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Abstract: The sea quark contributions to the nucleon electromagnetic form factors of the up, down and strange

quarks are studied with the nonlocal chiral effective Lagrangian. Both octet and decuplet intermediate states are in-

cluded in the one loop calculations. Compared with the strange quark form factors, although their signs are the same,

the absolute value of the light quark form factors are much larger. For both the electric and magnetic form factors, the

contribution of the d quark is larger than of the u quark. The current lattice simulations of the light sea quark form

factors are in between our results for the # and d quarks.
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1 Introduction

Nucleon structure is one of the hottest research topics
in hadron physics, and has attracted considerable experi-
mental and theoretical effort. With the upgrade of the ex-
perimental facilities, more information about the struc-
ture of the nucleon will become available. By increasing
the energy, experimentalists can obtain the parton distri-
bution functions (PDFs) from deep inelastic scattering, as
well as the form factors at relatively large momentum
transfer from elastic scattering. In addition to the valence
quark, both the analytical and numerical information
about the sea quark contribution to nucleon properties is
also very important, as it is crucial for determining the
leading non-analytic behavior of physical quantities.

The strange quark contribution to the nucleon form
factor is of special interest because it is purely from sea
quarks. Experiments by different collaborations have
been carried out to measure this quantity precisely [1-4].
There have also been many theoretical discussions of the
strange quark form factors [5-7]. In 2002, we studied the
strange quark form factors with the perturbative chiral
quark model (PCQM), and it was found that the strange

quark electric form factor is positive while the magnetic
form factor is negative [8]. At that time, the theoretical
predictions were quite different as there were no precise
experimental measurements available.

It is impossible to study the nucleon structure using
quantum chromodynamics directly because of its non-
perturbative nature. Besides the phenomenological quark
models, two methods are systematically used in hadron
physics, the lattice simulations and the effective field the-
ory or the chiral perturbation theory. Traditionally, the
chiral perturbation theory with dimensional regulariza-
tion (DR) is valid only at low momentum transfer
02 <0.1 GeV’ [9]. It can be applied up to 0.4 GeV’ if
vector mesons are included [10]. In lattice simulations,
many quantities simulated on the lattice are for large
quark (pion) mass, and it is necessary to extrapolate the
lattice results to the physical pion mass. Instead of DR,
we applied the effective field theory with finite range reg-
ularization (FRR). The vector meson mass, magnetic mo-
ments, magnetic form factors, strange quark form factors,
charge radii, first moments of GPDs, nucleon spin etc.,
could be successfully extrapolated to the physical mass
[11-20]. The strange quark form factors obtained with
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FRR are also consistent with our previous results with
PCQM [12, 15]. Recently, the nucleon form factors, as
well as the sea contribution of the light and strange
quarks, were simulated on the lattice for the physical pi-
on mass [21-24]. Therefore, it would be interesting to
compare these result with those calculated in the frame-
work of the effective field theory.

In recent years, we proposed a nonlocal chiral effect-
ive Lagrangian which makes it possible to study the had-
ron properties at relatively large Q% [25-30]. The nonloc-
al interaction generates both the regulator which makes
the loop integral convergent, and the Q* dependence of
the form factors at tree level. The obtained electromag-
netic form factors and strange quark form factors of the
nucleon are very close to the experimental data [28, 29].
In this paper, we apply the nonlocal Lagrangian to invest-
igate the light sea quark contribution to the nucleon form
factors. With the quark flow method as in Ref. [30], we
obtain the sea and valence quark contributions separately.
This method is equivalent to the quenched chiral perturb-
ation theory. In Sec. 2, we introduce the nonlocal chiral
Lagrangian. The sea quark contributions to the nucleon
form factors are derived in Sec. 3. Numerical results are
shown in Sec. 4, and finally, a short summary is given in
Sec. 5.

2 Chiral effective Lagrangian

The lowest order chiral Lagrangian for baryons,
pseudo-scalar mesons and their interactions can be writ-
ten as [28, 31-33],

L =iTrBy, DB-mpTrBB
+ Tﬁbc(iyﬂval)a _ mT)’#V)TgbC

2
+ ZTra,,zaFZT +DTrBy,ys (A, B}
+ FTrB)/ﬂy_q (A, B]

C e
+ ?e“b‘Tfjde(g“V+zy,1y,,)B§6V¢‘bi +HC|, (1)
where D, F and C are the coupling constants. The chiral
covariant derivative O, is defined as O, B = d,B+[V,,B].
The pseudo-scalar meson octet couples to the baryon
field via the vector and axial vector combinations as

1 1

V= 300, + 09,0 + 1A QL+ QL.
@)

1 1

Ay = 500" = L10,0) = 5e AL QLT =L Q).

where

FP=x=e2  f=93MeV. (3)
Q. is the real charge matrix diag(2/3,-1/3,—1/3). ¢ and B
are the matrices of pseudo-scalar fields and octet baryons.
At is the photon field. The covariant derivative D, in the

decuplet sector is defined as D,T4" = 8, T4 +(T,, T, )",
where I, is the chiral connection defined as
(X, Ty) = 4TI+ XOETG + (X)STab. y#7o, ¥ are the
antisymmetric matrices expressed as

)’”V:%b’”,)’y] and Y”VPZ%{[V”JV]J”P 4)

The octet, decuplet and octet-decuplet transition mag-
netic moment operators are needed in the one loop calcu-
lations of the nucleon electromagnetic form factors. The
baryon octet anomalous magnetic Lagrangian is written
as

Loww= (e Te[Bo {7 B + 02 Te [ B+ | 5|

g uvs
+c3 Te[BoB| Te[F;,.. B] ). (5)

where,
F;v:_%(gTFvac§+§F/thc§+)- (6)

At the lowest order, the contribution of quark ¢ to the
nucleon magnetic moments can be obtained by replacing
the charge matrix Q. with the corresponding diagonal
quark matrices A, = diag(64u,94q,0¢s). After expansion of
the above equation, it is found that

Fg’HZC]-i-CQ +c3, Fn’u=C3,

2
d n.d
Fg =c3, F2 =cC1+cy+ce3, (7)
FI' =ci—cy+cs,

F}' =ci—cy+cs.

