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The electromagnetic form factors of octet baryons are investigated with the nonlocal chiral effective theory.
The nonlocal interaction generates both the regulator, which makes the loop integral convergent, and the Q>
dependence of form factors at tree level. Both octet and decuplet intermediate states are included in the one-
loop calculation. The momentum dependence of baryon form factors is studied up to 1 GeV? with the same
number of parameters as for the nucleon form factors. The obtained magnetic moments of all the octet
baryons as well as the radii are in good agreement with the experimental data and/or lattice simulation.
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I. INTRODUCTION

The study of electromagnetic form factors of hadrons is
of crucial importance to understand their substructure. A lot
of theoretical and experimental efforts have been made in
this field. On the one hand, with the upgrade of exper-
imental facilities, the parton distribution functions (PDFs)
from the deep inelastic scattering as well as the form factors
at relatively large momentum transfer from the elastic
scattering can be extracted [1,2]. On the other hand, many
measurements on form factors have been carried out at very
small momentum transfer to get the information of the
nucleon radii as accurate as possible [3,4].

Theoretically, though QCD is the fundamental theory to
describe strong interactions, it is difficult to study hadron
physics using QCD directly. There are many phenomeno-
logical models, such as the cloudy bag model [5], the
constituent quark model [6], the 1/Nc expansion approach
[7], the Nambu-Jona-Lasino (NJL) model [8], the pertur-
bative chiral quark model (PCQM) [9], the extended vector
meson dominance model [10], the SU(3) chiral quark
model [11], the quark-diquark model [12], and so on.
These model calculations are helpful to provide the
physical scenario for the hadron structure.

Besides the phenomenological quark models, there
are two systematic methods in hadron physics. One is
the lattice simulation and the other is an effective field
theory (EFT) of QCD, chiral perturbation theory (ChPT).
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Historically, most formulations of ChPT are based on
dimensional or infrared regularization (IR). Alhough
ChPT is a successful approach, for the nucleon electro-
magnetic form factors, it is only valid for Q> < 0.1 GeV?
[13]. When vector mesons are included, the result is close
to the experiments when Q? is less than 0.4 GeV? [14]. An
alternative regularization method, namely finite-range
regularization (FRR) has been proposed. Inspired by quark
models that account for the finite-size of the nucleon as the
source of the pion cloud, effective field theory with FRR
has been widely applied to extrapolate lattice data of vector
meson mass, magnetic moments, magnetic form factors,
strange form factors, charge radii, first moments of GPDs,
nucleon spin, etc., [15-24].

Recently, we proposed a nonlocal chiral effective
Lagrangian which makes it possible to study the hadron
properties at relatively large Q® [25,26]. The nonlocal
interaction generates both the regulator which makes the
loop integral convergent and the Q> dependence of form
factors at tree level. The obtained electromagnetic form
factors and strange form factors of the nucleon are very close
to the experimental data [25,26]. This nonlocal chiral
effective theory was also applied to study the parton
distribution functions and Sivers functions of the sea quarks
in nucleons [27,28]. In addition, the nonlocal behavior is
further assumed to be a general property for all the inter-
actions and an example of this assumption is the application
to the lepton anomalous magnetic moments [29].

Since the nonlocal effective theory provides good descrip-
tions of the nucleon form factors up to relatively large
momentum transfer, in this paper, we will extend our study
from nucleon to all the octet baryons. While the nucleon
form factors are precisely determined experimentally, those
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of the other octet baryons are significantly more challenging
to measure and as a result are poorly known from
nature. Compared with the experiments, for the lattice gauge
theory, it is not very difficult to extend the simulation of the
nucleon form factors to the other octet form factors.
Some lattice simulations on octet form factors have been
reported [30-32].

