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Abstract

We propose to make a precision measurement of spin dependent asymmetries for
the inclusive reaction on the proton ~p(~e, e′) from the pion production threshold up
to an invariant mass W = 2.4 GeV at two different values of Q2, 0.8 and 2.0 GeV2.
We shall use polarized proton target both in transverse and longitudinal configu-
rations. The results on the spin structure functions g1(x, Q2) and g2(x, Q2) will
enable us to test the Burkhardt-Cottingham sum rule on the proton and evaluate
the d2(Q

2). This quantity is a measure of higher twist effect in g2(x, Q2) structure
function. The previous measurement at SLAC showed a possible violation of the
BC sum rule at Q2 = 5 GeV2 and positive, non-zero value for d2(Q

2).
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1 Introduction and Motivation

With the advent of polarized electron beam and targets, the study of spin struc-
ture of the nucleon enriched our understanding of Quantum ChromoDynamics
(QCD), the underlying theory of the strong interaction. The spin structure of the
nucleon is described in terms of two structure functions, g1(x, Q2) and g2(x, Q2).
In the parton model, g1(x, Q2) has a simple interpretation as unpolarized structure
functions (F1 and F2) do, but g2(x, Q2) doesn’t.

On the other hand, at high Q2, where contribution of twist higher than 3 are
negligible, Operator Product Expansion (OPE) [1, 2] shows that g1(x, Q2) con-
tains twist-2 contribution only, whereas g2(x, Q2) contains both twist-2 and twist-
3 contributions, of which the simplest case is one gluon exchange during the scat-
tering process. The twist-3 contributions are a direct manifestation of quark-gluon
interaction and quark masses. Its measurement and comparison with theory is an-
other important test of QCD.

The higher-twist effect of g2(x, Q2) can be quantified by d2(Q
2),

d2(Q
2) =

∫ 1

0
x2
[

2g1(x, Q2) + 3g2(x, Q2)
]

dx (1)

= 3
∫ 1

0
x2g2(x, Q2) dx, (2)

where

g2(x, Q2) = g2(x, Q2) − gWW
2 (x, Q2) (3)

gWW
2 (x, Q2) = −g1(x, Q2) +

∫ 1

x

g1(y, Q2)

y
dy. (4)

Here gWW
2 (x, Q2), derived by Wandzura-Wilczek [3], is the twist-2 contribution

to g2(x, Q2).
At high Q2, d2(Q

2) is a reduced matrix element that is related to the induced
color electric and magnetic polarizabilities χE and χB when a nucleon is polarized
[4, 5],

d2 =
1

8
(χE + 2χB). (5)

The sign of χB reflects the direction of the color magnetic field with respect to the
polarization of the nucleon.

At very low Q2, recent work has shown that d2(Q
2) can be expressed as a

linear combination of transverse (γ0) and longitudinal (δLT ) nucleon spin polariz-
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abilities [6],

d2(Q
2) =

Q6

16M2αem

[

3δLT (Q2) − γ0(Q
2)
]

, (6)

where δLT and γ0 are generalized forward spin polarizabilities, longitudinal-trans-
verse and purely transverse, respectively.

Understanding the transition from “color” electric and magnetic polarizabili-
ties to “spin” polarizabilities in the framework of QCD and comparing with the
experimental results would be another key check for our understanding of QCD.

The fact that the leading order to g2(x, Q2) contains twist-3 contributions has
another implication for the sum rule. While the Bjorken sum rule [7, 8] can be
re-derived using the OPE, similar sum rule for g2(x, Q2) cannot.

The sum rule for g2(x, Q2), reads

∫ 1

0
g2(x, Q2) dx = 0. (7)

and first derived by Burkhardt and Cottingham (BC) [9] in 1969, based on the
dispersion relation and the asymptotic behavior of the corresponding Compton
amplitude. As mentioned earlier, the BC sum rule can not be confirmed with the
OPE [10]. On the other hand, vanishing higher-twist effect do imply the BC sum
rule.