Comparing with the results of the constituent quark mod-
el where

FJ’=0 and F)* =0, 8)

we get
c3=cr—cy. 9)

The transition magnetic operator is
e ca
Ly =1—4mN ,uTF,N(e”k Q’CIB/'”)/")@ TYkim
+ ek QUi o v, o pmi ) (10)

The effective decuplet anomalous magnetic moment op-
erator can be expressed as
ieFT _

—ﬁT;jb%’”FMT*"“bc. (11)
The anomalous magnetic moments of baryons can also be
expressed in terms of quark magnetic moments u,. For
example, (tp = 3ty — 3fia, tn = 3Ha— St ta- = 3pty. Us-
ing the SU(3) symmetry, p, = —2uq = =24, ur and F as
well as y, can be written in terms of ¢; or ¢. For ex-
ample, u, = %cl, pr =4ey, FY' = ppae —2=2¢1 - 2.

The gauge invariant nonlocal Lagrangian can be ob-
tained using the method given in [26, 28, 29]. For in-
stance, the local interaction including the 7 meson can be
written as

Lec =
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Lloca] d )C

\/_ P(X)Y" ¥sn(x) 0y +ie A, ()" (x). (12)

The corresponding nonlocal Lagrangian is expressed as

L= f dx f dy
ie f dz, f daﬂ"(z—a)F(a)]

X((’)ﬂ +iefdaﬂﬂ(y—a)F(a))n'+(y), (13)

(X)Y ysn(X)F(x—y)

X exp

where F(x) is the correlation function. To guarantee
gauge invariance, the gauge link is introduced in the
above Lagrangian. The regulator can be generated auto-
matically with the correlation function.

With the same procedure, the nonlocal electromagnet-
ic interaction can also be obtained. For example, the loc-

al interaction between the proton and photon is written as
Liyi' == ep(xy p)A(x)s

O 0. (14)
mpy

The corresponding nonlocal Lagrangian is expressed as

Loy = f dap(x)y" p(x)A,(x - a)F(a)

+ (c1=De
4mN

where Fi(a) and F>(a) are the correlation functions for the
nonlocal electric and magnetic interactions.

The form factors at tree level which are momentum
dependent can be easily obtained with the Fourier trans-
formation of the correlation function. As in our previous
work [28, 29], the correlation function is chosen such that
the charge and magnetic form factors at tree level have
the same momentum dependence as the nucleon-pion ver-
tex, i.e. GY(q) = c|G¥*(q) = c1F(q), where F(q) is the
Fourier transformation of the correlation function F(a).
The corresponding functions F(g) and F,(g) are then ex-
pressed as

f dap(D PO (x - )Fs@), (15)

2 +Cl Q2 4m2
EP( — FP(q) =
Fl(q)=F(q ) T Fy(g) = (61) Lo (16)
where Q° = —q2 is the momentum transfer. From Eq.
(13), two kinds of couplings between hadrons and
photons can be obtained. One is the normal coupling, ex-
pressed as

LM = fdxfdy
deaﬂy(y—a)F(a). (17)

This interaction is similar to the traditional local Lag-
rangian except for the correlation function. The other is
the additional interaction obtained by the expansion of

POY!ysn()F (x=y)m* (v)

the gauge link, expressed as

L4 =i f dr | d
ie x y \/_
x f dz, f da A (z— a)F(a)d,m* (y). (18)

p(x)y"ysn(x)F (x-y)

3 Electromagnetic form-factors

The contribution of the quark flavor f (f =u,d,s) to
the Dirac and Pauli form factors of the nucleon are
defined as
< NPOWJLIN(p) >= u(p){y*‘Ff (Q2)+ Ff (Qz)}u(p)

(19)
where ¢ =p’—p. The electromagnetic form factors are
defined as combinations of the above form factors for
each flavor as

Q

(Q)—Ff(Q)— Ff(Q)

(20)
G () = F] <Q2>+F§<Q2>.
In this work, we investigate the contribution of the u , d
and s sea quarks to the nucleon electromagnetic form
factors. According to the Lagrangian, the one loop Feyn-
man diagrams which contribute to the nucleon electro-
magnetic form factors are shown in Fig. 1.