The form factors of octet baryons were also studied in
heavy baryon and relativistic chiral perturbation theory
with different regularization schemes. In Ref. [33], the
magnetic moments and electromagnetic radii of octet
baryons were calculated in relativistic ChPT with infrared
regularization. The electromagnetic form factors up to
0.4 GeV? were further studied with the inclusion of vector
mesons. The magnetic moments of octet baryons were also
studied in relativistic ChPT with an extendend-on-mass-
shell (EOMS) renormalization scheme, where the inter-
mediate decuplet states were not included [34]. In
|

Refs. [35,36], the decuplet states were included in the
calculation of octet-baryon form factors with the EOMS
scheme. In particular, vector mesons were included explic-
itly to improve the final results in Ref. [36].

Here, we will apply the nonlocal chiral effective theory
to investigate the electromagnetic form factors of all the
octet baryons up to 1 GeV? as well as the magnetic
moments and radii. The paper is organized as follows.
In Sec. II, we will introduce the nonlocal chiral Lagrangian
and the expressions for the form factors are written in the
Appendix. Numerical results are presented in Sec. III and
finally, Sec. IV gives a short summary.

II. FORMALISM

The lowest order chiral Lagrangian for baryons, pseu-
doscalar mesons and their interactions can be written as
[25,27,37,38]

2

£ = iTx(By, P*B) = myTe(BB) + Ti (iy"*Dy = myy")TE" + - Te(0,U0'U")

- _ C _
+ DTI‘(B]/”]@{A”, B}) + FTr(ByM}'S [Aﬂ’ B]) + ?eabcTﬂ,ade(g”D + Zy”yD)Bceau¢bd + H'Cv (1)

where D, F, and C are the coupling constants. z is the off-
shell parameter. The chiral covariant derivative D, is
defined as D,B = 0,B + [V, B]. The pseudoscalar meson
octet couples to the baryon field via the vector and axial-
vector combinations as

1 R ) 1 +
V=30 +00,0) +5ieA (0L +40.L).

; 1
Ay =3 6081 =10, —5eA 0L -E108). ()
where

4‘2 = U = €i2¢/f, f = 93 MeV (3)
Q. is the real charge matrix diag(2/3,—1/3,-1/3).
¢ and B are the matrices of pseudoscalar fields and
octet baryons. A, is the photon field. The covariant
derivative D, in the decuplet sector is defined as
D,Té = 9,Te + (I',,T,)*, where I, is the chiral
connection defined as (X,7T,)* = (X)4T4 + (X);Tad +
(X)GTabd. yva, y# are the antisymmetric matrices ex-
pressed as

1 1
" ==yl and p = Z{[V”,V"]’Vp}- (4)

2

The octet, decuplet, and octet-decuplet transition oper-
ators for magnetic moment are needed in the one-loop

[

calculations. The anomalous magnetic Lagrangian of octet
baryons is written as

Loo = 4i (¢ Tr(Bo"{F},, B}) + ¢, Tr(Bo™[F,, B))
m

>
B
+ e3Te(Bo™B)Tr(F},)). (5)
where
| .
F;l/ = _E(é’{F;chC + Z:F/,H/QCC})' (6)

The above Lagrangian will contribute to the Pauli form
factor F, which is defined in Eq. (19). At the lowest
order, the contribution of quark g with unit charge to the
octet magnetic moments can be obtained by replacing the
charge matrix Q. with the corresponding diagonal quark
matrices 4, = diag(6,,, 6,4, 6,,). Let us take the nucleon as
an example. After expansion of the above equation, it is
found that

pu p.d
Fy" =c¢ +cy+cs, F;

nu __
F2 =3,

_ p.s _
=c3, Fy"=c—cy+cs,

F;’d:CI+02+C3, F;'S:CI—C2+C3.

(7)
Comparing with the results of the constituent quark
model where
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Fy*=0 and F5° =0, (8)
we get
C3 = Cy — (. (9)

The decuplet anomalous magnetic moment operator is
expressed as

ieF} .

