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• Inclusive unpolarized cross section:



!

!
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• At Bjorken Limit            :



!

Structure Function which 
indicates the parton distribution
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Electron Scattering

• If the beam and target are polarized, the asymmetric part of 
the lepton and hadron tensor will not vanish, which leads to 2 
additional structure functions g1 and g2

2 addition structure functions which are 
related to the polarized parton distributions
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• At Bjorken limit, g1 related to the polarized parton distribution 
functions


!
!
!

• However g2 does no show a simple relation with parton 
distribution functions at Bjorken limit


!

•       is the leading twist part of the g2:



!

which can be calculated from g1 with the Wandzura-Wilczek 
relation
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• Higher twist components can be expressed as:



!

!
!
!
!

• Will get information about higher twist effect when 
measuring g2

leading twist twist-3

Structure Function
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Measurements of g2 and its Moments

• Measurements of g2 need transversely polarized targets, more 
difficult experimentally



• 0th moment (no x-weighting): Burkhardt-Cottingham (BC) Sum 
Rule 



!

• Valid at all Q2



• 2nd moment (x2 weighting): 



• High Q2 – d2, twist-3 color polarizability, test of lattice 
QCD



• Low Q2 – spin polarizabilities, test of Chiral Perturbation 
Theory (χPT)
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Measurements of g2 and its Moments

Thomas Jefferson National Accelerator Facility

A
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B C

• High-intensity electron 
accelerator



• Emax = 6 GeV



• Imax = 200 uA



• Polmax = 90%



• Upgrading to 12 GeV



Measurements of g2 and its Moments
• SLAC E155x: Only dedicated measurement before JLab, not high precision, wider 

range of Q2 for moment



• g2 Measurements on the neutron at JLab:



• E97-103: W>2 GeV, Q2 ≈ 1GeV2, x ≈ 0.2, study higher twist (published)



• E99-117: W>2 GeV, high Q2 (3-5 GeV2) (published)



• E94-010: moments at low Q2 (0.1-1 GeV2) (published)



• E97-110: moments at very low Q2 (0.02-0.3 GeV2) (analysis)



• E01-012: moments at intermediate Q2 (1-4 GeV2) (submitted)



• E06-014: moments at high Q2 (2-6 GeV2) (published)



•  g2 Measurements on the proton at JLab:



• RSS: moments at intermediate Q2 (1-2 GeV2) (published)



• SANE: moments at high Q2 (2-6 GeV2) (analysis)



• E08-027 (g2p): moments at very low Q2 (0.02-0.2 GeV2) (analysis)
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FIG. 1. Left-top: RSS proton g2 data [20], along with the
RSS fit [20]. The shaded curve is gww

2 evaluated from the
RSS fit. Left-bottom: RSS deuteron g2 data, and similar
curves as above. Right-top: The open circle is the mea-
sured RSS proton Γm

2 (Q2) data. The full circle is ∆Γ2(Q
2).

The inner (outer) error bars represent statistical (total) un-
certainty. The shaded curve is the elastic contribution to
Γ2(Q

2). Right-bottom: Same as above, but for deuteron.

allowed us to evaluate the moments without model input
for g2, as was necessary in some previous analyses [9].

The moments reported herein are evaluated at ⟨Q2⟩ =
1.28 GeV2, and have been decomposed into contributions
from the measured resonance region x0 < x < xthr (la-
beled with ‘m’), the well known x = 1 elastic (‘el’) contri-
bution, and the unmeasured (‘u’) portion below x0. We
note that the small difference between our experimental
xmax and the nucleon inelastic threshold xthr has neg-
ligible impact on the integrated results. We have used
fits [20] to our data to evaluate the moments in the mea-
sured region. The nucleon elastic contribution was cal-
culated using the form factor parameterizations of [23].
Relative uncertainties of 5, 1, 14, and 2.5% have been
assumed for the electromagnetic form factors GP

E,M and

GN
E,M respectively. For the deuteron, x = 1 represents

quasielastic scattering, the strength of which we estimate
by combining the nucleon elastic contributions using the
D-state correction discussed below. The deuteron nu-
clear elastic contribution is negligible here. We have also
evaluated the neutron and non-singlet (proton - neutron)
moments by using the relation [24] Γn = ΓΣ −Γp, where
the singlet ΓΣ = Γd/γD, and γD ≃ 0.926 ± 0.016 [25]
is the D-state correction to the deuteron wave func-
tion. The uncertainty arising from this approach is es-
timated [26] to be O(1%). The singlet and non-singlet
results assume negligible heavy quark contributions.