Using g2(x, Q2) and also separating elastic contribution, the BC sum rule reads

Γ2(Q
2) =

∫ 1

0
g2(x, Q2) dx (8)

=
∫ x0

0
g2(x, Q2) dx −

τ

2(1 + τ)
GM(Q2)

[

GM(Q2) − GE(Q2)
]

(9)

= 0 (10)

where x0 is the value of x corresponding to pion production threshold, τ =
Q2/4M2, and GE(Q2), GM(Q2) are electric and magnetic form factors of the
nucleon.

For the sake of convenience, let us define

Γinel
2 (Q2) =

∫ x0

0
g2(x, Q2) dx (11)

which contains only the inelastic contribution to g2(x, Q2). Burkhardt and Cot-
tingham claimed that this sum rule is valid for all values of Q2. Often, Q2 → ∞
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limit, where GE and GM are negligible, is taken. The BC sum rule is then pre-
sented as

Γinel
2 (Q2) = 0 as Q2 → ∞. (12)

Since the BC sum rule has been postulated, there have been a number of issues
concerning the validity of the sum rule. While Operator Product Expansion (OPE)
at high Q2 provides a solid background for the sum rules involving g1(x), OPE
can not be used for the BC sum rule and a number of authors raised questions
on the very starting assumptions in the derivation by Burkhardt and Cottingham
[10, 11, 12, 2]. In one scenario, if g2(x) is divergent faster than 1/x as x → 0, the
integral of g2(x) is divergent and there is no sum rule.

However, a number of simple models do satisfy the BC sum rule and it has
been shown by an explicit calculation, that it is fulfilled in higher order QCD
[13, 14]. Furthermore, within the light-cone OPE, there is no twist-3 operator
for the first moment of g2(x, Q2) [15] satisfying the BC sum rule. This is a hint,
though no proof that the BC sum rule holds.

In the other scenario [2], g2(x) can have a δ function at x = 0. In this case, the
BC sum rule holds formally, but it would be impossible to verify it experimentally
since a δ function at x = 0 is not detectable. So the measured g2(x) would appear
to violate the BC sum rule.

When an experiment finds a violation of the BC sum rule, it is not easy to dis-
tinguish the two previous possibilities. However, the recent result on the neutron
from JLab shows that the BC sum rule seems to be satisfied already in low Q2 re-
gion at least for the neutron. If the BC sum rule does hold, this result suggests that
any exotic behavior of g2(x) near x = 0 gives very small, if not zero, contribution
to the BC sum rule.

With the advent of polarized electron beam and targets, there have been a
series of experiments to measure the spin structure functions of the proton and
the neutron from DESY, CERN, SLAC and Jefferson Lab. However, most of
the earlier experiments focused on the g1(x, Q2) structure function in the Deep
Inelastic Scattering (DIS) region. As a result, the data for g2(x, Q2) are scarce.
SLAC E155X [16] has produced a wealth of data mainly at high Q2 for g1(x, Q2)
and g2(x, Q2) on both the proton and the neutron. Recently, Jefferson Lab has
provided low to intermediate Q2 data on the neutron and the proton [17, 18, 19,
20, 21, 22, 23].

The first experimental test of the BC sum rule is from SLAC E155X experi-
ment [16]. For the proton, their result reads

Γinel
2 (proton, Q2 = 5 GeV2) = 0.024 ± 0.008 ± 0.003. (13)
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At this Q2, the elastic contribution is negligible and Γinel
2 can be compared directly

with zero for the BC sum rule. The authors concluded that their result on the
proton is inconsistent with the BC sum rule.

A measurement of the neutron structure functions at Q2 below 1 GeV2, JLab
E94010, has also produced interesting results regarding to the BC sum rule on the
neutron. Figure 1 shows the summary of currently available experimental data
for the BC sum rule. While the results for the neutron from SLAC and JLab are
consistent with zero within errors, the only proton result shows a clear deviation
from zero. It is worth mentioning that JLab results are integrated up to W =
2 GeV and do not include DIS contribution, which has been estimated using
gWW
2 (x, Q2) and plotted as negative error band (dark gray, or magenta region)

in the Figure. Within the errors, the results on the neutron seem to satisfy the BC
sum rule.