—Tﬂ’abcapﬂF/”lT”*“'”. (10)

Lo = —
dec 4MT

The transition magnetic operator is written as

e . _
= l—/’lTF;w(el]ch.ilBjmyﬂy‘iTy’klm

‘Ctrans 4mB

+ €Uch,1iT”’klm}’"}’sij>- (11)
|

The anomalous magnetic moments of baryons can also be
expressed in terms of quark magnetic moments y,. For
example, Hp = %/’lu - %ﬂd’ Hn = %/’td - %.uu’ Hat+ = 3)“14'
Using the SU(3) symmetry, p, = =244 = —2uy, pr and
FT as well as U4 can be written in terms of ¢; or ¢,. For
example, u, =3¢, ur=4c;, F4"" = ppr =2 =2¢; = 2.

The gauge invariant nonlocal Lagrangian can be
obtained using the method in [25,26,39]. For instance,
the local interaction between hyperons and K~ meson can
be written as

o _ DT F g X)ytysZt(x ieA, (x)K™(x
LR = NeT, EO(x)rtysZt (x) (9, + ie A, (x) K™ (x).
(12)

The corresponding nonlocal Lagrangian is expressed as

oo = [ aty D\/ng 20(x)phys - (x) <aw +ie / d4aA,,(x—a)>F(a>
x F(x — y) exp (ie / " dz, / d*ad(z - a)F(a))K—(y), (13)

where F(x) is the correlation function. From the Lagran-
gian, one can see that the meson and photon fields are
displaced, while the baryon fields are still at the same point.
In principle, we can also displace the baryon fields. As a
result, the free baryon Lagrangian has to be nonlocal in
order to make the total Lagrangian gauge invariant. There-
fore the baryon propagator and quantization will be
modified. The general version of this nonlocal chiral
Lagrangian is much more complicated. In this paper, we
do not change the free Lagrangian and only the interacting
Lagrangian is nonlocal. To guarantee gauge invariance, the
gauge link exp (ie [Ydz, [d*aA¥(z—a)F(a))K~(y) is
introduced to the above Lagrangian. The photon can be
emitted or annihilated from the minimal substitution term
or gauge link term. The correlation function is associated
with each photon field or meson field. With the correlation
function, the regulator and form factors at tree level can be
generated automatically. In the numerical calculation, the
correlation function is chosen to be a dipole form in
momentum space.

The nonlocal baryon-photon interaction can also be
obtained in the same procedure. For example, the local
interaction between £t and the photon is written as

L' = —eZ ()2 (x) A, (x)
(c1 +3cy)e

12ms 2 (x)o"E(x)TF,,(x).  (14)

|
The corresponding nonlocal Lagrangian is expressed as

Lo, =—e / d*aZt (x)p*E(x) T A, (x — a)Fy(a)

(c1 +3cy)e
12m2

y / BaS (x)E(x) F o (x — a)Fa(a), (1)

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

The momentum dependence of the form factors at tree
level can be easily obtained with the Fourier transformation
of the correlation function. As in our previous work
[25,26], the correlation function is chosen such that the
charge and magnetic form factors at tree level have the
same momentum dependence as the baryon-meson vertex,
ie., Gy"(q) = usGr"*(q) = ugF(q), where F(q) is the
Fourier transformation of the correlation function F(a).
Therefore, the corresponding functions F(g) and F,(gq) of
>+, for example, are expressed as

12ms* + (34 ¢; + 3¢,)0?
3(4ms? + Q%)
4(cy + 3cy)my?
3(4mg + Q%)

F'(q) = F(q)

’

F5'(q9) = F(q)
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where Q% = —¢g? is the momentum transfer. From Eq. (13),
two kinds of couplings between hadrons and photons can
be obtained. One is the normal coupling, expressed as

D+F_

N T
« / dad,(x - a)F(a)F(x - )K-(y). (17)

crom — e [ aty 2Ll Bz ()

This interaction is similar to the traditional local
Lagrangian except for the correlation function. The other
is the additional interaction obtained by the expansion of
the gauge link, expressed as

D+F’5‘ xX)Hy<>T (x X —
\/Ef _0( rFrsEH( )ax.ﬂ <F( y)

« / "z, / d4aA”(z—a)F(a)K‘(y)>. (18)

ﬁadd — e d4y

The additional
conservation.