Table II provides numerical values for the moments.
The ratio R2 differs significantly from unity, indicat-
ing large unwanted twist-2 kinematical contributions to
I(Q2). The full results for the matrix element d̃2 indicate
clear twist-3 at more than 6σ for the proton and 3σ for
the neutron. These non-vanishing results unambiguously
indicate the presence of qgq correlations. Their magni-
tudes can be used in comparing with nucleon models.
The values of I(Q2) and d̃2 for x < x0 were estimated

to be zero, with a systematic error described below. In
this unmeasured region, ξ ≈ x and the CN and Nacht-
mann truncated moments converge, so there is little dif-
ference between I(Q2) and d̃2. I(Q2) is expected to be
small in this unmeasured region, because of the decreas-
ing importance of higher twists at low x, and the strong
suppression due to the x2 weighting of the integral. This
assumed low x behavior is supported by our data. Fig-
ure 1 (left) displays the x−dependence of the measured g2
structure function. It is clear that g2 is nearly constant
and consistent with zero within errors for the proton,
near the low end of our measured range x0 < x ! 0.37.
The deuteron data shows a similar behavior, different
from zero only at the one σ (statistical) level. Neutron
data [28] at x ∼ 0.2 and similar Q2 are also consis-
tent with g2 ∼= 0. We take the error on g2, evaluated
at x0, δg2, as a conservative upper limit for the inte-
grand of I(Q2) in the unmeasured low x region. For the
proton, we determined this upper limit by assuming a
constant extrapolation of the value of δg2(x0) down to
x = 0. For the deuteron, we evaluated both a linear and
constant extrapolation, averaged both assumptions and
added quadratically one-half their difference as ‘model’
error to the δgd2 fit error to obtain the value in Table II.
A divergence of g2 as x → 0 could invalidate this as-
sumption. Such a possible divergence for x ! 0.001 was
discussed in [29]. Normalizing the low x dependence of g2
given in [29] to our δg2 estimates, we find the additional
contribution to be negligible.
It is instructive to compare our twist-3 results to pre-

vious measurements. SLAC E155 [1] reported an eval-
uation of I(Q2) at ⟨Q2⟩ = 5 GeV2. We have corrected
those results for TMCs [12], to obtain 0.0028 ± 0.0015
and 0.0072± 0.0044 for the proton and neutron, respec-
tively. For direct comparison, we performed a pQCD evo-
lution [30] from RSS to the SLAC kinematics. At LO,
we find d̃p2 = 0.0021± 0.0006 and d̃n2 = 0.0031± 0.0038,
which are consistent with the E155 results. The elastic
contribution [23] at these kinematics is smaller than the
uncertainties and is not included in the results of this
paragraph. NLO corrections [31] to our data have been
calculated and will be discussed in a future publication.
Twist-3 effects also manifest in the first moment of g2.

The Burkhardt-Cottingham (BC) sum rule [32] predicts
that Γ2 vanishes for all Q2. This sum rule can be derived
from the unsubtracted dispersion relation for the virtual-
virtual Compton scattering amplitudes, in an analogous
fashion to the more famous GDH and Bjorken sum rules.
It provides a remarkably clean tool to investigate nucleon
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FIG. 1. Left-top: RSS proton g2 data [20], along with the
RSS fit [20]. The shaded curve is gww

2 evaluated from the
RSS fit. Left-bottom: RSS deuteron g2 data, and similar
curves as above. Right-top: The open circle is the mea-
sured RSS proton Γm

2 (Q2) data. The full circle is ∆Γ2(Q
2).

The inner (outer) error bars represent statistical (total) un-
certainty. The shaded curve is the elastic contribution to
Γ2(Q

2). Right-bottom: Same as above, but for deuteron.

allowed us to evaluate the moments without model input
for g2, as was necessary in some previous analyses [9].

The moments reported herein are evaluated at ⟨Q2⟩ =
1.28 GeV2, and have been decomposed into contributions
from the measured resonance region x0 < x < xthr (la-
beled with ‘m’), the well known x = 1 elastic (‘el’) contri-
bution, and the unmeasured (‘u’) portion below x0. We
note that the small difference between our experimental
xmax and the nucleon inelastic threshold xthr has neg-
ligible impact on the integrated results. We have used
fits [20] to our data to evaluate the moments in the mea-
sured region. The nucleon elastic contribution was cal-
culated using the form factor parameterizations of [23].
Relative uncertainties of 5, 1, 14, and 2.5% have been
assumed for the electromagnetic form factors GP

E,M and

GN
E,M respectively. For the deuteron, x = 1 represents

quasielastic scattering, the strength of which we estimate
by combining the nucleon elastic contributions using the
D-state correction discussed below. The deuteron nu-
clear elastic contribution is negligible here. We have also
evaluated the neutron and non-singlet (proton - neutron)
moments by using the relation [24] Γn = ΓΣ −Γp, where
the singlet ΓΣ = Γd/γD, and γD ≃ 0.926 ± 0.016 [25]
is the D-state correction to the deuteron wave func-
tion. The uncertainty arising from this approach is es-
timated [26] to be O(1%). The singlet and non-singlet
results assume negligible heavy quark contributions.