The coupling constants between baryons and mesons
(coefficients) in Fig. 1 canbe obtained from the Lag-
rangian. For each diagram in Fig. 1, there exist quenched
and disconnected diagrams. In order to obtain the pure
sea quark contribution, we need to get the coefficients for
the disconnected diagrams. The coefficients for the
quenched and disconnected loop diagrams can be ob-
tained separately as in Ref. [30], using the quark flows
shown in Fig. 2. The obtained coefficients are the same as
those extracted with the graded symmetry formalism in
the quenched chiral perturbation theory [34]. In Fig. 2,
we plot the #* rainbow diagram using quark flows, as an
example of the method of separating the quenched and
sea quark contributions. The coefficients for the 7* loop
diagram in full QCD is (D+ F)>. The coefficient in Fig.
2(b) for the sea quark contribution is the same as in Fig.
2(c) for the k* loop. The coefficient of the quenched sec-
tor can be obtained by subtracting the coefficient of the
sea diagram from the total coefficient. The coefficients of
u, d and s quarks for both quenched and sea quark flow
diagrams are listed in Table 1. For 2%, the first and second
rows are for uit and dd, respectively.

From the Lagrangian, we can get the matrix element
of Eq. (19). In this section, we only show the expressions
for the intermediate octet baryon. For the intermediate
decuplet baryon, the expressions are similar but more
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Fig. 1. One loop Feynman diagrams for the nucleon electromagnetic form factors. The solid, double-solid, dashed and wave lines are

for the octet baryons, decuplet baryons, pseudo-scalar mesons and photons, respectively. The rectangle and black dot represent the

magnetic and additional interacting vertex.
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Fig. 2. Quark flow diagrams for n* and g+. (a) the quenched
diagram; (b) and (c) the disconnected sea diagrams for *
and K, respectively.

Table 1.

total coefficients from Fig. 2.

The coefficients for the quenched and sea diagrams and the

meson full QCD quenched diagram sea diagram
2 LD+FY -2 +opF - P2 2 PL(D-F)?
nt (D+F)? 1(D*+6DF -3F?) 1(D*+3F?)
n 0 —~(D-F)? (D-F)?
K° (D-F)? 0 (D-F)?
Kkt }(D*+3F?) 0 1(D*+3F?)
complicated.

The sea quark contributions in Fig. la for u d and s
quarks are written as

4D?

re= ( —2DF + 2F2)IN” 1)
7D? F?

= (T —~DF + 57)13’", (22)

1 3
= 6(D +3F) N 4 (D= FY* K, (23)

where the integral IBM s expressed as

18 = Lap o) f > )4(16 fys Flg+ ) —1—

2 f2 D (k+ 9
1 1 N
X (2k+q) Do) /)lé—( kys)E(u(p).  (24)
Dy (k) is defined as
Dy (k) = k* —m3, +ie. (25)

mp and my, are the masses of the intermediate B baryon
and M meson. The contributions in Fig. 1b are expressed as

” 2im B

4= )[c1 (-11D* +24DF - 9F?)

9(4m? + 0>
+60, (2D - 3DF +3F?) |1}, (26)
rd=— #-’-Qz)[cl (17D~ 42DF +9F?)

=3¢, (7D* - 6DF +15F°) |1}, 27)

i(C] +3c2)mB(D+3F)2 IAAK
o(4m3+0?) "
31(C2_C1)mB(D F)? K,
4m3 + Q2

ry=

(28)
where the integral I2M is written as

" = 2f2u<p () f oo b Fop—s (k)

1 1 ks
bu(p). (29
ﬁ'—k—mbﬁ pa— \/_fF( up).  (29)
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Fig. 1c is similar to Fig. 1b, except for the magnetic inter-
action. The contributions of this diagram are written as

(ZimB (c1 (—11D2 +24DF - 9F2))

r=
9(4m? +0?)
Qimpg <6C2 (21)2 —3DF + 3F2))) N 0
N7 30
9(4m3 +0?)
: 2 2
” =(_ imp (c1 (17D - 42DF +9F?))
9(4m3 + 0?)
img (—302 (7D2 —6DF + 15F2))
+ JLSANEIY
9(4m?+Q?)
s _i(e1+3c)mp(D+ 3F)? Ak
¢ 9(4m?+Q?) ¢
3iczmp(D - F)? SK
Tameg 2
B
where 12K is expressed as
1
M — —_a(p)F f F(k)——
c 2f2 iu(p")F(q) or )41675 ( )Iﬁ y—
ot 1
v kysE(oup).  (33)

2mp p—Kk—mgD (k)
Figures 1d and le are the Kroll-Ruderman diagrams. The
contributions of these two diagrams are written as

2
., = (_4% +2DF — 2F2)1yfe, (34)
2 2
r,, = ( 716) DF—SI; )1[7;;, 35)
rs,, = —é(D+3F) 10K - (D—F) K, (36)
where
1
1, = f2u(p> F(g) f Skl
X H
Dy (k)
1
2f2 u(p"F (f])f(z )47y75 (k )m
1
X D ———kysF(Ru(p). 37

Figures 1f and 1g are the additional diagrams which are
generated from the expansion of the gauge link terms.
The contributions of these two diagrams for intermediate
octet hyperons are expressed as
2
I“M

e

+2DF - 2F2)1}Vfg, (38)

7D? 5F%\ nx
r§+g—(—T+DF 5 )1}V+g, (39)

re,, =-

f+g

1 3
—£(D+3F) Ipk - 5(D=F) Y. (40)

where

17 == u(p")F(q) f o )4 FysF (k)

1
2f2 P —Kk—mp

( C’)" (k- g) - Fu(p)
2k
: fzu(p \F(q) f - )4(16 oy 5(2k ++")2
- - 1 1
X1t ) = FOO e s By PP,

(41)
Using Package-X [35] to simplify the y matrix algebra,
we can get the expressions for the Dirac and Pauli form
factors. In the next section, we discuss the numerical res-
ults.