The Dirac and Pauli form factors of octet baryons are
defined as

interaction guarantees the charge

- a<p/>{yﬂF?<Q2> +wF§<Q2>}u<m, (19)

2mB

where ¢ = p’ — p. The electromagnetic form factors are
defined as the combinations of the above form factors as

Q2
GH(Q?) = F}(0%) = 125 FB(0?).
G (Q%) = F{(Q*) + F3(Q). (20)

With the electromagnetic form factors, the magnetic and
electric (charge) radii can be obtained. The magnetic radii
of octet baryons are defined as

—6 dG};(0%)

T GE(0) dQ?

(rar)B (21)

0*=0

The electric radii of charged and neutral baryons are
defined as

_ B( ()2
(rt)p = 36 7dGE(2Q ) and
Ge(0) dO* gy
dGE(0%)
1)y =—6—22 22
< E>B sz QZ:O ( )
respectively.

According to the Lagrangian, the one-loop Feynman
diagrams which contribute to the octet electromagnetic
form factors are shown in Fig. 1. From the Lagrangian, we
can get the matrix element of Eq. (19). The 7 meson loops
have the dominant contributions, while the contributions
from K meson loops are much smaller due to the large K
meson mass. The contributions from 7 and 7' loops are
even smaller which are neglected in our calculation. The
inclusion of these mesons does not affect the main con-
clusion. The expressions for the intermediate octet and
decuplet baryons are written in the Appendix. In the next
section, we will discuss the numerical results.

III. NUMERICAL RESULTS

The coupling constants between octet baryons and
mesons are determined by the two parameters D and F.
In the numerical calculations, the parameters are chosen as
D =0.76 and F =0.50 (g4 = D + F = 1.26) [40]. The
coupling constant C is chosen to be 2D which is the same as
in Refs. [40,41]. The off-shell parameter z is —1 [42]. The
physical masses are taken for mesons, octet, and decuplet
baryons. The covariant regulator is chosen to be the dipole
form [25-27]

4
F(k) = (kz _ I’:l\? _ A2)2 ’ (23)

where m; is the meson mass for the baryon-meson
interaction and it is zero for the hadron-photon interaction.
It was found that when A was around 0.90 GeV, the
obtained nucleon form factors were very close to the
experimental data. Therefore, all of the above parameters
are predetermined. There are only two free parameters
which are the low-energy constants (LECs) ¢; and c¢,. In
our previous calculation for the nucleon form factors, they
were fitted to the experimental nucleon magnetic moments
[25]. Here, ¢ and ¢, are determined to be 1.288 and 0.420,
which give the minimal y? of the octet magnetic moments.

In Table I, the tree, loop, and total contributions to the
baryon magnetic moments obtained from the nonlocal
chiral effective theory are listed. The wave-function
renormalization constant Z is included in the calculation,
i.e., the tree-level contribution has been multiplied by Z.
The error bar in our calculation is determined by varying A
from 0.8 to 1.0 GeV. The results from two lattice simu-
lations [30,31], ChPT with IR [33] and EOMS scheme [36],
NJL and PCQM models [43,44] as well as the experimental
data are also listed for comparison. From the table, one can
see that all the magnetic moments of octet baryons are
reasonably reproduced. The largest deviation from the
experiments is for Zs, where the calculated central values
of magnetic moments of uz and pz- are about 10%
larger than experimental ones. For the other baryons,
the deviation from the experiments is less than 5%.
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One-loop Feynman diagrams for the octet electromagnetic form factors. The solid, double-solid, dashed, and wave lines are for

the octet baryons, decuplet baryons, pseudoscalar mesons, and photons, respectively. The rectangle and black dot represent magnetic

and additional interacting vertex.

