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Breakdown of U/D scaling at larger Q2

• Why is there a breakdown of U/D scaling at > 1 GeV2

• Diquark? 
• “In the framework of Dyson-Schwinger equation calculations, the 

reduction of the ratios F1
d/F1

u and F2
d /F2

u at high Q2 is related to 
diquark degrees of freedom” 

• Unless there’s something strange going on….
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FIG. 2: The ratios �1
d F d

2 /F d
1 , �1

u F u
2 /F u

1 and �1
p F p

2 /F p
1

vs. momentum transfer Q2. The data and and curves are
described in the text.

Fig. 3, all multiplied by Q4 for better clarity in the high-
Q2 range. The values are given in Table I.

TABLE I: The flavor contributions to the proton form factors
obtained using G n

E form factor from Refs. [13, 14] and Kelly
fit [16] for other form factors. The Q2 values are given in
GeV2.

Q2 Q4F u
1 Q4F d

1 Q4F u
2 Q4F d

2

0.30 0.10± 0.00 0.05± 0.00 0.06± 0.00 �0.09± 0.00

0.45 0.17± 0.00 0.08± 0.00 0.10± 0.00 �0.16± 0.00

0.50 0.19± 0.00 0.08± 0.00 0.12± 0.00 �0.17± 0.00

0.50 0.20± 0.00 0.08± 0.00 0.12± 0.00 �0.18± 0.00

0.59 0.24± 0.00 0.10± 0.00 0.14± 0.00 �0.21± 0.00

0.67 0.28± 0.00 0.11± 0.01 0.15± 0.00 �0.25± 0.01

0.79 0.34± 0.00 0.13± 0.01 0.18± 0.00 �0.29± 0.01

1.00 0.43± 0.01 0.15± 0.01 0.21± 0.01 �0.36± 0.01

1.13 0.49± 0.00 0.16± 0.01 0.23± 0.00 �0.38± 0.01

1.45 0.61± 0.01 0.19± 0.01 0.27± 0.01 �0.45± 0.01

1.72 0.67± 0.01 0.16± 0.01 0.33± 0.01 �0.42± 0.01

2.48 0.85± 0.01 0.17± 0.02 0.39± 0.01 �0.44± 0.02

3.41 0.99± 0.01 0.15± 0.03 0.43± 0.01 �0.39± 0.03

Up to Q2 ⇡ 1 GeV2 there is a constant scaling fac-
tor of 2.5 for F1 and 0.75 for F2, between the u- and
d-quark contributions. Above 1 GeV2 the d-quark con-
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FIG. 3: The Q2-dependence for the u- and d-contributions to
the proton form factors (multiplied by Q4). The data points
are explained in the text.

tributions to both nucleon form factors multiplied by Q4

become constant in contrast to the u-quark contributions
which continue to rise. It is interesting to note that the d-
contributions correspond to the flavor that is represented
singly in the proton, whereas the u-contributions corre-
spond to the flavor for which there are two quarks. In
the framework of Dyson-Schwinger equation calculations,
the reduction of the ratios F d

1 /F u
1 and F d

2 /F u
2 at high Q2

is related to diquark degrees of freedom [18]. The reduc-
tion of these ratios has the immediate consequence that
Sp has its observed shape despite the fact that Su and
Sd are almost linear with Q2.

Another representation of the Dirac form factor is the
infinite momentum frame density, ⇢D , given by the ex-
pression ⇢D (b) =

R
(QdQ/2⇡)J0(Qb)F1(Q2) [19], where

J0 is the zeroth order Bessel function and b is the im-
pact parameter. The faster drop o↵ of the d-quark form
factors in Fig. 3 implies that the u quarks have a signif-
icantly tighter distribution than the d quarks in impact-
parameter space, as was noticed in Ref. [20]. Within the
Feynman mechanism of elastic electron-nucleon scatter-
ing [21], the high-x quarks have a dominant role at high
Q2. This, combined with our results on F u

1 and F d
1 ,

means that in a high-Q2 regime the u quark on average
has a larger longitudinal momentum fraction than the d
quark.

In summary, we have performed a flavor separation
of the elastic electromagnetic form factors of the nu-
cleon. We find that for large Q2 the d-quark contri-
butions to both proton form factors are reduced rela-
tive to the u-quark contributions. We find also that the
Q2-dependencies of the flavor-decomposed quantities Su

and Sd are relatively linear in contrast to the more com-
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The u- and d-quark contributions to the elastic nucleon electromagnetic form factors have been
determined using experimental data on G n

E , G n
M , Gp

E , and Gp
M . Such a flavor separation of the form

factors became possible up to 3.4 GeV2 with recent data on G n
E from Hall A at JLab. At a negative

four-momentum transfer squared Q2 above 1 GeV2, for both the u- and d-quark components, the
ratio of the Pauli form factor to the Dirac form factor, F2/F1, was found to be almost constant, and
for each of F2 and F1 individually, the d-quark component drops continuously with increasing Q2.