4 Numerical results

In the numerical calculations, the parameters are
chosen as D =0.76 and F =0.50 (g4 = D+ F =1.26). The
coupling constant C is chosen as 1, the same as in Refs.
[28, 36]. The off-shell parameter z is z = —1 [37]. The low
energy constants ¢; and ¢, are determined as 2.057 and
0.748, giving the experimental moments u, =2.793 and
tn = —1.913. The covariant regulator is of the dipole form
[28, 29, 31]

8 A*

FIk = (A2 +m2 =2 “2)
where m; is the meson mass for the baryon-meson inter-
action and is zero for the hadron-photon interaction. It
was found that for A around 0.90 GeV, the results are
very close to the experimental nucleon form factors.

In Fig. 3, we plot the sea contribution of the u quark
with unit charge to the proton electric form factor. The
three blue lines from top to bottom are for A =1.0, 0.9
and 0.8 GeV. As a comparison, the central result for the
strange quark is also plotted in the figure with the red
line. The solid dots with error bars are the lattice simula-
tions from Ref. [22]. Since we do not include the valence
contribution of the u quark in the proton, the electric form
factor of the u quark is zero for Q% = 0. It then increases
with increasing Q2. For Q? larger than about 0.3 GeV?, it
deceases with Q?. From the figure, one can see that the
strange quark form factor can be described very well. The
u quark result is slightly smaller than the lattice simula-
tions. We should mention that the lattice results are for
the light quarks and it was assumed that » and d have the
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same sea contributions. Therefore, the lattice results for
the light quarks can be approximately treated as an aver-
age of the u and d contributions.

The d quark sea contribution to the proton electric
form factor is plotted in Fig. 4. Similar to the u quark, the
electric form factor first increases from 0 and then de-
creases with increasing Q2. It can be clearly seen that the
calculated sea quark contribution is larger than the lattice
results. The larger sea contribution of the d quark than of
the u quark is due to the fact that there is no intermediate
octet contribution of the u quark, for which the only con-
tribution is from the decuplet intermediate states. Similar
results are found for the d—i asymmetry in the proton,
where d is in excess with respect to i [38-41]. Although
there is an obvious difference between the sea quark con-
tributions of u and d, both are much larger than the
strange quark contribution. The strange quark electric
form factor is about 5-10 times smaller due to the sup-

0.025 1

0.020 .
& 0015 3 .
o
®

0.010 ]
0.005 | \_
0.000 . . e
1.0 1.5 2.0
Q*(GeV?)
Fig. 3. (color online) The sea quark contribution of u to the

proton electric form factor versus momentum transfer Q2.
The three blue lines from top to bottom are for A = 1.0, 0.9
and 0.8 GeV, respectively. The red line is the result for the
strange quark with A =0.9 GeV. The points with error bars
are from lattice simulations [22].
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Q%(GeV?)
Fig. 4. (color online) The sea quark contributions of d to the

proton electric form factor versus momentum transfer Q2.
The three blue lines from top to bottom are for A = 1.0, 0.9
and 0.8 GeV, respectively. The red line is the result for the
strange quark with A =0.9 GeV. The points with error bars
are from lattice simulations [22].

pression of the K meson loop.

The sea contribution to the proton magnetic form
factor of the u and d quarks with unit charge are plotted
in Fig. 5 and Fig. 6. The calculated strange quark magnet-
ic form factor is again in good agreement with the lattice
results. All quark magnetic form factors increase mono-
tonously with increasing Q2. The absolute values of the u
quark contribution are smaller than the lattice simulation
results for the light quarks, while for the d quark contri-
bution, the absolute values are larger than the lattice res-
ults. The absolute contributions of both « and d quarks
are larger than of the strange quark, especially for small
Q. For Q? =0, the magnetic moments of the u and d sea
quarks are —0.11 and -0.39, respectively, while the
strange quark magnetic moment is about —0.04.

From the above figures, it can be seen that the u and d
sea quark contributions are quite different. For both the
electric and magnetic form factors, the absolute value of
the d sea quark contribution is much larger than of u, be-
cause there are two up quarks and one down quark in a
proton. The u quark in the loop diagram can only form a
decuplet state and there is no intermediate octet contribu-
tion to the u sea quark form factors. We should mention
that the difference between the light sea quark form
factors is not due to the mass difference of u and d
quarks. In fact, in our calculation the masses of 7%, 7 and

0.00 F T T T ]

-0.05 {
I
E {
O oof

-0.15F

0.0 05 10 15 20
Q*(GeV?)
Fig. 5. (color online) Same as Fig. 3 but for the magnetic

form factor.

Gu(@?)

0.0 0.5 1.0 15 20

Q@ (GeV?)
Fig. 6. (color online) Same as Fig. 4 but for the magnetic
form factor.
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n~ are degenerate. It is straightforward to see that the sea
quark form factor of u (d) in the proton is the same as that
of d (u) in the neutron, if the masses of proton and neut-
ron are the same. The mass difference between proton
and neutron leads to a small charge symmetry violation,
i.e. a small difference between G% and G¢ (G4 and GY).
The large difference between G, and Gf, is due to the ef-
fect of non-perturbative valence quark rather than of the
mass difference between u and d.