Considering the error bar, the calculated magnetic moments
of octet baryons are in very good agreement with the
experimental values. It is interesting that all the tree and
loop contributions have the same signs except for =7,
where the loop diagrams give the opposite contribution to
the tree diagram. The data from lattice simulations are
somewhat smaller which is partially due to the large pion
mass and/or the neglecting of the disconnected contribu-
tion. The results at order of O(p?) in ChPT with IR are
listed for comparison, where the calculated moments of
most baryons are comparable with the experimental data.
The magnetic moment of Z~ is about 40%—-50% larger
which could be decreased by the inclusion of intermediate
decuplet states. At order of O(p*), with the additional five

TABLE L

low-energy constants, the seven experimental magnetic
moments can be exactly reproduced [33]. For the ChPT
with EOMS scheme, the results with the inclusion of
intermediate decuplet states and vector mesons are listed.
It was found that the inclusion of intermediate decuplet
states improves the results, especially for =~ and makes the
results at O(p?) as good as those at O(p*) [36]. Our
calculation in nonlocal EFT confirms that the results at one-
loop level with the inclusion of decuplet states are good
enough to reproduce the experimental values.

The magnetic form factors of charged octet baryons
versus momentum transfer Q° are plotted in Fig. 2. The
solid, dashed, dotted, and dash-dotted lines are for proton,
>*, X7, and Z, respectively. The magnetic form factor of

The tree, loop and total contributions to the octet magnetic moments p (in units of the nucleon magneton uy ). The results

from two lattice simulations, ChPT with IR and EOMS scheme, NJL and PCQM models as well as the experimental data are also listed.

Tree  Loop Total Lattice [45] Lattice [31] ChPT[33] ChPT[36] NJL [43] PCQM [44] Experimental [46]
u, 1.850 0.795 2.644+0.159 2.4(2) 2.3(3) 2.61 2.79 2.78 2.735 £0.121 2.793
u, —0.859 —1.126 —1.984 +0.216 —1.59(17) -1.45(17) -1.69 -1.913 —-1.81 —1.956 +0.103 —-1.913
us+ 1.850 0.572 2421 4+0.147  2.27(16) 2.12(18) 2.53 2.1(4) 2.62 2.537 £0.201 2.458 +£0.010
uso  0.429  0.155 0.584 +0.077 0.76 0.5(2) 0.838 £ 0.091
us- —0.991 —0.262 —1.253 £0.008 -0.88(8) —0.85(10) —-1.00 —1.1(1) —-1.62 -0.861 £0.040 —1.160 £ 0.025
upn —0.429 —0.165 —0.594 £ 0.057 -0.76  —0.5(2) —0.867 £0.074 —0.613 4+ 0.004
uzo —0.859 —0.521 —1.380 +0.169 —1.32(4) —1.07(7) —1.51 -1.0(4) -1.14 -1.690+0.142 —-1.250+0.014
us- —0.991 0.266 —0.725+0.077 -0.71(3) -0.57(5) -0.93 -0.7(1) —=0.67 —0.840+0.087 —0.651 + 0.080
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FIG. 2. The normalized magnetic form factors of charged octet
baryons G2,/ versus momentum transfer Q2. The solid, dashed,
dotted, and dash-dotted lines are for proton, £*, £~ and =7,
respectively. The magnetic form factor of proton with A varying
from 0.8 to 1 GeV is also plotted at the corner of the figure. The
experimental form factor of the proton is from Refs. [48-55].

0.8 1.0]
0.2 @560 W53 @57 ""“"--q..-..____,1
Asn Viss O59)
[ 1601 1611 A 62
0.0F V1631
0.0 0.2 0.4 0.6 0.8 1.0
Q*(GeV?)
FIG. 3. The normalized magnetic form factors of neutral octet

baryons G% /ug versus momentum transfer Q% The solid,
dashed, dotted, and dash-dotted lines are for neutron, X°, A,
and Z°, respectively. The magnetic form factor of the neutron
with A varying from 0.8 to 1 GeV is also plotted at the corner of
the figure. The experimental form factor of the neutron is from
Refs. [51,53,56-63].