Table II provides numerical values for the moments.
The ratio R2 differs significantly from unity, indicat-
ing large unwanted twist-2 kinematical contributions to
I(Q2). The full results for the matrix element d̃2 indicate
clear twist-3 at more than 6σ for the proton and 3σ for
the neutron. These non-vanishing results unambiguously
indicate the presence of qgq correlations. Their magni-
tudes can be used in comparing with nucleon models.
The values of I(Q2) and d̃2 for x < x0 were estimated

to be zero, with a systematic error described below. In
this unmeasured region, ξ ≈ x and the CN and Nacht-
mann truncated moments converge, so there is little dif-
ference between I(Q2) and d̃2. I(Q2) is expected to be
small in this unmeasured region, because of the decreas-
ing importance of higher twists at low x, and the strong
suppression due to the x2 weighting of the integral. This
assumed low x behavior is supported by our data. Fig-
ure 1 (left) displays the x−dependence of the measured g2
structure function. It is clear that g2 is nearly constant
and consistent with zero within errors for the proton,
near the low end of our measured range x0 < x ! 0.37.
The deuteron data shows a similar behavior, different
from zero only at the one σ (statistical) level. Neutron
data [28] at x ∼ 0.2 and similar Q2 are also consis-
tent with g2 ∼= 0. We take the error on g2, evaluated
at x0, δg2, as a conservative upper limit for the inte-
grand of I(Q2) in the unmeasured low x region. For the
proton, we determined this upper limit by assuming a
constant extrapolation of the value of δg2(x0) down to
x = 0. For the deuteron, we evaluated both a linear and
constant extrapolation, averaged both assumptions and
added quadratically one-half their difference as ‘model’
error to the δgd2 fit error to obtain the value in Table II.
A divergence of g2 as x → 0 could invalidate this as-
sumption. Such a possible divergence for x ! 0.001 was
discussed in [29]. Normalizing the low x dependence of g2
given in [29] to our δg2 estimates, we find the additional
contribution to be negligible.
It is instructive to compare our twist-3 results to pre-

vious measurements. SLAC E155 [1] reported an eval-
uation of I(Q2) at ⟨Q2⟩ = 5 GeV2. We have corrected
those results for TMCs [12], to obtain 0.0028 ± 0.0015
and 0.0072± 0.0044 for the proton and neutron, respec-
tively. For direct comparison, we performed a pQCD evo-
lution [30] from RSS to the SLAC kinematics. At LO,
we find d̃p2 = 0.0021± 0.0006 and d̃n2 = 0.0031± 0.0038,
which are consistent with the E155 results. The elastic
contribution [23] at these kinematics is smaller than the
uncertainties and is not included in the results of this
paragraph. NLO corrections [31] to our data have been
calculated and will be discussed in a future publication.
Twist-3 effects also manifest in the first moment of g2.

The Burkhardt-Cottingham (BC) sum rule [32] predicts
that Γ2 vanishes for all Q2. This sum rule can be derived
from the unsubtracted dispersion relation for the virtual-
virtual Compton scattering amplitudes, in an analogous
fashion to the more famous GDH and Bjorken sum rules.
It provides a remarkably clean tool to investigate nucleon

Measurements of g2 and its Moments
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• g2 Measurements on the proton:



• SLAC: 1 ~ 10 GeV2



• SANE: 2 ~ 6 GeV2



• RSS: 1 ~ 2 GeV2



BC Sum Rule: 0th Moment
• BC Sum Rule:



!

!

• Violation suggested for proton at 
large Q2 



• BC Sum = Meas + Low x + Elastic



• “Meas”: measured x range (open 
circle)



• “Low x”: unmeasured low-x 
part of the integral – assume 
leading twist behavior



• “Elastic”: from well known Form 
Factors (<5%)

■SLAC E155x


■Hall C RSS 


■Hall A E94-010


■Hall A E97-110 (preliminary)


■Hall A E01-012 (preliminary)
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• Generalized spin polarizabilities γ0 and 
δLT are a benchmark test of χPT



• One difficulty is how to include the 
nucleon resonance contributions



• γ0 is sensitive to resonances, δLT is 
not 

Spin Polarizability: 2nd Moment
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• δLT is seen as a more suitable testing ground of χPT – insensitive 
to Δ resonance



• Significant disagreement between data and both χPT calculations



• No proton data yet

Spin Polarizability: 2nd Moment

12Plots by V. Sulkosky



d2 and Higher Twist

• Clean access of higher twist (twist-3) 
effect



• Only contributions from measured 
region



• Elastic not included, only 
important for Q2< 2GeV2



• Contributions from unmeasured 
low x region usually not 
significant due to x2 weighting.