For the proton, there is no high precision data for g2(x, Q2) other than the
SLAC E155X measurement, especially in the intermediate Q2 region. The data
analysis of JLab E91023 and E01006 [17, 22] are still in progress and the results
should be available soon.

While waiting for the results, the MAID model has been used to evaluate
Γ2(Q

2) for Q2 < 5 GeV2. First of all, the MAID model has been checked against
available neutron data [24] (dot-dashed curve in Figure 1) and a good agreement
has been found. However, for the proton, the same model predicts significant vi-
olation of the BC sum rule in the same Q2 region. The dashed curve in the Figure
shows MAID prediction while dotted line below zero axis shows the elastic con-
tribution. The sum of these two (solid line) should be compared to zero for the
BC sum rule. Although MAID is just a model, it would be very interesting to
check the BC sum rule for the proton for the Q2 range where MAID predicts a
large violation, especially when the same model predicts a verified sum rule for
the neutron which is in agreement with the measurement.

If the measurement gives a result close to zero as in the case of the neutron, we
are one step closer to the BC sum rule and the validity of the SLAC E155X mea-
surement can perhaps be questioned. On the other hand, if the result on the proton
shows significant deviation from zero giving the correct trend to the SLAC E155X
point, one of the major questions would be why there is a significant difference
between the neutron and the proton.

Similar to the situation for the BC sum rule, there is one available measure-
ment of d2(Q

2) for the proton and the neutron at Q2 = 5 GeV2 from SLAC E155X
and data for the neutron from JLab E94010 be;pw Q2 = 1 GeV2. Again, results
from JLab E91023 and E01006 [17, 22] on the proton will be available soon.
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Figure 2 summarizes current status of experimental measurement of d2(Q
2).

The data from JLab E94010 show a trend which suggests approaching zero
at high Q2 in agreement with the MAID model. It is interesting that the MAID
model predicts reasonably well both the trend and the magnitude of the neutron
data at low Q2 region. For the case of d2(Q

2), MAID model shows less dramatic
difference between the proton and the neutron than it does for the BC sum rule.
However, between Q2 = 1 and 5 GeV2, while MAID model predicts smooth de-
crease to zero for the neutron, it shows change of sign and coming back to zero
for the proton. Especially, MAID model predicts a sign change between Q2 = 1
and 2 GeV2, making the current proposal all the more interesting. Results from
JLab E01006 [22] will give results at Q2 ' 1.3 GeV2 and two more measure-
ments below and above this Q2 will give a clear picture of d2(Q

2) in this possibly
interesting region. More theoretical work is needed to understand the transition
between the high Q2 region where d2(Q

2) is interpreted in terms of color polariz-
abilities and the low Q2 region where it is rather related to spin polarizabilities.
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Figure 1: Experimental data for the Burkhardt-Cottingham sum rule. For better
presentation of available data, Q2 axis is linear from 0 to 1 GeV2 and logarithmic
from 1 to 10 GeV2. Filled circles are for the neutron from JLab E94010 with
light gray (above the zero axis) band as experimental systematic error. Another
systematic error band (dark gray, below the zero axis) shows an estimate of DIS
contribution not measured by JLab E94010. When elastic contributions are added,
open circles are obtained indicating possible satisfaction of the BC sum rule within
errors. Open diamond and open square are for the neutron and the proton respec-
tively from SLAC E155X. Filled square points at Q2=1.3 GeV2 shows expected
error from JLab E01006. Dot-dashed line shows MAID prediction for the neu-
tron in very good agreement with the measurement. Dashed line is for the proton
and after adding elastic contribution (dotted line below zero axis), the solid line is
obtained and should be compared with zero for the BC sum rule.
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Figure 2: Experimental data for d2(Q
2) from Q2 = 0 to 5 GeV2. For better presen-

tation of available data, Q2 axis is linear from 0 to 1 GeV2 and logarithmic from
1 to 10 GeV2. Filled circles are for the neutron from JLab E94010 with gray band
as systematic error. Open square is the result from SLAC E155X. Open diamond
at Q2 = 1.3 GeV2 shows expected error from JLab E01006. Dot-dashed and solid
lines are MAID prediction for the neutron and the proton respectively. The lat-
tice QCD calculation for the proton is shown in open circle. When comparing the
experimental data with lattice QCD calculation, it is important to include elastic
contribution, shown in dashed line for the proton. For example, for Q2 = 2.0
GeV2, it is quite surprising that the sum of the MAID prediction and the elastic
contribution is almost equal to the Lattice QCD prediction.
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2 Separation of g1(x) and g2(x)

