure of the proton in the same very low𝑄2 regime. The two complementary
final experiments discussed here do exactly that. E08-027, or the ‘g2p experiment’ collected data in
2012 Hall A with the HRS and a transversely polarized target, as well as a septum magnet enabling
the collection of very small angle, and consequently very low 𝑄2 data from 0.02 - 0.13 GeV2. In
2022 this experiment also published its first results in Nature Physics [15]. The experiment primarily
focused on transverse data, and consequently, the extraction of the 𝑔2 structure function, but also
included one longitudinal setting and a matching extraction of 𝑔1.

The structure function results of E08-027 are shown in Figure 7, and the moment results in
Figure 8. The Γ2 results cannot directly test the B.C. sum rule; higher𝑄2 results use the assumption
of leading twist and the 𝑔𝑊𝑊

2 of equation 31 to calculate the needed low-x part of the integral, but
at the 𝑄2 of E08-027, the twist approximation has failed and there is no known way to estimate the
low-x part. Assuming B.C. sum rule fulfillment however enables the difference between the full
result and a Γ2 of zero to be understood as an estimate of the magnitude of the low-x part of the
integral. For 𝛿𝐿𝑇 , the data show no sign of a 𝛿𝐿𝑇 puzzle for the proton, largely agreeing well with
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Figure 6: Moment results from the neutron data of E97110, including 𝐼𝐴 (top), 𝛿𝐿𝑇 (bottom left), and 𝛾0
(bottom right). [14]

the Alarcon et al. 𝜒PT calculation. Fully understanding this comparison to 𝜒PT however requires
a full reconciliation of the two major calculations to understand all possible sources of tension.

2.5 EG4

The final experiment discussed here is a high precision measurement of the proton’s longitu-
dinal polarized cross section difference, or, an extraction of 𝑔1 at very low 𝑄2. This experiment
and E08-027, taken together, present a full picture of the proton’s spin structure at low 𝑄2. EG4
ran in Hall B in 2006 with the CLAS detector, and utilized a specialized Cerenkov detector to im-
prove efficiency at forward angles and enable very low 𝑄2 measurements. The experiment used a
longitudinally polarized solid ammonia target to extract the proton’s structure functions. The ex-
periment also utilized deuterated ammonia (ND3) for an additional extraction of the neutron and
deuteron structure functions. EG4 published its first proton results in 2021 in Nature Physics [16].
The neutron results of EG4 are still under analysis at the time of this writing.

The proton results for the spin structure function moments from EG4 are shown in Figure 9.
For most of the𝑄2 range, the results agree best with the Alarcon et al. 𝜒PT calculation, but for each
moment, the results cross into better agreement with the Bernard et al. calculation at the lowest 𝑄2.
For 𝐼𝐴 and Γ1, the results also approach agreement with the GDH sum rule at low 𝑄2.
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Figure 7: Structure function results from E08027. Blue + markers indicate 𝑔2 results while Red x markers
indicate the 𝑔1 results. [15]

Figure 8: Moment results from the proton data of E08-027. The moments shown include Γ2 (top), 𝛿𝐿𝑇
(bottom left) and 𝑑2 (bottom right). [15]
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Figure 9: Proton moment results from EG4. Shown are 𝛾0 (top), Γ1 (bottom left) and 𝐼𝐴 (bottom right). [16]

2.6 Hydrogen Hyperfine Splitting

The principals of the E08-027 and EG4 experiments also collaborated to study another impor-
tant quantity: the polarizability contribution to the hydrogen hyperfine splitting (HFS). This energy
level splitting is one of the best-measured quantities in physics, but theoretical determinations of it
are six orders of magnitude less precise due to a lack of knowledge about the proton structure, or
polarizability, contribution. This polarizability contribution can be extracted with 𝑔1 and 𝑔2, but
based on early determinations using a model of the structure functions at low 𝑄2, there was signifi-
cant tension between the 𝜒PT determination of this contrubtion and experimental extractions of the
same. As is shown in Figure 10, the new low 𝑄2 proton 𝑔1,2 data from EG4 and E08-027 signifi-
cantly reduces both the uncertainty and the tension on the data-driven extraction of the polarizability
contribution to the HFS. This result was recently published in Physics Letters B [17].

3. Conclusion & Future Prospects

Measurements of the spin structure functions 𝑔1 and 𝑔2, as well as their moments, are a vital
tool for benchmarking and testing low 𝑄2 effective theories such as chiral perturbation theory. Jef-
ferson Lab in Newport News, VA has hosted a highly successful program measuring these structure
functions for both nucleons over the last two decades, with several transformative low𝑄2 extractions
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Figure 10: Results for the hyperfine splitting contributions Δ1 and Δ2 (left), see [17] for a full calculation of
their combination. (right) Comparison for the polarizability HFS contribution Δ𝑝𝑜𝑙 between the new work
(featuring EG4 and E08-027 data), older works which were driven by higher 𝑄2 data, and the result from
𝜒PT. [17]

being published in the last several years. There is significant experimental interest in continuing this
JLab program: PR12-24-002 was conditionally approved with C2 status in 2024 to measure the pro-
ton’s 𝑔2 structure function in the transition region, mapping out the connection between the low 𝑄2

regime and the higher pQCD regime. Further understanding the sum rules and hyperfine splitting
may also benefit from even lower 𝑄2 measurements of the spin structure functions, though due to
the kinematics accessible at JLab, reaching 10−3 GeV2 or lower may require other facilities or more
creative solutions to access the very low 𝑄2 regime.
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