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We report measurements of the exclusive neutral pion electroproduction cross section off protons
at large values of xB (0.36, 0.48 and 0.60) and Q2 (3.1 to 8.4 GeV2) obtained from Jefferson Lab
Hall A experiment E12-06-014. The corresponding structure functions dσL/dt+ εdσT /dt, dσTT /dt,
dσLT /dt and dσLT ′/dt are extracted as a function of the proton momentum transfer t− tmin.

The results suggest the amplitude for transversely polarized virtual photons continues to dominate
the cross section throughout this kinematic range. The data are well described by calculations based
on transversity Generalized Parton Distributions coupled to a helicity flip Distribution Amplitude
of the pion, thus providing a unique way to probe the structure of the nucleon.

Generalized Parton Distributions (GPDs) [1–3] de-
scribe the three-dimensional structure of the nucleon
by correlating the transverse position and the longitu-
dinal momentum of the quarks and gluons inside of it.
GPDs are accessible through deep exclusive processes,
such as Deeply Virtual Compton Scattering (DVCS) and
Deeply Virtual Meson Production (DVMP). For the lat-
ter, collinear factorization theorems [4] applied to lon-
gitudinally polarized virtual photons only (not to the
transversely polarized ones) establish that the DVMP
amplitude factorizes into a hard perturbative part and
a soft component described by the GPDs of the nucleon.
Figure 1 shows the leading mechanism of the π0 electro-
production reaction and defines the kinematic variables
of the process. There are four chiral-even GPDs that con-
serve the quark helicity and four chiral-odd (transversity)
GPDs that flip it. In the Bjorken limit where Q2 → ∞,
the energy of the virtual photon ν → ∞ and t/Q2 � 1,
the reaction cross section is dominated by the contribu-
tion of longitudinally polarized virtual photons. This lon-
gitudinal component depends on the momentum transfer
as Q−6, whereas the transverse component goes as Q−8.
The longitudinal cross section of DVMP only depends
on chiral-even GPDs of the nucleon. However, existing
data [5–9] for neutral pseudoscalar meson production,
with limited reach in Q2 and in the quark valence regime
show that transversely polarized virtual photons domi-
nate the total cross section. In the collinear approxima-
tion, singularities occur for transversely polarized pho-
tons and mesons. To explain the large transverse contri-

∗ rochej@ohio.edu

bution to the π0 electroproduction cross sections, it has
been suggested [10, 11] to regularize these singularities
by including transverse degrees of freedom of the quarks
and anti-quarks making up the meson. In this frame-
work, the π0 electroproduction cross section is described
by the convolution of the Distribution Amplitudes (DA)
of the meson and the transversity GPDs of the nucleon.
Calculations based on this approach [10, 11] were able
to reproduce reasonably well the existing neutral pseu-
doscalar meson production data cited above. This letter
reports measurements of π0 electroproduction cross sec-
tions that extend to higher than existing values of Q2

(from 3.1 to 8.4 GeV2) and of xB (0.36, 0.48 and 0.60),
with a large coverage in t and center of mass energy s.

The exclusive meson electroproduction cross section
can be written as [12]:

d4σ

dQ2dxBdtdφ
=

1

2π

d2 Γγ
dQ2dxB

(Q2, xB , E)[
dσT

dt
+ ε

dσL

dt
+
√

2ε(1 + ε)
dσLT

dt
cos(φ) + ε

dσTT

dt
cos (2φ)

+ h
√

2ε(1− ε)dσLT′

dt
sin(φ)

]
, (1)

where h(±1) is the helicity of the initial lepton, E is the
incident beam energy and φ is an angle between leptonic
and hadronic planes defined according to the Trento con-

vention [13]. The kinematic factor
d2 Γγ
dQ2dxB

and ε are the

virtual photon flux and the degree of longitudinal polar-
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FIG. 1. Leading twist diagram representing the pseudoscalar
DVMP to the γγ channel. The net four-momentum trans-
ferred to the proton is t, whose minimum value tmin occurs
when the π0 meson is emitted parallel to the virtual pho-
ton. The average light-cone momentum fraction carried by
the struck parton is x with −2ξ the light-cone momentum
transfer. The hadronization is described by meson Distribu-
tion Amplitudes (DA).