• A benchmark test of Lattice QCD 
predictions at high Q2
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Figure 2: All the data shown with the exception of the SLAC E155x data, are dominated by resonance
contribution. E06-014 data will observe mostly the DIS contribution. The projected error on from E06-
014 [8] is shown, along with the lattice QCD result [9]. The pQCD evolution from the lattice point was
performed by Patricia Solvignon, which was based on papers by Shuyak and Vainshein [10] and Ji and
Chou [11]. Data from JLab experiments E94-010 [12] and RSS [13] are included in the plot. For comparison
to the resonance contribution, a MAID model [14] is plotted. Also plotted is the total d2 from SLAC
exeriment E155x [15].

The number density of 3He was measured in both the pumping chamber and the target chamber. This
measurement was achieved by using the fact that collisions with 3He atoms broaden the D1 and D2 absorption
lines of rubidium [21]. By measuring the width of the D1 and D2 absorption lines and subtracting a 1% N2

contribution, a measurement of n0, the 3He number density at room temperature can be obtained.
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Since the number density changes with temperature, Equations 5 and 6 were used to compute the number
densities1 in both the pumping and target chambers, where V

tot

is the total volume of the target cell, T
is the temperature and the subscripts pc (tc) refer to the pumping (target) chamber. The temperature of
the chambers was measured using seven resistive thermal devices (RTDs), which were placed outside of the
target and were stable within 2�C during production [2]. The 3He number densities for the E06-014 target
cell, Samantha, as a function of run number can be seen in Figure 3, with the average values listed in Table 1.

Chamber 3He Density (amg)

Pumping 6.93± 0.19
Target 10.81± 0.29

Table 1: Average 3He densities in target cell [2, 22]

During E06-014, EPR measurements were taken every several days, while NMR measurements were
taken every four hours. During EPR measurements, the frequency shift of potassium level transitions in
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Since the number density changes with temperature, Equations 5 and 6 were used to compute the number
densities1 in both the pumping and target chambers, where V

tot

is the total volume of the target cell, T
is the temperature and the subscripts pc (tc) refer to the pumping (target) chamber. The temperature of
the chambers was measured using seven resistive thermal devices (RTDs), which were placed outside of the
target and were stable within 2�C during production [2]. The 3He number densities for the E06-014 target
cell, Samantha, as a function of run number can be seen in Figure 3, with the average values listed in Table 1.

Chamber 3He Density (amg)

Pumping 6.93± 0.19
Target 10.81± 0.29

Table 1: Average 3He densities in target cell [2, 22]
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Figure 2: All the data shown with the exception of the SLAC E155x data, are dominated by resonance
contribution. E06-014 data will observe mostly the DIS contribution. The projected error on from E06-
014 [8] is shown, along with the lattice QCD result [9]. The pQCD evolution from the lattice point was
performed by Patricia Solvignon, which was based on papers by Shuyak and Vainshein [10] and Ji and
Chou [11]. Data from JLab experiments E94-010 [12] and RSS [13] are included in the plot. For comparison
to the resonance contribution, a MAID model [14] is plotted. Also plotted is the total d2 from SLAC
exeriment E155x [15].
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g2p Experiment at JLab
• First Measurement of the proton structure function g2 in the 

low Q2 region (0.02-0.2 GeV2)



• Extract spin polarizability δLT as a test of χPT calculations



• Test BC Sum Rule



• Finite size effects:



• Hydrogen hyperfine splitting: proton structure 
contributes to uncertainty



• Proton charge radius: proton polarizability contributes to 
uncertainty



• Data were taken in Jefferson Lab Hall A in 2012



• Analysis is currently underway

14



Spokespeople


Alexander Camsonne


Jian-Ping Chen


Don Crabb


Karl Slifer



!