PACS numbers: 14.20.Dh, 13.40.Gp, 24.70.+s, 25.30.Bf

Electron-nucleon scattering has been extensively stud-
ied in two cases. The first case is in elastic scattering
which is characterized by the electromagnetic form fac-
tors [1]. The second case is in deep inelastic scattering
(DIS) characterized by the structure functions which ex-
hibit Bjorken scaling [2]. The study of the proton form
factors in elastic scattering by Hofstadter et al. provided
some of the first information on the size of the proton and
the distribution of charge and magnetization [3]. Deep
inelastic scattering resulted in the discovery of quarks
at the Stanford Linear Accelerator Center (SLAC) [4],
and also taught us about the nucleon’s spin structure [5].
Elastic and deep inelastic scattering provide complemen-
tary information: elastic scattering reveals features of
transverse structure, and DIS provides information re-
garding the longitudinal momentum distributions of the
quarks. Taken together, elastic and the deep inelastic
scattering can both be understood within the broader
framework of generalized parton distributions which fa-
cilitate a tomographic picture of the nucleon [6].

Experimental data on the proton Dirac form factor
F p

1 [7] have been found to be in fair agreement with a
scaling prediction based on perturbative QCD (pQCD),
F p

1 / Q�4 [8], where Q2 is the negative four-momentum
transfer squared. However, it has been argued that
pQCD is not applicable for exclusive processes at ex-
perimentally accessible values of momentum transfer [9].
Indeed, experimental results from Thomas Je↵erson Lab-
oratory (JLab) [10] for the ratio of the proton Pauli
form factor F p

2 and the Dirac form factor F p
1 have been

found to be in disagreement with the suggested scaling
F p

2 /F p
1 / 1/Q2 [8]. These same data, however, are in

reasonable agreement with an updated pQCD prediction
Q2F2/F1/ ln2[Q2/⇤2] [11] even at modest Q2 of several
GeV2. Here ⇤ is a soft scale parameter related to the size
of the nucleon. The prediction has the important feature
that it includes components of the quark wave function
with nonzero orbital angular momentum.

In view of these facts it is of significant interest to look
for the origin of the observed Q2-dependence of F p

2 /F p
1 .

We report here on the flavor-separated form factors for
the up and down quarks up to Q2 =3.4 GeV2. When
considering the ratio F2/F1 for the d and u-quark con-
tributions to the nucleon form factors, we find their Q2

dependencies to be surprisingly constant. However, when
combined in the proton form factors, they give the ap-
pearance of the onset of scaling. It is interesting to note
that the authors of [11] did not expect the asymptotic
predictions for the form factors to work at a few GeV2

and considered that “ ... the observed consistency might
be a sign of precocious scaling as a consequence of deli-
cate cancellations in the ratio”.

In the one-photon exchange approximation, the ampli-
tude for electron-nucleon elastic scattering can be written
M

EM
= �(4⇡↵/Q2)lµ J

EM

µ , where ↵ is the fine structure
constant, lµ = e�µe is the leptonic vector current, and

J
EM

µ = hp(n)|( 2
3u�µu + �1

3 d�µd)|p(n)i (1)

is the hadronic matrix element of the electromagnetic
current operators for the proton (neutron). Here, the ne-
glect of heavier quarks in this context is supported by ex-
perimental data on parity non-conserving polarized elec-
tron scattering from the proton [12]. While we can not
evaluate the matrix elements of u�µu and d�µd explicitly,
from symmetry considerations we know that the matrix
element shown in Eq. 1 must have the form (considering
the proton for definiteness)

J
EM

µ = p(k0)

�µF p

1 (Q2) +
i�µ⌫q⌫

2M
F p

2 (Q2)
�

p(k), (2)

where p(k) and p(k0) are the proton Dirac spinors for the
initial and final momenta k and k0, respectively. The def-
inition of the neutron form factors Fn

1 (Q2) and Fn
2 (Q2)

follows similarly.
The JLab data for Gp

E
/Gp

M
from Refs. [10] were used to

plot Sp ⌘Q2F p
2 /F p

1 in the upper panel of Fig. 1, which
also shows the prediction [11] at ⇤ = 300 MeV. Data
on Gn

E
/Gn

M
for the neutron up to Q2=3.4 GeV2 were re-

cently published by Riordan et al. [13]. For the first time,
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GD at 3 GeV2  is 0.037 
 

Gs/GD ~ 1 is not excluded   
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From the Sachs FFs to the ratio
F2/F1 and the BJY “log” scaling 

The goal is understanding of the nucleon

Puckett et al 2011

Orbital moment!
Balitsky-Ji-Yuan: modified scaling
due to the orbital moment w.f.