ization defined as:

d2 Γγ
dQ2dxB

(Q2, xB , E) =
α

8π

1

1− ε
1− xB
x3
B

Q2

M2
pE

2
, (2)

where Mp is the proton mass and

ε =
1− y − Q2

4E2

1− y + y2

2 + Q2

4E2

(3)

with y = [q · p]/[k · p].
Experiment E12-06-114 took data between 2014 and

2016 in Jefferson Lab Hall A. The main goal of this exper-
iment was to measure the DVCS cross section ep→ epγ.
The same experimental configuration also captured ex-
clusive π0 production events. The kinematics covered by
the experiment are shown in Tab. I. The electron beam
scattered off a 15-cm-long liquid hydrogen target with
luminosities greater than 1038 cm−2s−1. The beam po-
larization measured by the Hall A Møller polarimeter was
86± 1%, with the uncertainty dominated by the system-
atic precision of the measurement. Scattered electrons
were detected in a High-Resolution Spectrometer (HRS)
with a relative momentum resolution of 2·10−4 and a hor-
izontal angular resolution of 2 mr [14]. Photons from the
DVCS and DVMP processes were measured in an electro-
magnetic calorimeter consisting of a 13×16 array of PbF2

crystals. The analog signal of each channel was sampled
by a 1 GHz Analog Ring Sampler [15, 16] and recorded
over 128 ns. The calorimeter was calibrated multiple
times during the experiment using coincident elastic H(e,
e′Calo pHRS) events. The typical energy resolution of the
calorimeter was 3% at 4.2 GeV with an angular reso-
lution of 1.5 mr (when located 6 m from the target).
Between two consecutive elastic calibrations, the output
of the calorimeter for a given photon energy changed up

to 10% due to the radiation damage of the PbF2 crys-
tals. The loss of signal was estimated and compensated
for by adjusting the reconstructed invariant mass of the
detected π0 events.

Neutral pions were reconstructed by selecting 2 pho-
tons in the calorimeter above 500 MeV each, in coin-
cidence with the detection of a scattered electron in
the HRS. The HRS-calorimeter coincidence-time resolu-
tion was about 1 ns. The total contribution from ac-
cidental coincidences was below 2% and was subtracted
from the experimental yield. The π0 sample was cleanly
identified by selecting events around the invariant mass
mγγ =

√
(q1 + q2)2. The exclusivity of the reaction was

ensured by reconstructing the missing-mass squared M2
X

of the H(e, e′γγ)X reaction (Fig. 2).
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FIG. 2. Missing-mass squared for H(e, e′π0)X events. The
deviation of the experimental yield from the exclusive π0 sim-
ulated data show the contribution of inclusive channels above
the additional pion production threshold at (Mp + mπ0)2 ≈
1.15 GeV2. The dotted line indicates the cut M2

X < 1.1 GeV2

applied in order to remove this background. A cut on the in-
variant π0 mass between 105 MeV and 165 MeV was also
applied to ensure exclusivity.

The acceptance and resolution of the experiment were
computed by a Monte-Carlo simulation based on the
Geant4 software [17]. The simulation and cross section
extraction includes the real and virtual radiative effects,
based on calculations by Vanderhaeghen et al. [18].

During most of the experiment, the first quadrupole of
the HRS was not fully functional and had to be operated
at a reduced current. Effects on the spectrometer ac-
ceptance were taken into account for each kinematic set-
ting and period by applying the same multi-dimensional
cut [19] to both the experimental and simulated data.

Data were binned into 12 φ bins by 5 t′ bins. The dif-
ferent structure functions appearing in the π0 electropro-
duction cross section were extracted by exploiting their
specific φ dependencies, minimizing the χ2 between the
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xB-label 0.36 0.48 0.60

〈xB〉 0.36 0.36 0.36 0.48 0.45 0.46 0.46 0.59 0.60

E (GeV) 7.38 8.52 10.59 4.49 8.85 8.85 10.99 8.52 10.59

Q2 (GeV2) 3.11 3.57 4.44 2.67 4.06 5.16 6.56 5.49 8.31

W 2 (GeV2) 6.51 7.29 8.79 3.81 5.62 6.67 8.32 4.58 6.46

−tmin (GeV2) 0.16 0.17 0.17 0.33 0.35 0.35 0.36 0.67 0.71

ε 0.61 0.62 0.63 0.51 0.71 0.55 0.52 0.66 0.50

TABLE I. Incident beam energy E and average values for scattering kinematic variables for each of the nine (E,Q2, xB) settings
where the π0 cross sections are reported. For each setting, cross sections are measured as a function of t′ = tmin − t, with tmin
calculated event-by-event.