If the mass of the three u quark state is taken to be de-
generate with respect to the nucleon mass, and the n mass
is taken to be degenerate with the = mass. the sea contri-
bution of # and d quarks in the proton would be the same.
This is an artifact of the present lattice simulations. Phys-
ically, three u quarks cannot form an octet baryon, and
the mass of n is much larger than of n. Therefore, it
would be very interesting and challenging to get the fla-
vor asymmetry from the full lattice QCD simulations.

S Summary

In this work, we applied the nonlocal chiral effective

Lagrangian to study the sea quark contribution of light
quarks to the proton electromagnetic form factors. Since
the sign of the u, d and s quark form factors are the same,
this calculation helps to understand the experimental val-
ues of strange quark form factors. It is also interesting to
compare our results with the lattice simulations. In our
calculations, the parameter A in the regulator is the same
as in the lattice simulations, and was determined by fit-
ting the nucleon form factors. The low energy constants
c1 and ¢, were determined from the experimental magnet-
ic moments of the proton and neutron. Therefore, in cal-
culating the sea quark form factors, there are no free para-
meters to be adjusted. Our results show that the electric
form factors of light sea quarks with unit charge are pos-
itive, while the magnetic form factors are negative. Com-
pared with the strange quark form factors, the absolute
values of the light quark form factors are much larger.
For both the electric and magnetic form factors, the con-
tribution of the d quark is larger than of the u quark. The
current lattice simulations for the light sea quark form
factors are in between our results for u# and d. Therefore,
it would be interesting if this flavor asymmetry could be
obtained from the full lattice QCD simulations.

References

1 S. Collaboration, D. T. Spayde, T. Averett et al., Physical Review
Letters, 84(6): 1106-1109 (2000)

2 D.T. Spayde and S. Collaboration, European Physical Journal A,
24(2): 51-54 (2005)

3 S. Baunack, D. Becker, K. Gerz et al., Workshop to Explore
Physics Opportunities with Intense, Polarized Electron Beams at
50-300 Mev, 1563(1): 73-77 (2013)

4 D.S. Armstrong and R. D. McKeown, Annual Review of Nuclear
and Particle Science, 62(1): 337-359 (2012)

5 C. S. An and B. Saghai, Physical Review C, 88(2): 025206
(2013)

6 A. Kiswandhi, H. C. Lee, and Shin-Nan Yang, Physical Letter B,
704: 373-377 (2011)

7 D. O. Riska, European Physical Journal A, 32(4): 389-392 (2007)

8 V. E. Lyubovitskij, P. Wang, and T. Gutsche, Amand Faessler
Physical Review C, 66: 055204 (2002)

9 T. Fuchs, J. Gegelia, and S. Scherer, Journal of Physics G:
Nuclear and Particle Physics, 30(10): 1407-1426 (2004)

10 B. Kubis and U.-G. MeiBner, Nuclear Physics A, 679(3): 698-
734 (2001)

11 P. Wang, D. B. Leinweber, A. W. Thomas ef al., Physical Review
D, 75(7): 073012 (2007)

12 P. Wang, D. B. Leinweber, A. W. Thomas ef al., Physical Review
C, 79(6): 065202 (2009)

13 P. Wang, D. B. Leinweber, A. W. Thomas et al., Physical Review
D, 86(9): 094038 (2012)

14 J. M. M. Hall, D. B. Leinweber, and R. D. Young, Physical
Review D, 89(5): 054511 (2014)

15 P. Wang, D. B. Leinweber, and A. W. Thomas, Physical Review
D, 89(3): 033008 (2014)

16 P. Wang, D. B. Leinweber, and A. W. Thomas, Physical Review
D, 92(3): 034508 (2015)

17 H. Li, P. Wang, D. B. Leinweber et al., Physical Review C,
93(4): 045203 (2016)

18 H.-n. Liand P. Wang, Chinese Physics C, 40(12): 123106 (2016)

19 C.R. Allton, W. Armour, D. B. Leinweber ef al., Physics Letters

B, 628(1): 125-130 (2005)

