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Electromagnetic form factors of the baryon octet are studied using a Nambu–Jona-Lasinio model which 
utilizes the proper-time regularization scheme to simulate aspects of colour confinement. In addition, 
the model also incorporates corrections to the dressed quarks from vector meson correlations in the 
t-channel and the pion cloud. Comparison with recent chiral extrapolations of lattice QCD results shows 
a remarkable level of consistency. For the charge radii we find the surprising result that rp

E < r�+
E and ∣∣rn

E

∣∣ < |r�0

E |, whereas the magnetic radii have a pattern largely consistent with a naive expectation based 
on the dressed quark masses.

© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The lowest mass baryon octet plays a special role in the quest 
to understand the strong interaction. Along with their masses and 
axial charges, it is particularly important to explain their distri-
butions of charge and magnetisation in terms of the underly-
ing quark–gluon dynamics. Empirically, these distributions are ex-
pressed by their electromagnetic form factors, which present an 
extraordinary challenge for QCD [1]. Considerable experimental ef-
fort has been devoted to the measurement and parametrization of 
the electromagnetic form factors of the nucleon [2–13]. However, 
for the other members of the baryon octet this is a more difficult 
task because of their short lifetimes [14].

Theoretical predictions for nucleon electromagnetic form fac-
tors, and for example, parton distribution functions, have been 
made using a variety of approaches, such as quark models [15–24], 
QCD sum rules [25], the Dyson–Schwinger equations [26–28] and 
lattice QCD simulations [29–36]. For the other elements of the 
octet, prior to lattice QCD computations, early work on the spec-
trum, electromagnetic form factors and weak form factors was 
based on, for example, the bag model [37–48], QCD sum rules [25], 
constituent quark models [49–52] and more recently the Dyson–
Schwinger equations [53].

With the advent of more precise lattice QCD computations, to-
gether with chiral extrapolations to the physical point, the baryon 
octet spectrum has been accurately reproduced [30,33,54] and 
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more recently the electromagnetic form factors of the outer ring of 
the octet have been extracted [35,36]. At the same time, the recent 
work in Ref. [24] showed promising results when the Nambu–
Jona-Lasinio (NJL) model [55,56] was applied to the calculation 
of the nucleon electromagnetic form factors [24]. In addition, the 
model has also been applied to the axial charges in several �S = 0
β-decays in the baryon octet [52], and the electromagnetic form 
factors of the ρ meson [57].

In the present work we extend the framework developed in 
Ref. [24] for the nucleon, to a description of the electromagnetic 
form factors of the baryon octet.

2. Baryons in a Nambu–Jona-Lasinio model

Extensive reviews of the NJL model exist [58–60] and here we 
use the SU(3) flavour version with only the four-fermion interac-
tion.1 The Lagrangian in the q̄q interaction channel, which we take 
in Fierz symmetric form [59], reads

L = ψ̄
(
i/∂ − m̂

)
ψ + 1

2 Gπ

[ (
ψ̄ λi ψ

)2 − (
ψ̄ γ5 λi ψ

)2
]

− 1
2 Gρ

[(
ψ̄ γ μ λi ψ

)2 + (
ψ̄ γ μγ5 λi ψ

)2
]
, (1)

1 In the three-flavour version of the NJL model it is common to include a 
6-fermion determinant interaction which explicitly breaks the U (1) axial symme-
try in the Lagrangian [59], thereby producing a mass splitting between the η and 
η′ mesons. In the baryon form factor calculations considered here, the 6-fermion in-
teraction only contributes via renormalized four-fermion interactions, and since we 
fit the strength of these four-fermion interactions to data, we can safely drop the 
6-fermion determinant interaction.
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Fig. 1. (Colour online.) Inhomogeneous Bethe–Salpeter equation for quark–quark (di-
quark) correlations.

with m̂ = diag [mu, md, ms] and λi the eight Gell–Mann matrices 
plus λ0 ≡ √

2/31. Gluon degrees of freedom are absent in the NJL 
model and therefore one must specify a method of regularization. 
We use the proper-time scheme that includes an infrared, in addi-
tion to the usual ultraviolet cutoff, because it simulates aspects of 
quark confinement by, for example, eliminating unphysical thresh-
olds for the decay of baryons into quarks or quarks and coloured 
diquarks [61–63].