TABLE II.

the proton with A varying from 0.8 to 1 GeV is also plotted
at the corner of the figure. Considering the error bar, it is
clear the proton magnetic form factor is comparable with
the experimental data up to 1 GeV?2. This is the advantage
of the nonlocal chiral effective theory. The correlation
function in the nonlocal Lagrangian makes the loop integral
convergent. In the mean time, it provides the momentum
dependence of the form factors at tree level, and as a result,
the total form factors can be close to the experimental data
up to relatively large Q. The normalized magnetic form
factors of the nucleon were studied in the chiral perturba-
tion theory including p and @ mesons as well as the A
resonance [47]. Two of the undetermined low-energy
coupling constants were adjusted to the nucleon magnetic
moments while the remaining six LECs were fitted simul-
taneously to the experimental data up to Q> = 0.4 GeV?2. It
was found that the results incorporating vector mesons
agree well with experimental data in a momentum transfer
region 0 < Q? < 0.4 GeV?. The other form factors of
charged baryons have a similar momentum dependence
as the proton. Among them, E~ decreases a little slower
with increasing Q2. The magnetic radii are determined by
the slopes of the form factors at zero momentum transfer
which will be discussed later.

The normalized magnetic form factors for the charge
neutral baryons are plotted in Fig. 3. The solid, dashed,
dotted, and dash-dotted lines are for neutron, =°, A, and =°,
respectively. The band in the small figure is for the
magnetic form factor of the neutron with A varying from
0.8 to 1 GeV. The magnetic from factors of X, A, and E°
are close to each other. The normalized neutron magnetic
form factor is a little smaller than the experimental data and
it drops faster than the other three neutral baryons. Taking
the error bar into account, the calculated neutron magnetic
form factor is still close to the experiments. The smaller
normalized magnetic form factor of the neutron is partially
because of its larger calculated moment. All of the form
factors of octet baryons have a dipolelike momentum
dependence.

The tree, loop, and total contributions to the magnetic
radii of octet baryons are listed in Table II. The data

The tree, loop, and total contributions to the octet magnetic radii (r2,)p (in units of fm?). The results from two lattice

simulations, ChPT with IR and EOMS scheme, NJL. and PCQM models as well as the experimental data are also listed.

Tree Loop Total Lattice [30] Lattice [31] ChPT[33] ChPT[36] NJL [43] PCQM [44] Experimental [46]
(rlz\,,>p 0.403 0.382 0.785+0.132 0.470(48) 0.71(8) 0.699 0.9(2) 0.76  0.909 + 0.084 0.72 +0.04
(r3), 0.250 0.596 0.84540.148 0.478(50) 0.86(9) 0.790 0.8(2) 0.83  0.922 +0.079 0.75 £0.02
(r3)s+ 0.441 0324 0.76540.131 0.466(42) 0.66(5) 0.80+£0.05 1.2(2) 0.77  0.885 4+ 0.094
(rl)s0 0.424 0.194 0.6184+0.124 0.432(38) 0.454+0.08 1.1(2) 0.851 £0.102
(r3)s- 0.456 0.445 0.901+0.119 0.483(49) 1.059) 1.20+0.13 1.2(2) 0.92 0.951 +£0.083
(ri)a 0417 0203 0.62040.126 0.347(24) 0.48 +0.09 0.6(2) 0.852 £ 0.103
(r3)= 0.359 0.298 0.657 40.128 0.384(22) 0.53(5) 0.61+£0.12 0.7(3) 0.44  0.871 +0.099
(r3)e- 0.789 —0.255 0.534 4+ 0.135 0.336(18) 0.44(5) 0.50+0.16 0.8(1) 0.26  0.840 + 0.109
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FIG. 4. Same as Fig. 2 but for electric form factors. The
experimental form factor of the proton is from Refs. [48—
50,52,54,55,64-66].
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FIG. 5. Same as Fig. 3 but for electric form factors. The
experimental form factor of the neutron is from

Refs. [56,58,62,67-73].

from lattice simulation, chiral perturbation theory, and
phenomenological quark models are also listed for com-
parison. Although our central values for protons and
neutrons are a little larger than experiments, the results
are still reasonable. The magnetic radii of octet baryons
vary from 0.5 fm?> to 0.9 fm?, but show no simple

—_——

dependence on baryon/quark mass. Z~ has the largest
contribution at tree level. Because of the opposite con-
tribution from the loop diagrams, its total radius is the
smallest one. The amazing thing is although the values
from different methods are quite different, the order of the
values from the largest to smallest is almost the same. For
example, X~ and Z~ have the largest and smallest magnetic
radii, respectively. The neutron magnetic radius is the
second largest one. Our results also show the tree and loop
contributions are strongly baryon dependent. The loop
contribution to (r%,)so is less than one half of the tree
contribution. However, for neutron, the loop contribution is
twice as big as the tree contribution.