20 P. Wang, D. B. Leinweber, A. W. Thomas ef al., Physical Review
D, 79(9): 094001 (2009)

21 C. Alexandrou, M. Constantinou, K. Hadjiyiannakou et al.,
Physical Review D, 97(9): 094504 (2018)

22 R. S. Sufian, Y.-B. Yang, J. Liang et al., Physical Review D,
96(11): 114504 (2017)

23 G. Green, S. Meinel, M. Engelhardt et al., Physical Review D,
92(3): 031501 (2015)

24 K. Paschke, A. Thomas, R. Michaels et al., Journal of Physics:
Conference Series, 299: 012003 (2011)

25 P. Wang, Chinese Physics C, 35: 223-227 (2011)

26 P. Wang, Canadian Journal of Physics, 92(1): 25-30 (2014)

27 P. Wang, European Physical Journal A, 50(11): 172 (2014)

28 F.He and P. Wang, Physical Review D, 97(3): 036007 (2018)

29 F.Heand P. Wang, Physical Review D, 98(3): 036007 (2018)

30 D. B. Leinweber, Physical Review D, 69(1): 014005 (2004)

31 Y. Salamu, C. R. Ji, W. Melnitchouk ef al., Physical Review D,
99(1): 014041 (2019)

32 E. E. Jenkins, Nuclear Physics B, 368: 190-203 (1992)

33 E. E. Jenkins, M. E. Luke, A. V. Manohar et al., Physics Letters
B, 302: 482-490 (1993)

34 C. W. Bernard and M. F. L. Golterman, Physical Review D,
46(2): 853-857 (1992)

35 H. H. Patel, Computer Physics Communications, 197: 276-290
(2015)

36 V. Pascalutsa, M. Vanderhaeghen, and S. N. Yang, Physics
Reports, 437(5-6): 125-232 (2007)

37 L. M. Nath, B. Etemadi, and J. D. Kimel, Physical Review D,
3(9): 2153-2161 (1971)

38 Y. Salamu, C. R. Ji, W. Melnitchouk et al., Few-Body Systems,
56(6-9): 355-362 (2015)

39 X. G. Wang, C. R. Ji, W. Melnitchouk et al., Physics Letters B,
762: 52-56 (2016)

40 X. G. Wang, C. R. Ji, W. Melnitchouk ef al., Physical Review D,
94(9): 094035 (2016)

41 Y. Salamu, C. R. Ji, W. Melnitchouk et al., Phys. Rev. Lett.,
114(12): 122001 (2015)

053101-7


http://dx.doi.org/10.1103/PhysRevLett.84.1106
http://dx.doi.org/10.1103/PhysRevLett.84.1106
http://dx.doi.org/10.1146/annurev-nucl-102010-130419
http://dx.doi.org/10.1146/annurev-nucl-102010-130419
http://dx.doi.org/10.1103/PhysRevC.88.025206
http://dx.doi.org/10.1016/j.physletb.2011.09.051
http://dx.doi.org/10.1140/epja/i2006-10399-6
http://dx.doi.org/10.1103/PhysRevC.66.055204
http://dx.doi.org/10.1103/PhysRevC.66.055204
http://dx.doi.org/10.1088/0954-3899/30/10/008
http://dx.doi.org/10.1088/0954-3899/30/10/008
http://dx.doi.org/10.1103/PhysRevD.75.073012
http://dx.doi.org/10.1103/PhysRevD.75.073012
http://dx.doi.org/10.1103/PhysRevC.79.065202
http://dx.doi.org/10.1103/PhysRevC.79.065202
http://dx.doi.org/10.1103/PhysRevD.86.094038
http://dx.doi.org/10.1103/PhysRevD.86.094038
http://dx.doi.org/10.1103/PhysRevD.89.033008
http://dx.doi.org/10.1103/PhysRevD.89.033008
http://dx.doi.org/10.1103/PhysRevD.92.034508
http://dx.doi.org/10.1103/PhysRevD.92.034508
http://dx.doi.org/10.1088/1674-1137/40/12/123106
http://dx.doi.org/10.1103/PhysRevD.79.094001
http://dx.doi.org/10.1103/PhysRevD.79.094001
http://dx.doi.org/10.1103/PhysRevD.96.114504
http://dx.doi.org/10.1103/PhysRevD.92.031501
http://dx.doi.org/10.1088/1742-6596/299/1/012003
http://dx.doi.org/10.1088/1742-6596/299/1/012003
http://dx.doi.org/10.1088/1674-1137/35/3/003
http://dx.doi.org/10.1139/cjp-2012-0395
http://dx.doi.org/10.1140/epja/i2014-14172-0
http://dx.doi.org/10.1103/PhysRevD.97.036007
http://dx.doi.org/10.1103/PhysRevD.98.036007
http://dx.doi.org/10.1103/PhysRevD.69.014005
http://dx.doi.org/10.1103/PhysRevD.99.014041
http://dx.doi.org/10.1016/0550-3213(92)90203-N
http://dx.doi.org/10.1016/0370-2693(93)90430-P
http://dx.doi.org/10.1016/0370-2693(93)90430-P
http://dx.doi.org/10.1103/PhysRevD.46.853
http://dx.doi.org/10.1016/j.cpc.2015.08.017
http://dx.doi.org/10.1103/PhysRevD.3.2153
http://dx.doi.org/10.1007/s00601-015-0949-0
http://dx.doi.org/10.1016/j.physletb.2016.09.014
http://dx.doi.org/10.1103/PhysRevD.94.094035
http://dx.doi.org/10.1103/PhysRevLett.114.122001
http://dx.doi.org/10.1103/PhysRevLett.84.1106
http://dx.doi.org/10.1103/PhysRevLett.84.1106
http://dx.doi.org/10.1146/annurev-nucl-102010-130419
http://dx.doi.org/10.1146/annurev-nucl-102010-130419