The dressed quark mass, Mq , of flavour q = u, d, s is obtained 
by solving the gap equation. With proper-time regularization Mq

satisfies [52]

Mq = mq + 3

π2
Mq Gπ

1/2
I R∫

1/2
U V

dτ
e−τ M2

q

τ 2
. (2)

We note that in the SU(3) flavour case, flavour mixing is absent, in 
contrast to the SU(2) flavour case [59].

When solving the 3-body problem in the NJL model, to ob-
tain the Faddeev vertex functions for each member of the baryon 
octet, strong diquark correlations naturally appear. To determine 
the diquark t-matrices it is therefore convenient to make a dif-
ferent Fierz transformation on the SU(3) NJL Lagrangian density, 
which yields the effective qq interactions [64] in the scalar and 
axial-vector diquark channels:

Lqq
I = Gs

[
ψ̄ γ5 C λa βA ψ̄ T

][
ψ T C−1γ5 λa βA ψ

]
+ Ga

[
ψ̄ γμ C λs βA ψ̄ T

][
ψ T C−1γ μ λs βA ψ

]
, (3)

where C = iγ2γ0 is the charge conjugation matrix, and Gs and 
Ga are the couplings in the scalar and axial-vector diquark chan-
nels, respectively. The quark flavour matrices are represented by 
λa for a ∈ (2, 5, 7) and λs for s ∈ (0, 1, 3, 4, 6, 8), while βA =√

3/2 λA (A = 2, 5, 7) selects the colour 3̄ states [64].
Fig. 1 depicts the Bethe–Salpeter equation (BSE) which de-

scribes two-particle (qq in this case) bound states. Solutions to the 
BSE for the scalar and axial-vector diquarks, in terms of the re-
duced t-matrices, are expressed as

τ[q1q2](q) = 4i Gs

1 + 2 Gs �[q1q2](q2)
, (4)

τ
μν
{q1q2}(q) = 4 i Ga

1 + 2 Ga �T{q1q2}(q2)

(
gμν − qμqν

q2

)

+ 4 i Ga

1 + 2 Ga �L{q1q2}(q2)

qμqν

q2
. (5)

The bubble diagrams are given by

�[q1q2]
(

q2
)

= 6i

∫
d4k

(2π)4
Tr

[
γ5 Sq1(k)γ5 Sq2(k + q)

]
, (6)

�T{q1q2}(q2)

(
gμν − qμqν

q2

)
+ �L{q1q2}

qμqν

q2

= 6i

∫
d4k

4
Tr

[
γ μ Sq1(k)γ ν Sq2(k + q)

]
, (7)
(2π)
Fig. 2. Homogeneous Poincaré covariant Faddeev equation whose solution gives the 
mass and vertex function for each member of the baryon octet.

where Sq(k) = [/k − Mq + iε]−1 is the dressed quark propagator and 
the trace is over Dirac indices only. Throughout this paper square 
brackets will represent a scalar diquark and curly brackets an axial-
vector diquark, where q1 and q2 label the flavour (u, d, s) of each 
quark inside the diquark. In the solution to the Faddeev equation 
we employ the pole approximation for the reduced t-matrices [24,
52]:

τ[q1q2](q) → −i Z[q1q2]
q2 − M2[q1q2] + iε

, (8)

τ
μν
{q1q2}(q) → −i Z{q1q2}

q2 − M2{q1q2} + iε

(
gμν − qμqν

M2{q1q2}

)
, (9)

where the Z ’s are the residues at the poles [24,52].
Solutions to the Faddeev equation for each member of the 

baryon octet in this model have already been detailed in Ref. [52], 
therefore here we will just give a brief review (see Fig. 2). For each 
baryon the Faddeev equation, in the static approximation [65], 
takes the general form

�b(p, s) = Zb �b(p) �b(p, s), (10)

where b = N, �, � labels the baryon and the p2 that satisfies this 
equation defines the baryon mass. The quark exchange kernel is 
labelled by Zb and �b(p) contains the quark–diquark bubble di-
agrams. The Faddeev vertex is normalized such that �b(p, s) =√−Zb �0b(p, s), where Zb is given by

Z−1
b = �0b

∂ �b(p)

∂/p
�0b

∣∣∣∣
p2=M2

b

. (11)