When the target spin lies in the scattering plane defined by the incoming and
outgoing electrons, the difference of the cross sections for the two beam helicities
is given by,

d2σ↓,S

dE ′dΩ
−

d2σ↑,S

dE ′dΩ
= ∆σ‖ cos α + ∆σ⊥ sin α, (14)

where α is the angle of the target spin with respect to the incoming electron direc-
tion and ∆σ‖ and ∆σ⊥ are

∆σ‖ =
d2σ

dE ′dΩ
(↓⇑ − ↑⇑) (15)

=
4α2

MQ2

E ′

νE

[

(E + E ′ cos θ)g1 −
Q2

ν
g2

]

(16)

∆σ⊥ =
d2σ

dE ′dΩ
(↓⇒ − ↑⇒) (17)

=
4α2 sin θ

MQ2

E ′2

E

1

ν2
(νg1 + 2Eg2). (18)

In short, ∆σ‖ and ∆σ⊥ are cross section differences when the target spin is
longitudinal (α = 0) or transverse (α = 90◦) to the incoming electron direction.

It is ideal to have longitudinal and transverse configuration. However, as dis-
cussed later, the configuration of the target magnet and big scattering angle makes
α = 80◦ to be the best compromise. In this case, the measurements in this quasi-
transverse mode will be contaminated by cos 80◦ ' 17% of the longitudinal mode.
This will make our measurements slightly less sensitive to g2 than in the ideal case,
but can be overcome with increased time in quasi-transverse configuration. From
now on, “transverse” in this proposal means this quasi-transverse configuration.

We intend to measure spin dependent asymmetries for four different configu-
rations of the beam and target polarization directions:

(↓⇑), (↑⇓), (↓⇒), (↑⇒),

where the first arrow indicates the direction of the beam polarization while the
second (double) arrow shows the orientation of the target polarization (either lon-
gitudinal or transverse to the beam line).
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The asymmetries for both configurations are defined as

A‖ =
σ↓⇑ − σ↑⇑

σ↓⇑ + σ↑⇑

A′
⊥ =

σ↓⇒ − σ↑⇒

σ↓⇒ + σ↑⇒

, (19)

where σ’s are shorthand notation for differential cross sections d2σ
dE′dΩ

. Using A′
⊥ =

A⊥ sin α + A‖ cos α, with α = 80◦, A⊥ can be obtained as

A⊥ =
A′

⊥ − A‖ cos α

sin α
. (20)

Now using the unpolarized cross section (σ0) measured in another experiment
[25], the difference of the differential cross sections can be obtained as

d2σ

dE ′dΩ
(↓⇑ − ↑⇑) = 2A‖σ0 (21)

d2σ

dE ′dΩ
(↓⇒ − ↑⇒) = 2A⊥σ0 (22)

(23)

It is straightforward to extract g1(x) and g2(x) from these two independent linear
combinations.

3 Kinematics

To check the BC sum rule, it is very important to perform an integral of g2(x)
at constant Q2. One of the possibilities why SLAC E155X measurement shows
apparent violation of the BC sum rule is that their Q2 is not constant. As shown
in Figure 5, their Q2 varies from about 0.8 GeV2 to 8 GeV2.

Two values of Q2 has been picked up: 2 GeV2 and 0.8 GeV2. These two values
of Q2 provide the two extremes within reasonable experimental conditions. Data
at both values of Q2 can show the trend as we move to larger Q2 values. And
Q2 = 0.8 GeV2 point is interesting in itself since MAID model predicts pretty
large violation of the BC sum rule.