number of experimental and simulated events:

χ2 =

N=60∑
i=1

(
Nexp
i −Nsim

i

σexpi

)2

(4)

where the sum runs over all 12×5 bins for each (xB , Q
2)

setting. Nexp
i is the total number of events in bin i with

corresponding statistical precision σexpi . The number of
simulated events in bin i is computed by convoluting
the acceptance and resolution of the experimental setup
with the kinematic dependencies of each of the struc-
ture functions (dσL/dt+εdσT /dt, dσTT /dt, dσLT /dt and
dσLT ′/dt) that make up the cross section (see Eq. 1).
These structure functions are the free parameters of the
χ2 minimization. Bin migration effects from one kine-
matic bin to another due to resolution and radiative ef-
fects are incorporated into the simulation and are up to
10% depending upon the kinematic bin. Cross sections
are only reported for the 4 lowest t′ bins; the additional
highest t′ bin in the analysis is only used to evaluate bin
migration to the lower t′ bins. The systematic uncer-
tainty associated with the bin migration is assessed by
varying the selection cut on the missing mass-squared,
for each kinematic bin. Figure 3 shows the four struc-
ture functions and their φ dependence measured at one
of the settings. The helicity-dependent structure func-
tion dσLT ′ is extracted by a similar fit to the difference
in yield for events with opposite helicities.

For all kinematic settings, inclusive Deeply Inelastic
Scattering (DIS) data were taken simultaneously with the
main DVCS/π0 sample by using an ancillary prescaled
trigger. These ancillary measurements allowed to bench-
mark this data taking and analysis against well known
absolute cross sections. The DIS cross sections extracted
from these ancillary data were 4% lower on average than
the empirical fit described in Ref. [20]. This systematic
deviation of the DIS data from the reference is believed
to arise from the time slewing of the signal from a large
HRS scintillator paddle (S0), which was used in the an-
cillary DIS trigger but not in the main HRS-calorimeter
coincidence trigger. Furthermore, the DIS cross sections
extracted from these ancillary data had a ±4% spread
among the different kinematics settings. The estimated
individual systematic uncertainties associated with lumi-
nosity, electron tracking efficiency, HRS acceptance, and

acquisition deadtime added in quadrature to 3.5%. The
reported precision of the model in [20] against which
these measurements are compared is 2%. Both these
sources of uncertainty can explain the 4% spread ob-
tained in the comparison. The total systematic uncer-
tainty of the π0 electroproduction cross section measure-
ments includes the uncertainty on the electron detection
and acceptance, the luminosity evaluation, and the un-
certainty on the photon detection and the exclusivity se-
lection criteria. The latter was estimated by studying
the variation of the results as a function of the M2

X and
calorimeter energy threshold cuts. The total systematic
uncertainty of the results reported herein varies between
4% and 8% depending on the kinematic setting.

Figure 4 shows the measurements of the different struc-
ture functions at the kinematics settings detailed in
Tab. I. The asymptotic behavior of the φ−independent
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FIG. 3. Helicity-independent (top) and helicity-dependent
(bottom) cross sections (black points) at Q2= 8.31 GeV2,
t′ = 0.15 GeV2, and xB=0.60. Bars around the points show
statistical uncertainties. The gray boxes that surround the
data represent the systematic uncertainties. The solid curves
show the fit to the total helicity-independent and helicity-
dependent cross sections and dashed curves show the contri-
butions rising from each of the individual structure functions
of Eq. 1 : dσU = dσT + εdσL (black), dσTT (blue) and dσLT
(red).
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FIG. 4. Differential cross sections for all kinematic settings as a function of t′ = tmin − t: dσU = dσT + εdσL (black circles),
dσLT (red squares), dσTT (blue triangles), and dσLT ′ (green stars). The dashed curves are calculations based on transversity
GPDs of the nucleon [11]; at this scale the predictions for the dσLT and the dσLT ′ overlay each other. The uncertainty bars
are statistical only. The gray box surrounding the data points show the systematic uncertainty. The panels with the same xB
value share a common t′ scale, which nonetheless varies with xB .