Post Docs


Kalyan Allada


Elena Long


James Maxwell


Vince Sulkosky


Jixie Zhang



Graduate Students


Toby Badman


Melissa Cummings


Chao Gu


Min Huang


Jie Liu


Pengjia Zhu


Ryan Zielinski

g2p Collaboration

15



How to get g2
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JLab Hall B experiment EG4 
measured this quantity

g2p experiment will measure 
this, combining the EG4 data 

to get g2p at low Q2
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Experiment Setup

HRS

HRS

BCM Rasters Chicane BPM

Local


Dump

Beam diagnostics:

Polarized 


NH3 Target

Hall A High Resolution 
Spectrometer (HRS)

Septa

• Major New Installation in Hall A



• Polarized NH3 Target with 2.5/5T magnetic 
field 



• Low current (<100nA) beam line diagnostics 



• Septa magnets
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Experiment Setup

Run
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Target Polarization Results for 5T Field Setting

Plots by T. Badman

• Average Polarization:



• 2.5 T: ~ 15%



• 5.0 T: ~ 70%

• Polarized NH3 Target



• Dynamic nuclear polarization



• Target polarization measured via 
NMR
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Experiment Setup
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• HRS Detector package



• Vertical Drift Chamber (VDC)



• Particle identification (PID) Detectors



• High Efficiency (>99%) for gas 
Cherenkov and lead glass calorimeters

Gas Cherenkov Efficiency



Kinematics Coverage

Beam Energy


(GeV)

Target Field 
(T)

2.254 2.5

1.706 2.5

1.158 2.5

2.254 5

3.352 5

Mp < W < 2 GeV


0.02 < Q2 < 0.2 GeV2
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Projections
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Analysis Status
• Completed



• Run Database


• HRS Optics



• Field measurement 
analysis



• VDC t0 calibration


• Simulation package


• Optics with target field 

(LHRS)


• Detector Calibrations/

Efficiency Studies


• Gas Cherenkov


• Lead Glass Calorimeters


• Scintillator trigger 

efficiencies 


• Scalers



• BCM calibration


• Helicity decoding


• Dead time calculations



• Target Polarization Analysis


• BPM Calibrations



• In Progress


• Raster Size Calibrations


• Packing Fraction/Dilution 

Analysis


• Elastic Analysis


• Yields/Radiative Corrections
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Preliminary Results
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Conclusion of g2p

• g2p experiment will provide first measurement of the proton 
structure function g2 in the low Q2 region (0.02-0.2 GeV2)



• The result will provide insight on several outstanding physics 
puzzles:



• Spin polarizability δLT discrepancy seen for neutron data 



• BC Sum Rule violation suggested for proton at large Q2



• Contribute to the uncertainty of some finite size effects 
like hydrogen hyperfine splitting and proton charge radius 
puzzle
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Future Experiments
• JLab at 12 GeV



• Hall A 



• E12-06-122: A1n in valence 
quark region (8.8 and 6.6 GeV)



• Hall B



• E12-06-109: longitudinal spin 
structure of the nucleon



• Hall C



• E12-06-110: A1n in valence 
quark region (11 GeV)



• E12-06-121: g2n and d2n at 
high Q2
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Figure 13: x2gn2(x) vs. x presenting the statistical errors expected from the proposed measurement (colored
circles). Existing world data are also shown. Note: The points associated with the present measurement are
distributed along different horizontal lines, each representing a common < Q2 > value. This is in marked
contrast to the existing world data for gn2 for Q2 > 1GeV2/c2 which were measured over Q2 values ranging
from 1—15GeV2/c2 and were “evolved” to a common Q2 prior to computing d2.
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Figure 14: d̄2(Q2) without the nucleon elastic contribution are presented with estimated statistical errors for
the proposed measurement. The SLAC E155 [38] neutron result is also shown here (open square). The solid
line is the MAID calculation[55] while the dashed line is a HBχPT calculation[56] valid only at very low
Q2. The lattice prediction [51] at Q2 = 5 GeV2 for the neutron d2 reduced matrix element is negative but
consistent with zero. We note that all models shown in Fig. 3 predict a negative value or zero at large Q2
where the elastic contribution is negligible. At moderate Q2 the data show a positive d̄n2 , and indicate a slow
decrease with Q2. The combined SLAC+JLab datum shows a positive dn2 value but with still a large error
bar.
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Electron Scattering

• Important kinematics variables:



• ν = E - E’


• Q

2
 : Momentum transfer squared



• W : Invariant mass of residual hadronic 

system



•                , Bjorken variable: fraction 

momentum of struck quark
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• “twist” in Operator Production Expantion



!

!
!
!
!
!
!

• quark-quark and quark-gluon correlation

5.6 Deep Inelastic Scattering within QCD 1 35

representation which dominates in the Bjorken limit is the largest   in this case the η +  1 
dimensional representation.

The simple prescription for building elements of the largest irreducible representation of
the Lorentz group is to first symmetrize in all indices and then make the result traceless on all
pairs of indices, by subtracting all possible terms in which any two elements, say i and j, have
been contracted (multiplied by # µί/ ^)· The result, for η rather than η  \   1:

Οµι. . ./ χη = s^HD^ . . . ί µη~ ιψ   traces involving ĝ ^,  (5.123)

is said to have "spin" n. (Here S symmetrizes the Lorentz indices.) Since it has dimensions
of energy to the power η +  2, its "engineering" dimensions minus its spin give 2. This com 
bination is known as twist and these operators are called twist 2 or leading twist operators.