Additional kinematics have been chosen in order to extend the kinematic re-
gion of the JLab E01006. The previous experiment has a coverage at Q2 ' 1.3
GeV2 with a missing mass W up to ∼ 1.9 GeV. With a slight increase of the beam
time, it is possible to extend the coverage up to W = 2.4 GeV. This extension has
been achieved with a 5.7 GeV beam energy at smaller spectrometer angles.
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One minor complication comes from the target geometry in transverse con-
figuration. In this configuration, the polarized proton target has only ±17◦ of
opening angle and does not allow large angle (∼ 22◦) required for the high Q2

measurement. To accommodate such a large scattering angle, the target will be
rotated to 80◦ with respect to the beam line, instead of 90◦ in the case of true
transverse configuration. This minor change in angle increases the statistical error
on the extracted g2 very slightly.

For the transverse configuration, the strong magnetic field (4.8T, or
∫

Bdl =
1.4 Tm) is almost perpendicular to the direction of the electrons and bends outgo-
ing electrons toward the beam line. When calculating the actual kinematics at the
reaction vertex, this effect has been taken into account. The effect is small at 5.7
and 4.00 GeV kinematics, on the order of a few degrees, but becomes quite large
(up to ' 8◦) at 3.00 GeV kinematics where the momenta of the outgoing elec-
trons are low. For longitudinal configuration, although scattered electrons have
a small momentum component perpendicular to the longitudinal magnetic field,
this bending effect is negligible.

To minimize the required time, we intend to change spectrometer angles (θ)
and the energy (E ′) of the scattered electrons keeping Q2 constant. And one
more measurement at lower energy (not at constant Q2 and with compromised
statistics) has been added for the purpose of radiative corrections only. Tables 1
and 2 summarizes the required kinematics. And Figures 3 and 4 shows the actual
coverage in Q2 and W with these kinematics. Each diamond shaped region shows
the actual coverage by one spectrometer setting.

As Figure 6 shows, the previous experiment, JLab E01006 has covered the
resonance region from W ' 0.9 to 1.9 GeV with varying Q2 centered around 1.3
GeV2. This kinematics corresponds to d2(Q

2) zero crossing point according to
MAID model (Figure 2). Our lower Q2 kinematics at 0.8 GeV2 is necessary to
increase our lever arm in order to verify the actual zero crossing, if indeed it does
happen.

The lowest x value achievable with this proposal is limited due to a combina-
tion of the beam energy and maximum scattering angle and does not go as low as
SLAC E155X. However, SLAC result at the same Q2 (0.8, 1.3 and 2.0 GeV2, see
Figure 5) can be used to complement our lack of data at small x region.
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Ebeam (GeV) E ′ (GeV) Spectrometer Angle (◦) W (GeV) xBj

4.2000 15.8492 1.3020 0.7105
3.5778 17.1551 1.6920 0.5022

5.70 3.0477 18.5568 1.9640 0.4018
(Q2 = 2 GeV2) 2.5962 20.0596 2.1690 0.3434

2.2116 21.6655 2.3295 0.3055

3.5000 13.5704 1.9258 0.3149
5.70 2.9815 14.6539 2.1638 0.2548

(Q2 = 1.3 GeV2) 2.5398 15.8039 2.3475 0.2192

3.2300 12.5998 1.2350 0.5537
2.7515 13.6122 1.5567 0.3415
2.3439 14.6773 1.7855 0.2574

4.00 1.9966 15.7912 1.9595 0.2128
(Q2 = 0.8 GeV2) 1.7008 16.9468 2.0964 0.1854

1.4488 18.1331 2.2063 0.1671
1.2342 19.3349 2.2958 0.1541
1.0514 20.5267 2.3693 0.1446

2.5000 1.1340 0.5677
2.1296 1.4249 0.2960
1.8141 1.6314 0.1997
1.5454 1.7876 0.1518
1.3164 1.9096 0.1244

3.00 1.1214 12.5 2.0066 0.1076
0.9553 2.0844 0.0972
0.8137 2.1469 0.0911
0.6932 2.1981 0.0872
0.5905 2.2540 0.0711
0.5030 2.3005 0.0584

Table 1: Required kinematics for the transverse configuration with relevant vari-
ables. The data with beam energy 3 GeV are taken for the purpose of radiative
corrections only and no attempt was made to keep Q2 constant.
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Ebeam (GeV) E ′ (GeV) Spectrometer Angle (◦) W (GeV) xBj