G.Miller:
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FIG. 4. The strange form factor vs. Q2 according to the G0 experiment [10], HAPPEX, A4 and expected accuracy of this
proposal. The blue and pink lines show the area of acceptable value of SFF (= Gs

M
+ ⌘Gs

E
) according to analysis [32, 33].
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Fig. 3, all multiplied by Q4 for better clarity in the high-
Q2 range. The values are given in Table I.

TABLE I: The flavor contributions to the proton form factors
obtained using G n

E form factor from Refs. [13, 14] and Kelly
fit [16] for other form factors. The Q2 values are given in
GeV2.

Q2 Q4F u
1 Q4F d

1 Q4F u
2 Q4F d

2

0.30 0.10± 0.00 0.05± 0.00 0.06± 0.00 �0.09± 0.00

0.45 0.17± 0.00 0.08± 0.00 0.10± 0.00 �0.16± 0.00

0.50 0.19± 0.00 0.08± 0.00 0.12± 0.00 �0.17± 0.00

0.50 0.20± 0.00 0.08± 0.00 0.12± 0.00 �0.18± 0.00

0.59 0.24± 0.00 0.10± 0.00 0.14± 0.00 �0.21± 0.00

0.67 0.28± 0.00 0.11± 0.01 0.15± 0.00 �0.25± 0.01

0.79 0.34± 0.00 0.13± 0.01 0.18± 0.00 �0.29± 0.01

1.00 0.43± 0.01 0.15± 0.01 0.21± 0.01 �0.36± 0.01

1.13 0.49± 0.00 0.16± 0.01 0.23± 0.00 �0.38± 0.01

1.45 0.61± 0.01 0.19± 0.01 0.27± 0.01 �0.45± 0.01

1.72 0.67± 0.01 0.16± 0.01 0.33± 0.01 �0.42± 0.01

2.48 0.85± 0.01 0.17± 0.02 0.39± 0.01 �0.44± 0.02

3.41 0.99± 0.01 0.15± 0.03 0.43± 0.01 �0.39± 0.03

Up to Q2 ⇡ 1 GeV2 there is a constant scaling fac-
tor of 2.5 for F1 and 0.75 for F2, between the u- and
d-quark contributions. Above 1 GeV2 the d-quark con-
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FIG. 3: The Q2-dependence for the u- and d-contributions to
the proton form factors (multiplied by Q4). The data points
are explained in the text.

tributions to both nucleon form factors multiplied by Q4

become constant in contrast to the u-quark contributions
which continue to rise. It is interesting to note that the d-
contributions correspond to the flavor that is represented
singly in the proton, whereas the u-contributions corre-
spond to the flavor for which there are two quarks. In
the framework of Dyson-Schwinger equation calculations,
the reduction of the ratios F d

1 /F u
1 and F d

2 /F u
2 at high Q2

is related to diquark degrees of freedom [18]. The reduc-
tion of these ratios has the immediate consequence that
Sp has its observed shape despite the fact that Su and
Sd are almost linear with Q2.

Another representation of the Dirac form factor is the
infinite momentum frame density, ⇢D , given by the ex-
pression ⇢D (b) =

R
(QdQ/2⇡)J0(Qb)F1(Q2) [19], where

J0 is the zeroth order Bessel function and b is the im-
pact parameter. The faster drop o↵ of the d-quark form
factors in Fig. 3 implies that the u quarks have a signif-
icantly tighter distribution than the d quarks in impact-
parameter space, as was noticed in Ref. [20]. Within the
Feynman mechanism of elastic electron-nucleon scatter-
ing [21], the high-x quarks have a dominant role at high
Q2. This, combined with our results on F u

1 and F d
1 ,

means that in a high-Q2 regime the u quark on average
has a larger longitudinal momentum fraction than the d
quark.

In summary, we have performed a flavor separation
of the elastic electromagnetic form factors of the nu-
cleon. We find that for large Q2 the d-quark contri-
butions to both proton form factors are reduced rela-
tive to the u-quark contributions. We find also that the
Q2-dependencies of the flavor-decomposed quantities Su

and Sd are relatively linear in contrast to the more com-

Strange FF zero at high Q2?