Although the leading twist operator of spin η is unique, we shall see that radiative cor 
rections in QCD lead to a violation of the Callan Gross relation at leading order in g2. In
anticipation of this, we note that the tensor structure of W^v involves ĝ  and ρµρν   the
extra terms involving q can be written in later on the basis of current conservation. These
two terms are quite naturally associated with the operators q2ĝ O^l"^n and ο̂ µ3'"µη,
respectively. (Recall that the matrix elements of Ο give products of p.)

Let us define a projection operator which picks out the piece of \νµι/  corresponding to the
absorption of longitudinal photons, Ρµι, , and a tensor, P/ V , which picks out the W% piece:

2 , (5.124)

p.q p.q

Then the forward Compton amplitude can be written as

  z) (N(P)\T (ĵ )>(0)) \N(P))

(5.125)

where we recognize the tensor structure of P^J in the second term on the right hand side of
the equation. In Eq. (5.125) we have defined the Fourier transform of the coordinate space
coefficient functions to be C^L'2) (Q2). Using Eq. (5.116) in Eq. (5.125) we find

(5.126)

Clearly this expression is a power series in ^, while the physical region is χ G  [0,1]. It is not
therefore very useful as it stands. However, as we now show it can be continued to the region
of interest by using the analytic properties of Τµι/ (Ρ, q).

leading twist twist-3

Structure Function

29

Structure of Nucleon, eq 5.125



Proton Polarizability

30

• Proton electric and magnetic polarizabilities: response to low-
frequency, long-wavelength electromagnetic fields



• From the dispersion relation of the real Compton scattering 
(RCS) amplitude, one could derive electric and magnetic 
polarizability and forward spin polarizability

↵+ � =
1

2⇡2

Z 1

⌫0

�T

⌫02
d⌫0 �0 = � 1

4⇡2

Z 1

⌫0

�TT

⌫03
d⌫0

electric and magnetic 
polarizability

forward spin 
polarizability

110 D. Drechsel et al. / Physics Reports 378 (2003) 99–205

γγ NN
(a) (b)

Fig. 1. Spin and helicity of a double polarization experiment. The arrows ⇒ denote the spin projections on the photon
momentum, the arrows → the momenta of the particles. The spin projection and helicity of the photon is assumed
to be ! = 1. The spin projection and helicity of the target nucleon N are denoted by Sz and h, respectively,
and the eigenvalues of the excited system N∗ by the corresponding primed quantities. (a) Helicity 3=2: Transition
N (Sz = 1=2; h = −1=2) → N∗(Sz = h = 3=2), which changes the helicity by 2 units. (b) Helicity 1=2: Transition
N (Sz =−1=2; h=+1=2)→ N∗(Sz = h=+1=2), which conserves the helicity.

These two amplitudes can be determined by scattering circularly polarized photons (e.g., helicity
! = 1) o! nucleons polarized along or opposite to the photon momentum q. The former situation
(Fig. 1a) leads to an intermediate state with helicity 3=2. Since this requires a total spin S¿ 3=2,
the transition can only take place on a correlated 3-quark system. The transition of Fig. 1b, on
the other hand, is helicity conserving and possible for an individual quark, and therefore should
dominate in the realm of deep inelastic scattering. Denoting the Compton scattering amplitudes
for the two experiments indicated in Fig. 1 by T3=2 and T1=2, we "nd f(") = (T1=2 + T3=2)=2 and
g(") = (T1=2 − T3=2)=2. In a similar way we de"ne the total absorption cross section as the spin
average over the two helicity cross sections,

#T =
1
2
(#3=2 + #1=2) ; (46)

and the transverse–transverse interference term by the helicity di!erence,

#′TT =
1
2
(#3=2 − #1=2) : (47)

The optical theorem expresses the unitarity of the scattering matrix by relating the absorption
cross sections to the imaginary part of the respective forward scattering amplitude,

Imf(") =
"
8$
(#1=2(") + #3=2(")) =

"
4$
#T(") ;

Im g(") =
"
8$
(#1=2(")− #3=2(")) =− "

4$
#′TT(") : (48)