4.2000 16.6188 1.3020 0.7105
3.5778 18.0169 1.6920 0.5022

5.70 3.0477 19.5352 1.9640 0.4018
(Q2 = 2 GeV2) 2.5962 21.1842 2.1691 0.3434

2.2116 22.9755 2.3295 0.3055

3.5000 14.6661 1.9258 0.3149
5.70 2.9815 15.8976 2.1637 0.2548

(Q2 = 1.4 GeV2) 2.5398 17.2346 2.3475 0.2192

3.2300 14.2945 1.2350 0.5537
2.7515 15.4949 1.5567 0.3415
2.3439 16.7966 1.7855 0.2574

4.00 1.9966 18.2100 1.9596 0.2128
(Q2 = 0.8 GeV2) 1.7008 19.7448 2.0964 0.1854

1.4488 21.4121 2.2063 0.1671
1.2342 23.2236 2.2958 0.1541
1.0514 25.1920 2.3693 0.1446

2.5000 1.1338 0.5681
2.1296 1.4351 0.2780
1.8141 1.6489 0.1738
1.5454 1.8112 0.1207
1.3164 1.9388 0.0888

3.00 1.1214 15.32 2.0412 0.0678
0.9553 2.1246 0.0531
0.8137 2.1930 0.0423
0.6932 2.2498 0.0341
0.5905 2.2970 0.0278
0.5030 2.3360 0.0233

Table 2: Required kinematics for the longitudinal configuration with relevant vari-
ables. The data with beam energy 3 GeV are taken for the purpose of radiative
corrections only and no attempt was made to keep Q2 constant.
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Figure 3: Actual coverage in Q2 and W for the transverse configuration. Light
shaded region shows extension to JLab E01006. The three solid lines drawn cor-
respond to constant Q2 values at 2.0, 1.3 and 0.8 GeV2.
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Figure 4: Actual coverage in Q2 and W for the longitudinal configuration. Light
shaded region shows extension to JLab E01006. The three solid lines drawn cor-
respond to constant Q2 values at 2.0, 1.3 and 0.8 GeV2.
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Figure 5: Comparison of kinematic coverage of SLAC E155X and the current
proposal. SLAC E155X kinematics covers down to smaller x than this proposal,
but their Q2 varies from 0.8 to 8.2 GeV2. Their low Q2 data can be used to
complement our lack of data at small x region.
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Figure 6: Comparison of kinematic coverage of JLab E01006 and the current
proposal. Two dot filled region represents the coverage of JLab E01006 and light
shaded regions are extension to that experiment included in this proposal.
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4 Experimental Equipment

The equipment necessary for this proposal is similar to the previous experiment
[22] and summarized below:

• Polarized electron beam with minimum 80% polarization and current be-
tween 60 to 100 nA. We need 3 beam energies: 5.70, 4.00 and 3.00 GeV.

• The Hall C Moller polarimeter to measure beam polarization.

• Beam raster system and the beam chicane.

• He bag for a dump line.

• The UVa-Basel-JLab polarized ammonia target with 70% NH3 polarization
with the beam.

• The Hall C HMS spectrometer in the HMS-1 point-to-point tune, ≥ 6.4 msr
solid angle, ∼ 0.3% momentum resolution and ±10% momentum accep-
tance.

• The normal HMS detector package to identify electrons and reject pions.
The pion background was estimated using the EPC program [26] and π−/e−
ratio was found to be less than 20 even in worst situations (high W region).
After the proper particle ID, the pion contamination will be negligible.

• Secondary Emissions Monitor (SEM) to measure the beam position at the
target.

5 Counting Rates and Required Time

The counting rates of scattered electrons from the polarized target is given by

Rate =
L∆E ′∆Ω

f

(

d2σ

dE ′dΩ

)

, (24)

with the luminosity L, spectrometer acceptance (both in momentum and solid
angle) ∆E ′∆Ω, dilution factor f and proton cross section d2σ

dE′dΩ
.