We normalize the vertex �0b(p, s) such that �0b �0b = 1.
For the form factor calculations, including their momentum de-

pendence, we will only consider the nucleon, �± and �, as there 
are no lattice results for the  and the �0. However, we will give 
results for  and the �0 magnetic moments and radii. The Fad-
deev vertex functions are evaluated for equal light quark masses 
(Mu = Md ≡ M�) and for the nucleon, �± and � the Dirac struc-
ture is

�b(p, s) =

⎡
⎢⎢⎣

�q1[q1q2](p, s)

�
μ
q1{q1q2}(p, s)

�
μ
q2{q1q1}(p, s)

⎤
⎥⎥⎦

= √−Zb

⎡
⎢⎢⎣

α1

α2
pμ

Mb
γ5 + α3 γ μγ5

α4
pμ

Mb
γ5 + α5 γ μγ5

⎤
⎥⎥⎦ ub(p, s) . (12)

The quark exchange kernel reads

Zb = 3

⎡
⎢⎢⎢⎣

1
Mq1

1
Mq1

γσ γ5 −
√

2
Mq2

γσ γ5

1
Mq1

γ5γμ
1

Mq1
γσ γμ

√
2

Mq2
γσ γμ

−
√

2
Mq2

γ5γμ

√
2

Mq2
γσ γμ 0

⎤
⎥⎥⎥⎦ , (13)
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Table 1
Model parameters, where all masses and regularization parameters are given in 
units of GeV, while the Lagrangian couplings are in units of GeV−2.

I R U V M� Ms Gπ Gρ Gs Ga

0.240 0.645 0.40 0.56 19.0 11.0 5.8 4.9

Table 2
Results for the diquark masses and pole residues in the various diquark t-matrices 
[cf. Eqs. (8) and (9)]. All masses are in GeV and the residues are dimensionless.

M[��] M[�s] M{��} M{�s} M{ss}
0.768 0.903 0.929 1.04 1.15

Z[��] Z[�s] Z{��} Z{�s} Z{ss}
11.1 12.0 6.73 7.54 8.36

Table 3
Calculated octet baryon masses are compared with the average experimental mass 
for the corresponding multiplet. Note that the nucleon mass was used to constrain 
an NJL model parameter. All masses are in units of GeV.

MN M M� M�

NJL 0.940 1.126 1.170 1.277
Experiment 0.940 1.116 1.193 1.318

Table 4
Coefficients that define the Faddeev vertex functions for each member of the baryon 
octet considered herein.

α1 α2 α3 α4 α5 ZB

N 0.552 0.031 −0.233 −0.043 0.329 28.136
� 0.506 0.066 −0.211 −0.051 0.352 20.041
� 0.525 0.046 −0.249 −0.044 0.324 18.819
 0.481 0.328 −0.048 0.394 – 19.482

where, following Ref. [52], Mq1 and Mq2 correspond to the masses 
of the singly and doubly represented quark, respectively. Projecting 
the Faddeev kernel onto a colour singlet gives the factor of 3 in 
Eq. (13). Details of the Faddeev equation for the  are given in 
Ref. [52].

The parameters employed here are summarized in Table 1. 
The infrared cutoff should be of the order of QCD because it 
implements quark confinement [62,63], and we choose I R =
0.240 GeV. The masses of the light dressed quarks are chosen as 
Mu = Md = M� = 0.4 GeV, while the s-quark mass, Ms , is chosen 
to reproduce the mass of the �− baryon. The parameters U V , Gπ

and Gρ are fit to reproduce the empirical values of the pion decay 
constant, and the pion and ρ masses, while Ga and Gs are fixed 
by the physical �++ and nucleon masses.

In Table 2 we summarize the results for the diquark masses, as 
well as the residues for the diquark t-matrices given in Eqs. (8)
and (9). The octet baryon masses, obtained by solving the ap-
propriate Faddeev equation, are given in Table 3. The parame-
ters defining the Faddeev vertex function for each member of the 
baryon octet are summarized in Table 4.