http://dx.doi.org/10.1103/PhysRevC.88.025206
http://dx.doi.org/10.1016/j.physletb.2011.09.051
http://dx.doi.org/10.1140/epja/i2006-10399-6
http://dx.doi.org/10.1103/PhysRevC.66.055204
http://dx.doi.org/10.1103/PhysRevC.66.055204
http://dx.doi.org/10.1088/0954-3899/30/10/008
http://dx.doi.org/10.1088/0954-3899/30/10/008
http://dx.doi.org/10.1103/PhysRevD.75.073012
http://dx.doi.org/10.1103/PhysRevD.75.073012
http://dx.doi.org/10.1103/PhysRevC.79.065202
http://dx.doi.org/10.1103/PhysRevC.79.065202
http://dx.doi.org/10.1103/PhysRevD.86.094038
http://dx.doi.org/10.1103/PhysRevD.86.094038
http://dx.doi.org/10.1103/PhysRevD.89.033008
http://dx.doi.org/10.1103/PhysRevD.89.033008
http://dx.doi.org/10.1103/PhysRevD.92.034508
http://dx.doi.org/10.1103/PhysRevD.92.034508
http://dx.doi.org/10.1088/1674-1137/40/12/123106
http://dx.doi.org/10.1103/PhysRevD.79.094001
http://dx.doi.org/10.1103/PhysRevD.79.094001
http://dx.doi.org/10.1103/PhysRevD.96.114504
http://dx.doi.org/10.1103/PhysRevD.92.031501
http://dx.doi.org/10.1088/1742-6596/299/1/012003
http://dx.doi.org/10.1088/1742-6596/299/1/012003
http://dx.doi.org/10.1088/1674-1137/35/3/003
http://dx.doi.org/10.1139/cjp-2012-0395
http://dx.doi.org/10.1140/epja/i2014-14172-0
http://dx.doi.org/10.1103/PhysRevD.97.036007
http://dx.doi.org/10.1103/PhysRevD.98.036007
http://dx.doi.org/10.1103/PhysRevD.69.014005
http://dx.doi.org/10.1103/PhysRevD.99.014041
http://dx.doi.org/10.1016/0550-3213(92)90203-N
http://dx.doi.org/10.1016/0370-2693(93)90430-P
http://dx.doi.org/10.1016/0370-2693(93)90430-P
http://dx.doi.org/10.1103/PhysRevD.46.853
http://dx.doi.org/10.1016/j.cpc.2015.08.017
http://dx.doi.org/10.1103/PhysRevD.3.2153
http://dx.doi.org/10.1007/s00601-015-0949-0
http://dx.doi.org/10.1016/j.physletb.2016.09.014
http://dx.doi.org/10.1103/PhysRevD.94.094035
http://dx.doi.org/10.1103/PhysRevLett.114.122001
http://dx.doi.org/10.1103/PhysRevLett.84.1106
http://dx.doi.org/10.1103/PhysRevLett.84.1106
http://dx.doi.org/10.1146/annurev-nucl-102010-130419
http://dx.doi.org/10.1146/annurev-nucl-102010-130419
http://dx.doi.org/10.1103/PhysRevC.88.025206
http://dx.doi.org/10.1016/j.physletb.2011.09.051
http://dx.doi.org/10.1140/epja/i2006-10399-6
http://dx.doi.org/10.1103/PhysRevC.66.055204
http://dx.doi.org/10.1103/PhysRevC.66.055204
http://dx.doi.org/10.1088/0954-3899/30/10/008
http://dx.doi.org/10.1088/0954-3899/30/10/008
http://dx.doi.org/10.1103/PhysRevD.75.073012
http://dx.doi.org/10.1103/PhysRevD.75.073012
http://dx.doi.org/10.1103/PhysRevC.79.065202
http://dx.doi.org/10.1103/PhysRevC.79.065202
http://dx.doi.org/10.1103/PhysRevD.86.094038
http://dx.doi.org/10.1103/PhysRevD.86.094038
http://dx.doi.org/10.1103/PhysRevD.89.033008
http://dx.doi.org/10.1103/PhysRevD.89.033008
http://dx.doi.org/10.1103/PhysRevD.92.034508
http://dx.doi.org/10.1103/PhysRevD.92.034508
http://dx.doi.org/10.1088/1674-1137/40/12/123106
http://dx.doi.org/10.1103/PhysRevD.79.094001
http://dx.doi.org/10.1103/PhysRevD.79.094001
http://dx.doi.org/10.1103/PhysRevD.96.114504
http://dx.doi.org/10.1103/PhysRevD.92.031501
http://dx.doi.org/10.1088/1742-6596/299/1/012003
http://dx.doi.org/10.1088/1742-6596/299/1/012003
http://dx.doi.org/10.1088/1674-1137/35/3/003
http://dx.doi.org/10.1139/cjp-2012-0395
http://dx.doi.org/10.1140/epja/i2014-14172-0
http://dx.doi.org/10.1103/PhysRevD.97.036007
http://dx.doi.org/10.1103/PhysRevD.98.036007
http://dx.doi.org/10.1103/PhysRevD.69.014005
http://dx.doi.org/10.1103/PhysRevD.99.014041
http://dx.doi.org/10.1016/0550-3213(92)90203-N
http://dx.doi.org/10.1016/0370-2693(93)90430-P
http://dx.doi.org/10.1016/0370-2693(93)90430-P
http://dx.doi.org/10.1103/PhysRevD.46.853
http://dx.doi.org/10.1016/j.cpc.2015.08.017
http://dx.doi.org/10.1103/PhysRevD.3.2153
http://dx.doi.org/10.1007/s00601-015-0949-0
http://dx.doi.org/10.1016/j.physletb.2016.09.014
http://dx.doi.org/10.1103/PhysRevD.94.094035
http://dx.doi.org/10.1103/PhysRevLett.114.122001
http://dx.doi.org/10.1103/PhysRevLett.84.1106
http://dx.doi.org/10.1103/PhysRevLett.84.1106