contribution dσU = dσT + εσL at high Q2 is ex-
pected to be dominated by dσL. However, calcula-
tions of this structure function based on chiral-even GPD
parametrizations that reproduce worldwide DVCS data
failed drastically to reproduce this value at moderate
Q2 [7]. The modified factorization approach first in-
troduced in [10, 11] provides a large contribution to
the transverse amplitude of π0 electroproduction, which
arises from the convolution of the chiral-odd (transver-
sity) GPDs of the nucleon with a quark-helicity flip pion
DA. At moderate Q2 (less than 3 GeV2), these calcu-
lations show a reasonably good agreement between the
dσU they computed and the data [7]. At the larger Q2

range presented here (3 to 8.5 GeV2), the dσU computed
by these models is still in reasonable (as within an order
of magnitude) agreement with the data as depicted in
Fig. 4. The transverse-transverse interference structure
function dσTT is also well described by these calculations.
This overall successful description of the data supports
the exciting possibility to probe the transversity GPDs
of the nucleon through neutral pion electroproduction.

The data set presented herein expands significantly the
kinematics of exclusive neutral pion production cross sec-
tion measurements, with a large Q2 and xB range. In
particular, these data will constrain the parameters con-
trolling the x-dependence of the tranversity GPDs HT

and ẼT in future global fits.
Finally, these data also reach large values of t =

tmin−t′, with the central value of−t up to 1.3 GeV2. The
t−dependence of the cross section, usually parametrized
by Regge-like profile functions, is no longer valid at typi-

cal values of −t > 1 GeV2. This was realized in the GPD
analysis of nucleon form factors [21]. The theory calcu-
lations shown in Fig. 4 include a profile function with a
strong x− t correlation [22], which also allows the proton
radius to remain finite as x → 1 and allows the proton
form factors—the lowest moments of GPDs–to behave as
powers of t at large −t.

The calculations for dσLT and dσLT ′ underestimate
the data in most of the kinematic settings. This hints at
a larger contribution of the longitudinal amplitude than
the one expected in the modified factorization approach.
However, one must point out that these calculations are
obtained using some kinematic approximations, such as
ξ ≈ xB/(2− xB). Recent theory developments [23] have
shown that power corrections of O(t/Q2) and O(Mp/Q

2)
should be included and recent DVCS data [24] at similar
kinematics have been proved sensitive to these effects.

The Q2−dependence of dσU is shown in Fig. 5 at
three values of xB at constant t′ = 0.1 GeV2. At suf-
ficiently high Q2, it is expected that dσL ∼ Q−6 and
dσT ∼ Q−8. While our results seem to be dominated
by the dσT contribution, the Q2−dependence of dσU is
closer to Q−6 than Q−8. This confirms the fact that at
these values of Q2 and xB the asymptotic limit is still
far away. The Q2−dependence observed is slightly flat-
ter than the one from the GK calculations [11], which is
closer to ∼ Q−8. This also supports the fact that a non-
negligible longitudinal amplitude is needed to describe
the data at these kinematics. A broader perspective on
the Q2- and t-dependence of these results is presented in
Tab. II. At each xB setting, we fit the data to a func-
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tional form C(Q2)A exp(−Bt′). These fits reiterate the
approximately global 1/Q6 behavior of the cross section
over the t′ and xB range.

An L/T separation of the π0 electroproduction cross
section at these high values of xB will provide a definite
answer on the size of the longitudinal contribution. This
is the goal of an upcoming experiment [25] in Hall C at
Jefferson Lab which is expected to run within the next 2
years.

TABLE II. Combined (Q2, t′) fits dσU = C(Q2)A exp(−Bt′)at
each xB setting. Only the data of this publication are in-
cluded. The fits and error bars are based on the statistical
and systematic uncertainties of the data, added in quadrature.

xB C A B χ2 №
µb/GeV2 GeV−2 Total d.o.f.

0.36 8.6± 1.4 3.3± 0.1 0.34± 0.17 18. 9

0.48 8.3± 0.9 2.9± 0.1 0.69± 0.3 27. 13

0.60 20.± 4. 3.1± 0.1 0.75± 0.1 1.6 5
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FIG. 5. The Q2 dependence of the structure functions dσU
and −dσTT at average t′ = 0.1 GeV2. The solid markers are
the experimental results, and the open markers are the GK
model predictions. The dσU amd −dσTT from this experi-
ment and the fitted functions at the settings xB = 0.36, 0.48,
and 0.60 are shown in blue, red, and green respectively. The
black stars and crosses show the results from [5] and [7] cor-
respondingly, which are also included in the fit at xB = 0.36.
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[t′low, t
′
up] 〈t′〉 (GeV2) σU (nb/GeV2) σLT (nb/GeV2) σTT (nb/GeV2) σLT ′ (nb/GeV2)

xB = 0.36 [0.00, 0.07] 0.03 195.46 ± 3.66 ± 11.93 7.05 ± 3.19 ± 0.25 -4.66 ± 7.62 ± 0.16 14.52 ± 6.91 ± 0.51