Due to the smallness of the "ne structure constant %em we may neglect all purely electromagnetic
processes in this context, such as photon scattering to "nite angles or electron-positron pair production
in the Coulomb "eld of the proton. Instead, we shall consider only the coupling of the photon to
the hadronic channels, which start at the threshold for pion production, i.e., at a photon lab energy
"0 = m$(1 + m$=2M) ≈ 150 MeV. We shall return to this point later in the context of the GDH
integral.
The total photoabsorption cross section #T is shown in Fig. 2. It clearly exhibits three resonance

structures on top of a strong background. These structures correspond, in order, to concentrations
of magnetic dipole strength (M1) in the region of the &(1232) resonance, electric dipole strength
(E1) near the resonances N ∗(1520) and N ∗(1535), and electric quadrupole (E2) strength near the

�1/2 �3/2

�T =
1

2
(�1/2 + �3/2) �TT =

1

2
(�1/2 � �3/2)



Generalized Longitudinal-Transverse 
Polarizability

• Start from forward spin-flip doubly-virtual Compton 
scattering (VVCS) amplitude gTT and gLT

• gTT and gLT can be expanded in power series of ν

O(ν3) term of gTT leads to  
the generalized forward 

spin polarizability γ0

O(ν2) term of gLT leads 
to  the generalized



longitudinal-transverse 
polarizability δLT
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δLT puzzle
• At low Q2, the generalized polarizabilities have been evaluated 

with NLO χPT calculations:



• Relativistic Baryon χPT (V. Bernard, T. Hemmert and Ulf-G. Meissner, 
Phys. Rev. D, 67(2003)076008)



• Heavy Baryon χPT (C. W. Kao, T. Spitzenberg and M. Vanderhaeghen, Phys. 
Rev. D, 67(2003)016001)



• One issue in the calculation is how to properly include the 
nucleon resonance contributions, especially the Δ resonance



• γ0 is sensitive to resonances



• δLT is insensitive to the Δ resonance



• δLT should be more suitable than γ0 to serve as a testing 
ground for the chiral dynamics of QCD
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δLT puzzle

Kochelev & Oh. arXiv:1103.4892

Still need Proton δLT Data

Kochelev’s new calculation result:


• Include the axial-anomaly a1(1260) meson contribution


• Improves agreement with neutron
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FIG. 3. (a) The generalized longitudinal-transverse polarizability of the neutron δnLT and (b) of the proton δpLT . Same as Fig. 2
but with the result of Lorentz-invariant χPT of Ref. [2].

g2p projected
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Hydrogen Hyperfine Structure
• Hydrogen hyperfine splitting in the ground state has been measured 

to a relative high accuracy of 10
-13

 



!
!
!
!
!

• ∆S is the proton structure correction and has the largest 
uncertainty



!
• ∆Z can be determined from elastic scattering, which is 

-41.0±0.5×10
-6




• ∆pol involves contributions of the inelastic part (excited state), and 
can be extracted to 2 terms corresponding to 2 different spin-
dependent structure function of proton 

�E = 1420.4057517667(9)MHz

= (1 + �)EF

� = (�QED + �R + �small) +�S

�S = �Z +�
pol



Hydrogen Hyperfine Structure
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• B2 is dominated by low Q2 part



• g2
p
 is unknown in this region, 

so there may be huge error 
when calculating ∆2



• This experiment will provide a 
constraint

Integrand of ∆2

g2p Experiment

Nazaryan, Carlson, Griffieon, PRL, 96(2006)163001



• The finite size of the nucleus plays a small 
but significant role in atomic energy levels



• Simplest: proton



• 2 ways to measure:


• energy splitting of the 2S1/2-2P1/2 level 

(Lamb shift)


• scattering experiment



• The result do not match when using 
muonic hydrogen


• <Rp> = 0.84184±0.00067fm by Lamb 

shift in muonic hydrogen 


• <Rp> = 0.87680±0.0069fm CODATA 

world average
R. Pohl et al, Nature, 466(2010)213

Nucleus~10-15

Proton Size Radius



Experiment Setup

HRS

HRSChicane

• Chicane and Local Dump



• Outgoing beam will be 
tilted by the large 
target field



• Use Chicane to provide 
an incident angle



• Use local dump to stop 
non-straight beam

Local Dump

Target



Experiment Setup

HRS

HRSSepta

• Septa magnets



• Detector package has a minimum 
angle limit at 12.5˚



• Use septa magnets to bend 5.6˚ 
scattered electrons to 12.5˚ to allow 
access to the lowest possible Q2



Experiment Setup

HRS

HRS
HRS

• Hall A High Resolution Spectrometer



• High momentum resolution: 10-4 
level over a range of 0.8-4.0 GeV/c



• High momentum acceptance: |δp/p| < 
4.5%



• Wide range of angular settings: 
12.5˚~150˚ for left arm, 12.5˚~130˚ 
for right arm



• Angular acceptance: ±30 mrad 
(Horizontal) and ±60 mrad (Vertical)