The actual counting rates have been estimated using QFS program by Light-
body and O’Connell. For proton luminosity, 1×1035cm−2Hz has been used based
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on the thickness of the target, ∼ 3× 1023cm−2 with 100nA beam current. For de-
tectors, Hall C HMS standard parameters, ±8% momentum acceptance and 6.4
msr of angular acceptance have been used. Finally, the dilution factor for the
frozen ammonia target (15NH3), an approximate value,

f =
3

3 + 15 + ε
' 0.13 (25)

has been used for all the kinematics.
In addition to the rates on the proton, the total rates from all the materials in

the target (H,Be,He,N2) including their radiative tails have also been estimated.
The total rates are always less than 1000Hz and even if we consider some pion
rates, the counting rates are not limited by the DAQ.

Time required for each kinematics and configurations was adjusted to mini-
mize the statistical error on d2(Q

2). Tables 3 and 4 give a summary.
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Ebeam (GeV) E ′ (GeV) Angle (◦) Proton Rate (Hz) Time (Hr) Comments

4.2000 15.8492 0.12 87.51
3.5778 17.1551 0.17 33.80

5.70 3.0477 18.5568 0.13 12.93
2.5962 20.0596 0.08 8.44
2.2116 21.6655 0.05 6.88

3.5000 13.5704 0.57 1.50
5.70 2.9815 14.6539 0.35 2.50

2.5398 15.8039 0.21 4.00

3.2300 12.5998 1.19 134.12
2.7515 13.6122 0.92 17.65
2.3439 14.6773 0.60 5.44

4.00 1.9966 15.7912 0.36 1.77
1.7008 16.9468 0.22 1.09
1.4488 18.1331 0.14 0.89
1.2342 19.3349 0.09 0.83
1.0514 20.5267 0.06 0.83

2.5000 1.85 0.44 Elastic
2.1296 1.55 0.25
1.8141 1.16 0.25
1.5454 0.75 0.30
1.3164 0.48 0.40

3.00 1.1214 12.5000 0.31 0.51
0.9553 0.20 0.67
0.8137 0.13 0.87
0.6932 0.09 1.14
0.5905 0.07 1.15
0.5030 0.07 1.16

Total Time 327.32

Table 3: Estimation of rates for the transverse configuration
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Ebeam (GeV) E ′ (GeV) Angle (◦) Proton Rate (Hz) Time (Hr) Comments

4.2000 16.6188 0.12 21.62
3.5778 18.0169 0.17 4.12

5.70 3.0477 19.5352 0.13 0.77
2.5962 21.1842 0.08 0.26
2.2116 22.9755 0.05 0.25

3.5000 14.6661 0.57 1.50
5.70 2.9815 15.8976 0.35 2.50

2.5398 17.2346 0.21 4.00

3.2300 14.2945 1.19 53.64
2.7515 15.4949 0.92 2.48
2.3439 16.7966 0.60 0.38

4.00 1.9966 18.2100 0.36 0.25
1.7008 19.7448 0.22 0.25
1.4488 21.4121 0.14 0.25
1.2342 23.2236 0.09 0.25
1.0514 25.1920 0.06 0.25

2.5000 1.85 0.44 Elastic
2.1296 1.55 0.25
1.8141 1.16 0.25
1.5454 0.75 0.25
1.3164 0.48 0.25

3.00 1.1214 15.32 0.31 0.27
0.9553 0.20 0.29
0.8137 0.13 0.31
0.6932 0.09 0.32
0.5905 0.07 0.32
0.5030 0.07 0.33

Total Time 88.05

Table 4: Estimation of rates for the longitudinal configuration
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6 Estimation of Expected Accuracy

The statistical error on the BC sum rule have been estimated from Eq. 18. Explic-
itly, g2(x, Q2) can be expressed in terms of A‖, A⊥ (or A′

⊥) and σ0 as

g2(x, Q2) =
Q2

4α2

Mν2

E ′(E + E ′)

(

−A‖ +
E + E ′ cos θ

E ′ sin θ
A⊥

)

σ0 (26)

=
Q2

4α2

Mν2

E ′(E + E ′)
× (27)

[

−

(

1 +
E + E ′ cos θ

E ′ sin θ tan α

)

A‖ +

(

E + E ′ cos θ

E ′ sin θ sin α

)

A′
⊥

]

σ0, (28)

where α = 80◦.
Using this expression, it is straightforward to propagate statistical errors on A‖

and A′
⊥ to g2(x, Q2) and its integral.