Q2 = 3.11 [0.07, 0.13] 0.10 217.29 ± 4.22 ± 13.26 -5.97 ± 3.81 ± 0.21 -67.45 ± 9.03 ± 2.36 18.91 ± 8.05 ± 0.66

[0.13, 0.22] 0.18 195.76 ± 4.15 ± 11.95 -11.55 ± 4.01 ± 0.40 -67.67 ± 8.97 ± 2.37 27.63 ± 7.17 ± 0.97

[0.22, 0.38] 0.29 183.18 ± 4.54 ± 11.18 -28.08 ± 4.63 ± 0.98 -87.12 ± 10.23 ± 3.05 9.05 ± 6.38 ± 0.32

xB = 0.36 [0.00, 0.06] 0.03 115.04 ± 2.53 ± 4.64 -2.37 ± 2.18 ± 0.08 -16.48 ± 5.25 ± 0.58 -5.08 ± 4.97 ± 0.18

Q2 = 3.57 [0.06, 0.13] 0.10 117.51 ± 2.77 ± 4.74 -9.70 ± 2.54 ± 0.34 -46.96 ± 5.85 ± 1.64 18.11 ± 5.31 ± 0.63

[0.13, 0.22] 0.17 119.61 ± 3.35 ± 4.82 -5.32 ± 3.52 ± 0.19 -35.39 ± 6.99 ± 1.24 14.58 ± 5.31 ± 0.51

[0.22, 0.35] 0.28 105.37 ± 4.06 ± 4.25 -15.08 ± 4.61 ± 0.53 -56.36 ± 8.24 ± 1.97 10.04 ± 4.88 ± 0.35

xB = 0.36 [0.00, 0.06] 0.03 57.04 ± 1.88 ± 2.08 -1.84 ± 1.44 ± 0.06 -2.42 ± 3.43 ± 0.08 4.92 ± 3.24 ± 0.17

Q2 = 4.44 [0.06, 0.13] 0.09 62.86 ± 2.16 ± 2.29 -0.23 ± 1.83 ± 0.01 -13.17 ± 4.03 ± 0.46 5.04 ± 3.63 ± 0.18

[0.13, 0.21] 0.17 64.53 ± 2.47 ± 2.35 0.62 ± 2.35 ± 0.02 -13.49 ± 4.66 ± 0.47 6.39 ± 3.65 ± 0.22

[0.21, 0.38] 0.28 51.63 ± 2.56 ± 1.88 -5.66 ± 2.61 ± 0.20 -28.80 ± 4.76 ± 1.01 5.79 ± 3.13 ± 0.20

xB = 0.48 [0.00, 0.03] 0.01 525.95 ± 14.48 ± 41.16 25.07 ± 16.53 ± 0.88 -29.14 ± 43.88 ± 1.02 7.60 ± 30.21 ± 0.27

Q2 = 2.67 [0.03, 0.06] 0.04 520.40 ± 16.36 ± 40.73 -38.25 ± 19.21 ± 1.34 -7.88 ± 45.79 ± 0.28 -5.32 ± 31.83 ± 0.19

[0.06, 0.11] 0.08 488.33 ± 17.33 ± 38.22 -31.60 ± 21.71 ± 1.11 -55.44 ± 47.02 ± 1.94 16.70 ± 28.69 ± 0.5

[0.11, 0.18] 0.14 480.77 ± 23.45 ± 37.63 -60.20 ± 30.66 ± 2.11 -116.12 ± 57.67 ± 4.06 14.05 ± 27.05 ± 0.49

xB = 0.48 [0.00, 0.05] 0.02 126.23 ± 3.84 ± 6.71 -3.93 ± 3.36 ± 0.14 -17.69 ± 7.80 ± 0.62 16.81 ± 8.43 ± 0.59

Q2 = 4.06 [0.05, 0.10] 0.07 128.70 ± 4.65 ± 6.84 -9.18 ± 4.45 ± 0.32 -13.90 ± 8.66 ± 0.49 26.38 ± 8.65 ± 0.92

[0.10, 0.16] 0.12 115.22 ± 6.01 ± 6.12 -16.42 ± 6.24 ± 0.57 -23.10 ± 10.78 ± 0.81 30.12 ± 8.41 ± 1.05