Analysis Status
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Raw Data

Cooked Data

Selected Events

Raw Results

Physics Results

Optics

Beam InfoRun Info DB

Detector Calibration

Scaler Info Target Info

PID Cuts Acceptance Cuts

Deadtime

Efficiencies

Target PolarizationRadiative Correction Acceptance
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HRS Optics: Overview
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• HRS has a series of magnets



• 3 quadrupoles to focus and 1 dipole to disperse on 
momentums



• Optics study will provide a matrix to transform VDC readouts 
to kinematics variables which represents the effects of these 
magnets



Optics for g2p

Q1
Q2

Dipole

Q3

VDC

Target

Septa

First Order Matrix

0

BB@

�

✓

y

�

1

CCA

tg

=

0

BB@

h�|xi h�|✓i
h✓|xi h✓|✓i

hy|yi hy|�i
h�|yi h�|�i

1

CCA

0

BB@

x

✓

y

�

1

CCA

42

• Septa magnet



• Target magnetic field



• Optics matrix will cover septa magnet



• Target magnetic field will break the focusing nature of the 
spectrometer so more difficult



Optics Goal

• The g2p experiment will measure the proton structure 
function g2 in the low Q2 region (0.02-0.2 GeV2) for the first 
time



• Goal: 5% systematic uncertainty when measuring cross section



• Optics Goal:



• <1.0% systematic uncertainty of scattering angle, which will 
contribute <4.0% to the uncertainty of cross section



!

• Momentum uncertainty is not as sensitive, but it is not hard 
to reach 10-4 level

� ⇠ 1/ sin4(✓/2)
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E’

He Peak

C Peak

       

Angle Calibration
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Septa
• Determine the center scattering 

angle



• Survey: ~1mrad



• Idea: Use elastic scattering on 
different target materials



!

• Data taking: Carbon foil in LHe, 
or CH2 foil



• Two elastic peak took at the 
same time



• The accuracy to determine this 
difference is <50KeV -> 
<0.5mrad
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Matrix Calibration
• Calibrate the angle and momentum matrix elements:



• Use carbon foil target and point beam



• Use sieve slit to get the real scattering angle from geometry



• Angle: Fit with data which we already know the real 
scattering angle



• Momentum: Use the real scattering angle to calculate elastic 
scattering momentum of carbon target  
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Figure A-8: Sieve Pattern Recostruction.

each settings were calculated using magnet field readouts from dipoles.

One issue in the elastic peak reconstruction is the angular dependence. The elas-

tically scattered electron has energy (omit the electron’s mass):

p(M, θ) = E ′ =
E

1 + E/M(1 − cos(θ))
, (A.30)

where E is incoming electron energy, M is target mass and θ is scattering angle. So

the our solid angle acceptance, the elastic peak will be broadened by this dependence

and the effect becomes larger for lighter target elements. To remove such effect, a

new variable called dpkin is defined by

dpkin = dp −
p(M, θscat) − p(M, θ0)

p0
, (A.31)

where the scattering angle θscat is calculated using formula (A.1) and θ0 is the central

angle of spectrometer.

Figure A-9 shows the effect of this dpkin correction in the water fall target elastic

scattering. The hydrogen elastic peak after the correction can finaly be clearly iden-

tified. Of course, this method is only valid for elastic scattering from known targets.
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Matrix Calibration: Angle
After CalibrationBefore Calibration

Resolution: 1.4mrad (RMS)
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LHRS



Matrix Calibration: Angle
After CalibrationBefore Calibration

Resolution: 1.6mrad (RMS)
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RHRS



Matrix Calibration: Momentum
Before Calibration

After Calibration

Relative momentum

Relative momentum
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LHRS

RMS: 1.4x10-4



Matrix Calibration: Momentum
Before Calibration

After Calibration

Relative momentum

Relative momentum
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RHRS

RMS: 1.7x10-4



• To include target field



• Normal sieve slit method is not useful



• Idea: separate reconstruction process to 2 parts:



• Use HRS optics matrix to do the reconstruction from 
VDC to sieve slit 



• Use the target field map to do a ray trace of the 
scattered particle from sieve slit to target

Optics Study with Target Field

Q1
Q2

Dipole

Q3

VDC

Target

Septa
Sieve slit
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Sieve pattern after calibration

Optics Study with Target Field
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• Use carbon foil 
target and point 
beam



• Sieve pattern is 
decided by both the 
beam position and 
the reconstructed 
angle



• Directly use BPM 
readout to provide 
beam position here



Optics Study with Target Field
• Compare reconstructed target theta and phi angle with the 

calculated result

Reconstructed theta and phiCalculated theta and phi
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