3. Baryon form factors

The electromagnetic form factors, F1b and F2b , of an octet 
baryon b, are defined by the electromagnetic current

jμ,b
λ′λ (p′, p) = 〈

p′, λ′ ∣∣ Jμem

∣∣ p, λ
〉

(14)

= ūb(p′, λ′)
[
γ μ F1b(Q 2) + iσμνqν

2 Mb
F2b(Q 2)

]
ub(p, λ),

where λ and λ′ represent the helicity of the incoming and outgo-
ing baryon and q is the 4-momentum transfer, where Q 2 = −q2. 
Fig. 3. (Colour online.) Feynman diagrams representing the electromagnetic current 
for the octet baryons. The diagram on the left is called the “quark diagram” and the 
one on the right the “diquark diagram”. In the diquark diagram the photon interacts 
with each quark inside the diquark, as discussed in detail in Refs. [24,52].

Table 5
Magnetic moments in units of nuclear magnetons. The BSE results include only the 
vector meson contributions to the dressed quark form factors, while the final re-
sults also include effects from the pion cloud. A comparison with the experimental 
values [14] is shown.

μ
(B S E)

b μb μ
exp
b

p 2.43 2.78 2.793
n −1.25 −1.81 −1.913
�+ 2.30 2.62 2.458(10)

�− −1.04 −1.62 −1.160(25)

�0 −1.08 −1.14 −1.250(14)

�− −0.78 −0.67 −0.6507(25)

 −0.54 −0.58 −0.613(4)

In the NJL model considered here, this electromagnetic current is 
represented by the Feynman diagrams illustrated in Fig. 3. In the 
evaluation of these diagrams current conservation is maintained at 
each stage, because the relevant Ward–Takahashi identities are ful-
filled, as demonstrated in Ref. [24].

In the evaluation of the baryon form factors we dress the 
quark–photon vertices by including both vector meson correlations 
in the t-channel, through the inhomogeneous BSE, and also effects 
from pion loops. This formalism is described in detail in Ref. [24]. 
In summary, the dressed quark–photon vertex has the form:


μ
γ Q (p′, p) = γ μ F1Q (Q 2) + iσμνqν

2Mq
F2Q (Q 2), (15)

where Q = (U , D, S) and the F2Q form factor results from the 
pion loop corrections. Explicit expressions for the dressed quark 
form factors can be found in Ref. [24], supplemented here with 
the dressed strange quark form factors: F1S = − 1

3 F1φ and F2S = 0, 
where F1φ is generated by t-channel φ meson correlations [24]. 
Because the π is much lighter than the K we expect pion loops 
to give the dominant chiral correction, and therefore omit K
loops [66].

The total baryon form factors have the form

Fib(Q 2) =
∑

Q

[
F1Q f Q ,V

ib + F2Q f Q ,T
ib

]
, (16)

where the sum is over the dressed quarks in each baryon and the 
Q 2 dependence for each form factor is implicit. The body form fac-
tors, f Q ,V

ib and f Q ,T
ib , are given by the Feynman diagrams of Fig. 3, 

where the former is obtained from a point-like quark–photon vec-
tor coupling γ μ and the latter a point-like quark–photon tensor 
coupling iσμνqν/2Mq . Each of these body form factors contains 
contributions from both the quark and diquark diagrams illustrated 
in Fig. 3, and further details can be found in Refs. [24,52].

The Sachs form factors are defined by

G Eb = F1b − Q 2

4M2
b

F2b, G Mb = F1b + F2b, (17)

and in Table 5 results for G Mb at Q 2 = 0 are given, with both the 
vector meson dressing of the quark–photon vertices (labelled BSE) 
and also with the effect of the pion cloud as well. It is evident 
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Table 6
Electric and magnetic radii (in fm). PL stands for a point-like quark, BSE includes 
only the vector meson contributions to the dressed quark form factors, and the 
final results include both BSE and the effect of the pion cloud.

r(P L)
E r(B S E)

E rE r(P L)
M r(B S E)

M rM

p 0.51 0.81 0.87 0.43 0.76 0.87
n −0.19 −0.20 −0.37 0.39 0.74 0.91
�+ 0.53 0.85 0.96 0.45 0.76 0.88
�− 0.46 0.74 0.86 0.48 0.80 0.96
�0 0.17 0.37 0.49 0.35 0.62 0.66
�− 0.44 0.69 0.76 0.42 0.62 0.51
 0.12 0.27 0.28 0.26 0.48 0.52
that the effect of the pion cloud is to increase the magnitude of 
the magnetic moments across the octet, almost uniformly improv-
ing agreement with experiment. The exception is the �− , where 
the discrepancy is about 40%, which suggests that in this case the 
effect of the pion cloud may be overestimated [46,47].