[0.16, 0.23] 0.19 111.89 ± 8.46 ± 5.95 -18.01 ± 8.97 ± 0.63 -40.59 ± 13.09 ± 1.42 7.79 ± 8.51 ± 0.27

xB = 0.48 [0.00, 0.05] 0.03 70.45 ± 2.53 ± 2.47 0.04 ± 2.23 ± 0.00 -4.31 ± 5.55 ± 0.15 2.63 ± 4.28 ± 0.09

Q2 = 5.16 [0.05, 0.11] 0.08 72.98 ± 2.78 ± 2.55 1.96 ± 2.64 ± 0.07 -13.84 ± 5.89 ± 0.46 7.15 ± 4.40 ± 0.25

[0.11, 0.19] 0.14 65.77 ± 3.17 ± 2.30 -1.82 ± 3.51 ± 0.06 -19.81 ± 6.74 ± 0.69 2.16 ± 4.12 ± 0.08

[0.19, 0.33] 0.25 58.49 ± 3.74 ± 2.05 -4.52 ± 4.40 ± 0.16 -22.46 ± 7.55 ± 0.79 6.62 ± 3.53 ± 0.23

xB = 0.48 [0.00, 0.05] 0.02 33.48 ± 1.60 ± 1.54 -0.79 ± 1.73 ± 0.03 6.43 ± 4.08 ± 0.23 3.23 ± 2.96 ± 0.11

Q2 = 6.56 [0.05, 0.10] 0.07 38.21 ± 2.06 ± 1.76 -0.39 ± 2.39 ± 0.01 2.15 ± 5.14 ± 0.08 0.98 ± 3.30 ± 0.03

[0.10, 0.15] 0.12 31.61 ± 2.35 ± 1.46 -4.97 ± 2.95 ± 0.17 -4.24 ± 5.56 ± 0.15 10.66 ± 3.11 ± 0.37

[0.15, 0.21] 0.18 43.74 ± 4.23 ± 2.02 11.91 ± 5.51 ± 0.42 -4.12 ± 8.54 ± 0.14 6.22 ± 3.39 ± 0.22

xB = 0.60 [0.00, 0.12] 0.06 92.48 ± 1.42 ± 4.26 -2.18 ± 0.70 ± 0.44 -3.29 ± 1.67 ± 0.12 6.61 ± 1.68 ± 0.23

Q2 = 5.49 [0.12, 0.26] 0.18 86.89 ± 1.39 ± 4.01 -5.12 ± 0.75 ± 1.04 -4.28 ± 1.66 ± 0.15 6.47 ± 1.60 ± 0.23

[0.26, 0.44] 0.34 78.96 ± 1.38 ± 3.64 -6.44 ± 0.86 ± 1.31 -17.84 ± 1.74 ± 0.62 5.47 ± 1.47 ± 0.19

[0.44, 0.88] 0.61 63.43 ± 1.37 ± 2.92 -4.87 ± 1.03 ± 0.99 -13.65 ± 1.82 ± 0.48 6.66 ± 1.10 ± 0.23

xB = 0.60 [0.00, 0.09] 0.05 27.29 ± 0.90 ± 1.10 -0.36 ± 0.48 ± 0.01 -1.72 ± 1.25 ± 0.06 1.18 ± 0.90 ± 0.04

Q2 = 8.31 [0.09, 0.21] 0.15 24.72 ± 0.86 ± 1.00 -0.75 ± 0.48 ± 0.03 -2.50 ± 1.18 ± 0.09 1.70 ± 0.83 ± 0.06

[0.21, 0.36] 0.28 21.43 ± 0.81 ± 0.86 -2.43 ± 0.49 ± 0.09 -4.71 ± 1.13 ± 0.16 0.21 ± 0.71 ± 0.01

[0.36, 0.69] 0.50 18.48 ± 0.79 ± 0.74 -1.20 ± 0.58 ± 0.04 -4.33 ± 1.18 ± 0.15 3.10 ± 0.56 ± 0.11

TABLE III. Numerical values of the structure functions shown in Fig. 5. The first and second uncertainty values indicate the
statistical and systematic uncertainties, respectively. 〈t′〉 is weighted average of events for each t′ bin, with upper and lower
bounds given by [t′low, t

′
up].
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