We now discuss the electric form factors. Similar as
for magnetic form factors, the bands are also shown for
nucleon electric form factors with 0.8 GeV < A <1 GeV.
In Fig. 4, we plot the electric form factors of the charged
baryons. Because of the additional interaction which makes
the nonlocal Lagrangian locally gauge invariant, the elec-
tric form factors start from their charge at Q> = 0. The
proton charge form factor is close to the experimental data.
The absolute values of the electric form factors of charged
baryons have a similar momentum dependence. This could
be examined by the further experiments and/or accurate
lattice simulation.

The electric form factors for the neutral baryons are
plotted in Fig. 5. Again due to the charge conservation, the
form factors start from 0 at zero momentum transfer. The
calculated electric form factor of the neutron is consistent
with the experimental data. The form factors of the other
neutral baryons are very small. There is no tree level
contribution to the electric form factors of neutral baryons
and all the contributions are from the loop diagrams.
Among them, the neutron has the largest contribution from
z-loop diagrams. The corresponding z-loop diagrams for
the other neutral baryons are fairy small due to the small
coupling constants.

The charge radii of octet baryons are listed in Table III.
Our results are comparable with the experimental data in
PDG for nucleon and X~. A small proton charge radius
(rg),=0.831£0.007+0.012, ie., <r125)p =0.691+0.032

TABLE TII.  The tree, loop, and total contributions to the octet charge radii (rZ), (in units of fm?). The results from two lattice
simulations, ChPT with IR and EOMS scheme, NJL. and PCQM models as well as the experimental data are also listed.

Tree Loop Total Lattice[24] Lattice[32] ChPT[33] ChPT[36] NJL[43] PCQM [44] Experimental [46]
(ré)p 0.577 0.152 0.729+£0.112 0.685(66) 0.76(10) 0.717 0.878 0.76  0.767 £0.113  0.707 + 0.0007
(r¥), 0 —0.146 —0.146 +0.018 —0.158(33) . —0.113 0.03(7) -0.14 -0.014 £0.001 —0.116 £ 0.0022
(rt)s+ 0.577 0.142 0.7194+0.116 0.749(72)  0.61(8) 0.60 +£0.02 0.99(3) 0.92  0.781 £0.108
(r¥)so 0 0.010 0.010 £ 0.004 —0.03 £0.01 0.10(2) 0
(rt)s- 0.577 0.123 0.700 £0.124 0.657(58)  0.453) 0.67+£0.03  0.780 0.74  0.781 £ 0.063 0.61 +0.16
(rX)s 0 =0.015 —0.015 £0.004 0.010(9) 0.11 +£0.02 0.18(1) 0
(rt)zo 0 —0.015 —0.015 £+ 0.007 0.082(29) 0.134+0.03 0.36(2) 0.24  0.014 +£0.008
(rt)z- 0.577 0.025 0.601 +0.127 0.50247) 0.37(2) 0.494+0.05 0.61(1) 0.58 0.767 £0.113
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was reported recently [3] which is also close to our value
(rg), = 0.729 £ 0.112. For the neutral baryons, the loop
contribution is very small except that of the neutron. For
the charged baryons, the tree level contributions are the
same which are also dominant for all of them. The loop
contribution has the same order of magnitude except for
27, where the loop contribution is small. Different from the
magnetic radii, the total charge radii vary around 0.6 and
0.7 fm? for the charged baryons. Although the charge radii
of charged baryons from different models are comparable,
the predictions for neutral baryons (both sign and size) are
quite different.