Results for the charge and magnetic radii of the octet baryons, 
defined with respect to the Sachs form factors, are summarized 
in Table 6. The PL column stands for a structureless, point-like 
quark and the other two columns use either the BSE or the fully 
dressed quark–photon vertex. The effect of the vector meson and 
pion cloud dressing on these quantities is evident. In all cases 
the radii increase with the inclusion of vector meson corrections, 
sometimes dramatically. The effect of the pion cloud alone is also 
Fig. 4. (Colour online.) Electromagnetic form factors of the octet baryons with i = (E, M) indicating the Sachs electric and magnetic form factors. The plots show results from 
the vector meson dressing contributions to the quark–photon vertex (BSE) and the case where the pion cloud also included (BSE+Pion). In all the plots the points with 
error bars correspond to the chiral extrapolation of lattice results presented in Ref. [35,36], which are based on two different lattice volumes. In each case the magnetic form 
factors are normalized such that the value at Q 2 = 0 represents the baryon magnetic moment in units of nuclear magnetons.
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to increase the radii, except for the �− , where r�−
M is reduced from 

0.62 fm with only the BSE vertex to 0.51 fm including the pion 
cloud. The maximum contribution appears in the neutron charge 
radius where we find an increase of 85% from the pion cloud alone. 
The smallest contribution of the pion cloud occurs for the mag-
netic radius of the �0 and �− , which is to be expected because 
the strange quarks do not couple to the pion cloud.

Surprisingly, we find that r p
E < r�+

E and 
∣∣rn

E

∣∣ < |r�0

E |. This is 
because the difference between mρ(ω) and mφ (about 250 MeV), 
which characterize the vector meson dressing of the quark–photon 
vertices, makes the slope of F1D at Q 2 = 0 around 1.78 times 
larger than that for F1S in the BSE case, and 2.45 times larger in-
cluding the pion cloud. The contributions from these form factors 
tend to lower the charge radius, suppressing rE more in the nu-
cleon than in the �+ or �0. In addition, for the proton the term 
arising from the F2D form factor reduces the proton radius even 
further, and this term is absent in the �+ because the strange 
quark does not couple to the pion field.

Our main results, presented in Fig. 4, compare the octet form 
factors calculated here with those obtained in Ref. [35,36] via chi-
ral extrapolation of lattice QCD simulations (on two different vol-
umes) to the physical quark masses. For the magnetic form factors 
of the neutron, �− and �− it is evident the contribution from 
the pion cloud is significant, primarily at low Q 2. The effect of 
the pion cloud on the nucleon electric form factors appears to im-
prove the agreement with the lattice simulations (which are in 
quite good agreement with the empirical data), whereas the mag-
netic form factors are still underestimated.

The other members of the octet appear to have a similar be-
haviour. However, for the �− the curvature of G M is dramatically 
increased by the pion cloud. This behaviour matches the large in-
crease of the �− magnetic moment reported earlier. G�−

E is con-
sistent with the lattice results within the same level of accuracy 
found for the nucleon, �+ and �0. Finally, G�−

M shows outstand-

ing agreement with the lattice data but G�−
E is above the data, just 

as found for the other members of the octet.
The possible explanation of these small, but non-negligible dif-

ferences could well be a consequence of the fact that there are still 
systematic errors from the lattice simulation and the chiral extrap-
olation technique.

4. Conclusions

We have presented a study of the electromagnetic form factors 
of the baryon octet over an extended range of momentum transfer. 
The calculations were made within the NJL model, using proper-
time regularization to simulate confinement and included dressing 
at the quark–photon vertices from vector mesons and pion loops. 
This work was stimulated by the recent lattice QCD calculations 
of these quantities, which presented results (after chiral extrapola-
tion) at a discrete set of values of Q 2 up to 1.4 GeV2. In comparing 
the model calculations with these lattice results one must bear in 
mind that there may still be systematic errors at the level of 10% 
arising from lattice artifacts as well as the chiral extrapolation.

Overall, the level of agreement between the model calculations 
and the lattice results is qualitatively impressive. We expect that 
the results presented here will stimulate calculations in other ap-
proaches and trust that the comparison between those results, 
future lattice calculations and the results presented here will in-
deed lead to important new insights into hadron structure.
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