• How will SFF impact flavor decomposition of the nucleon FF at higher Q2?
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C. Proton arm structure

A total of 288 iron-scintillator detectors will be used in the proton arm. The individual proton
detector has face dimensions 15.5 x 15.5 cm2. The detector will be located at a distance of 351 cm
from the target. Each detector covers a solid angle of 2.0 msr. Detectors will be arranged with three
at the given azimuthal angle. This will provide two detectors with full resolution. These two central
detectors will cover the required range of polar angles of 4.9 degrees, plus the extra 6.8 cm required
due to the 10-cm-length of the target viewed at a 42.5 degree polar angle.
There are a total of 96 groups of three at di↵erent azimuthal angles. For the DAQ of the proton

arm we will arrange overlapping subsystems of 3 x 3 detectors in each. There are 96 overlapping
DAQ subsystems in the proton arm.

D. Trigger rates

A threshold in the electron arm trigger will be at the level of 4.5 GeV or 85% of a 5.34 GeV
signal from the elastically scattered electrons. The electron trigger counting rates are dominated by
the DIS event rate, which at the on-line threshold value is about 6 times above the elastic event rate.
The total rate is estimated to be on the level of 220 kHz for the full electron arm (1000 counters)
using cross section results presented in Fig. 8. A threshold in the proton arm trigger will be at the

FIG. 8. The cross section of DIS e�p for 6.6 GeV initial beam energy and 15.5� scattering angle.

level of 50 MeV, which leads to 90+% detection e�ciency for protons with 1.3 GeV kinetic energy.
The hadron trigger counting rate is estimated to be on the level of 1.2 MHz for the full hadron arm
(288 counters) using the PYTHIA-based rate results presented in Fig. 9.

E. Detailed trigger structure

Scattered electrons will be detected in a segmented electromagnetic calorimeter installed at
an average polar angle of 15.5�, and recoiling protons will be detected in the segmented hadron
calorimeter at a polar angle of 42.5�. About 15-17% of electrons will be in the radiative tail below
4.5 GeV. The rate of each 200-electron-arm subsystem will be 5.5 kHz inelastic and about 0.93 kHz
elastic events.
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• With 30 days of production running

Apv expected to be -150 ppm (without Strange FF)



Axial FF Contributions 

• Axial form factor parameterization GA
p = 0.15 at Q2= 2.5 GeV2

C. Chen, C. S. Fischer, C. D. Roberts, and J. Segovia, Form factors of the 
nucleon axial current, Physics Letters B 815, 136150 (2021) 

• Confirmed with pion photoproduction measurements 
K. Park et al. [CLAS Collaboration], Phys. Rev. C 85, 035208 (2012). 

• (~15% interpretation uncertainty)
I.V. Anikin, V.M. Braun, and N. Offen, Phys.Rev.D 94 (2016) 3, 034011. 

• How uncertain is this measurement because of it? 
• Axial term ~6% of APV

• ~15% uncertainty, so estimate 1% relative uncertainty on the 4% 
statistical measurement 
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K. Park et al. [CLAS Collaboration], Phys. Rev. C 85, 035208 (2012). 

•How uncertain is this measurement because of it? 
• Axial term ~6% of APV 
• ~15% uncertainty, so estimate 1% relative uncertainty on the 

4% statistical measurement
•

•Confirmed with pion photoproduction measurements

•Axial form factor parameterization   = 0.15 at Q2= 2.5 GeV2Gp
A

C. Chen, C. S. Fischer, C. D. Roberts, and J. Segovia, Form factors of 
the nucleon axial current, Physics Letters B 815, 136150 (2021) 

K. Park et al. [CLAS Collaboration], 
Phys. Rev. C 85, 035208 (2012). 

I.V. Anikin, V.M. Braun, and N. Offen, Phys.Rev.D 94 (2016) 3, 034011. 

(~15% interpretation uncertainty)



18



Summary

• 10+ years after the last sFF searches were performed, a new experiment is 
proposed for much higher Q2, motivated by interest in flavor decomposition of 
electromagnetic form factors
• Measurement of Apv in e-p scattering at high Q2 = 2.5 GeV2 with projected 

accuracy of 11% of the dipole value
• The proposed error bar is in the range possibly suggested by lattice predictions, and 

significantly inside the range from the simple extrapolation from previous data
• Coincidence-Parity measurement with highly segmented calorimeters
• Goal: Confirm whether Strange Form Factor is zero or non-zero in this kinematic 

region
• Result informs the breakdown of U/D scaling
• These results will be crucial to support the interpretation of the nucleon form-

factors as constraints on GPDs
• Allows for flavor decomposition at high Q2
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