http://dx.doi.org/10.1146/annurev-nucl-102010-130419
http://dx.doi.org/10.1146/annurev-nucl-102010-130419
http://dx.doi.org/10.1103/PhysRevC.88.025206
http://dx.doi.org/10.1016/j.physletb.2011.09.051
http://dx.doi.org/10.1140/epja/i2006-10399-6
http://dx.doi.org/10.1103/PhysRevC.66.055204
http://dx.doi.org/10.1103/PhysRevC.66.055204
http://dx.doi.org/10.1088/0954-3899/30/10/008
http://dx.doi.org/10.1088/0954-3899/30/10/008
http://dx.doi.org/10.1103/PhysRevD.75.073012
http://dx.doi.org/10.1103/PhysRevD.75.073012
http://dx.doi.org/10.1103/PhysRevC.79.065202
http://dx.doi.org/10.1103/PhysRevC.79.065202
http://dx.doi.org/10.1103/PhysRevD.86.094038
http://dx.doi.org/10.1103/PhysRevD.86.094038
http://dx.doi.org/10.1103/PhysRevD.89.033008
http://dx.doi.org/10.1103/PhysRevD.89.033008
http://dx.doi.org/10.1103/PhysRevD.92.034508
http://dx.doi.org/10.1103/PhysRevD.92.034508
http://dx.doi.org/10.1088/1674-1137/40/12/123106
http://dx.doi.org/10.1103/PhysRevLett.84.1106
http://dx.doi.org/10.1103/PhysRevLett.84.1106
http://dx.doi.org/10.1146/annurev-nucl-102010-130419
http://dx.doi.org/10.1146/annurev-nucl-102010-130419
http://dx.doi.org/10.1103/PhysRevC.88.025206
http://dx.doi.org/10.1016/j.physletb.2011.09.051
http://dx.doi.org/10.1140/epja/i2006-10399-6
http://dx.doi.org/10.1103/PhysRevC.66.055204
http://dx.doi.org/10.1103/PhysRevC.66.055204
http://dx.doi.org/10.1088/0954-3899/30/10/008
http://dx.doi.org/10.1088/0954-3899/30/10/008
http://dx.doi.org/10.1103/PhysRevD.75.073012
http://dx.doi.org/10.1103/PhysRevD.75.073012
http://dx.doi.org/10.1103/PhysRevC.79.065202
http://dx.doi.org/10.1103/PhysRevC.79.065202
http://dx.doi.org/10.1103/PhysRevD.86.094038
http://dx.doi.org/10.1103/PhysRevD.86.094038
http://dx.doi.org/10.1103/PhysRevD.89.033008
http://dx.doi.org/10.1103/PhysRevD.89.033008
http://dx.doi.org/10.1103/PhysRevD.92.034508
http://dx.doi.org/10.1103/PhysRevD.92.034508
http://dx.doi.org/10.1088/1674-1137/40/12/123106
http://dx.doi.org/10.1103/PhysRevD.79.094001
http://dx.doi.org/10.1103/PhysRevD.79.094001
http://dx.doi.org/10.1103/PhysRevD.96.114504
http://dx.doi.org/10.1103/PhysRevD.92.031501
http://dx.doi.org/10.1088/1742-6596/299/1/012003
http://dx.doi.org/10.1088/1742-6596/299/1/012003
http://dx.doi.org/10.1088/1674-1137/35/3/003
http://dx.doi.org/10.1139/cjp-2012-0395
http://dx.doi.org/10.1140/epja/i2014-14172-0
http://dx.doi.org/10.1103/PhysRevD.97.036007
http://dx.doi.org/10.1103/PhysRevD.98.036007
http://dx.doi.org/10.1103/PhysRevD.69.014005
http://dx.doi.org/10.1103/PhysRevD.99.014041
http://dx.doi.org/10.1016/0550-3213(92)90203-N
http://dx.doi.org/10.1016/0370-2693(93)90430-P
http://dx.doi.org/10.1016/0370-2693(93)90430-P
http://dx.doi.org/10.1103/PhysRevD.46.853
http://dx.doi.org/10.1016/j.cpc.2015.08.017
http://dx.doi.org/10.1103/PhysRevD.3.2153
http://dx.doi.org/10.1007/s00601-015-0949-0
http://dx.doi.org/10.1016/j.physletb.2016.09.014
http://dx.doi.org/10.1103/PhysRevD.94.094035
http://dx.doi.org/10.1103/PhysRevLett.114.122001
http://dx.doi.org/10.1103/PhysRevD.79.094001
http://dx.doi.org/10.1103/PhysRevD.79.094001
http://dx.doi.org/10.1103/PhysRevD.96.114504
http://dx.doi.org/10.1103/PhysRevD.92.031501
http://dx.doi.org/10.1088/1742-6596/299/1/012003
http://dx.doi.org/10.1088/1742-6596/299/1/012003
http://dx.doi.org/10.1088/1674-1137/35/3/003
http://dx.doi.org/10.1139/cjp-2012-0395
http://dx.doi.org/10.1140/epja/i2014-14172-0
http://dx.doi.org/10.1103/PhysRevD.97.036007
http://dx.doi.org/10.1103/PhysRevD.98.036007
http://dx.doi.org/10.1103/PhysRevD.69.014005
http://dx.doi.org/10.1103/PhysRevD.99.014041
http://dx.doi.org/10.1016/0550-3213(92)90203-N
http://dx.doi.org/10.1016/0370-2693(93)90430-P
http://dx.doi.org/10.1016/0370-2693(93)90430-P
http://dx.doi.org/10.1103/PhysRevD.46.853
http://dx.doi.org/10.1016/j.cpc.2015.08.017
http://dx.doi.org/10.1103/PhysRevD.3.2153
http://dx.doi.org/10.1007/s00601-015-0949-0
http://dx.doi.org/10.1016/j.physletb.2016.09.014
http://dx.doi.org/10.1103/PhysRevD.94.094035
http://dx.doi.org/10.1103/PhysRevLett.114.122001