The goal on statistics are set to achieve 2% statistical error on the asymmetries
for each ∆E ′ = 50 MeV bin for both configurations. This goal will give about
10% statistical error on the BC sum, about twice of corresponding systematic
error.

With this statistical error, the expected statistical error on Γ2(Q
2) would be

about 4 × 10−3 and 2 × 10−3 at Q2 = 0.8 and 2.0 GeV2, respectively. Compared
to SLAC E155X measurements, these are 2 to 4 times better precision. Figures 7
and 8 show the expected statistical error on the BC sum rule and xg2(x, Q2) from
this proposal.

Expected systematic errors have been estimated based on the previous exper-
iment [22] which uses similar techniques and analysis methods. In this proposal,
the lowest energy data at 3 GeV are taken at different angles from the higher en-
ergy data. Although 3 GeV data will be used to anchor models, the systematic
error from the radiation corrections will be bigger than the ideal situation where
all the data are taken at the same angle. Using a conservative estimate based on
the analysis of JLab E94010, 20% has been assumed for this contribution. At the
same time, for the contribution from the unpolarized cross section, another con-
servative value of 5% has been used. Table 5 summarizes sources of systematic
error.

Similar analysis has been done for d2(Q
2) and the result is shown in Figure 9.
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Beam polarization 2%
Target polarization 2.5%

Dilution factor 2%
Nitrogen correction < 1%
Pion contamination < 1%

Dead time < 1%
Radiative corrections 20%

Errors from unpolarized cross section 5%

Total 21%

Table 5: Systematic error estimate
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Figure 7: Expected statistical and systematic error for the BC sum rule from this
proposal. The two square data points on the MAID curve show the expected
statistical error at two values of Q2. The open circle shows the expected error
from JLab E01006. The dark gray band below the zero axis shows estimated
experimental systematic error while the light gray band above the zero axis shows
an estimate of DIS contribution from non-measured region using gWW

2 (x, Q2).
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Figure 8: Expected statistical error for xg2(x, Q2) compared with SLAC E155X
for Q2 = 0.8 and 2.0 GeV2. In both frames, open circles show SLAC E155X
data with error at Q2 = 5.0 GeV2 for comparison. Solid squares on the zero axis
represent expected accuracy from this proposal.
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Figure 9: Expected statistical error for d2(Q
2) from this proposal. The two filled

circles show the expected statistical error at two values of Q2 while the open
circle is the expected statistical error from JLab E01006. For d2(Q

2), due to the
additional x2 factor in the integral, the contribution from the non-measured region
(generally small x) is negligible. The dark gray band close to zero axis shows
estimated systematic errors.
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7 Beam Time Request

The required time for data taking is summarized in Table 6 with the overhead
estimate.

Beam Energy (GeV) Configuration Time (Hrs)
5.70 Transverse 157.56

Longitudinal 35.02
4.00 Transverse 162.62

Longitudinal 57.75
3.00 Transverse 7.14

Longitudinal 3.28
Total Data Taking 423.4

Packing fraction measurement 20
Moller measurement 20

Target anneals 53
Beam energy change 24

Target material change 35
Spectrometer Configuration Change 26

Total overhead 165

Total Beam Time Request 25 Days

Table 6: Run time and overhead estimate

8 Summary

We propose to make a precision measurement of g2(x, Q2) for the proton at two
values of Q2, 0.8 and 2.0 GeV2. The experiment will use three beam energies
at 5.7, 4.0 and 3.0 GeV with various spectrometer angles from 12.5◦ to 25.2◦. It
will measure spin dependent asymmetries for the inclusive reaction ~p(~e, e′) using
polarized proton target in transverse and longitudinal configuration. Combined
with the result on unpolarized proton cross sections, the spin structure functions
functions g1(x, Q2) and g2(x, Q2) will be extracted. The Burkhardt-Cottingham
sum rule for the proton will be tested and d2(Q

2) will be evaluated.
To do this measurement, we ask for 25 days of beam time with standard Hall

C equipment.
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