IV. SUMMARY

We applied the nonlocal chiral effective theory to study
the electromagnetic form factors of octet baryons. The
correlation function in the Lagrangian makes the loop
integral convergent. It also provides the momentum
dependence of the form factors at tree level. The additional
interaction generated from the expansion of the gauge link
guarantees the Lagrangian is locally gauge invariant. This
nonlocal Lagrangian makes it possible to study the physical
quantities at relatively large momentum transfer in the
framework of chiral effective theory. In the numerical
calculation, all the parameters are predetermined except
the two low-energy constants ¢; an c¢,. They are fitted to
give the minimum of y? of the octet magnetic moments.
When extending the previous study of form factors of
nucleons to all the octet baryons, we do not add any new
parameter. The magnetic moments are well reproduced.
The deviation from the experiments is less than 5% except
=0 and E-, where the deviation of the central value is about
10%. For the radii, most experiments focus on the nucleon
and there is few data for the other baryons. Considering the
error bar, all our results on magnetic moments and
electromagnetic radii are in very good agreement with
the current experimental data. The calculated nucleon form
factors are close to the experiments up to Q> = 1 GeV>.
For the other octet baryons, since the method is the same,
we expect this nonlocal Lagrangian can also give good
descriptions. The difference between our results and those

|

ry(e) = HaPe

— F((=2¢1 4+ 3¢, +3)0% + 12m3)) xe

of other theoretical methods could be examined by future
experiments and more accurate lattice simulations.
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APPENDIX: LOOP EXPRESSIONS

In this section, we show the expressions of loop integrals
for the intermediate octet and decuplet baryons. Let us take
the £ hyperons as an example.

The contributions of Fig. 1(a) are written as

F? ﬂEﬂ+D ﬂAﬂ+(D_F)2Iﬂ.NK

R T e
_ )2 2
Fﬁ(zO) — <D F) I/(;,NK _ (D + F) I/:l,al(’ (A2)
4f? Af?
FM(Z+) F2 Iﬂ Py 4 _ D I,u Arm _ (D + F)ZI,M.EK (AS)
a fz 3f2 2f2 a ’

where the integral 4B s expressed as

d*k F(q+ k)F(k)—(2k + q)*

=R [ G Dyt a) Dl
x (K+4)rs mhsu(p)- (A4)
Dy (k) is defined as
Dy (k) = k? — m3, + ie. (AS)

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

chQz(D 3F) 1;4 An

3f2(4ms + 0%)
ClQZ(D - F)2

s S

2¢,F*Q? ﬂ,zfz
3f2(4mz + Q%) "
_(D+ F)*((c; + 3¢y +3)0% + 12m2)
12f%(4mZ + 0?)

I(30) = ¢,D>Q*

uNK (D+F)*((—c; +3c,4+3)0% + 12’”")1" =K

6/%(4m% + 0%) (A6)
R (D= F)*((—cy + 3¢y +3)0% + 12m3,) 1" NK
12f%(4m% + Q?)
=, (A7)
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c,DQ*(D + 3F) uAx

") = 3amd + 0Y)

(D —F)?*((c; + 3¢, +3)0% + 12m3) JuNK

Fle1(=D)Q + (26, + 3¢, + I)FQ* + 12Fm) puxe

2 2
_aQ*(D+F) JHEK (A8)

Of*(4my + Q)

where the integral /" is written as

b 3f2(4m%+Q2) b ’

1

y d*k F(k)? 1
"M = a(p')F(q / Ky i Kysu(p). A9
b ( ) ( ) (27T)4DM(k) Sp/_k_mB %_k_mB 5 ( ) ( )
|
Figure 1(c) is similar to Fig. 1(b) except for the magnetic W ooy PP ouse  D? ouae  (D=F)? ik
. . . . .. . I (Z ) = I +—=1T
interaction. The contributions of this diagram are written as d+e f2dte T 32 dre 2f2 dte
Al4
Fl;<2_) _ 2sz<C1(D+2F) —3C2F) II;'Z” ( )
3f2(4md + Q%)
- D—F)? D+F)? =
200D S g (20 = Co e - O =y
my +
_2c/(D=F)’my vk
3f2(4m12\/ + Qz) Fﬂ (24,_) — _F_z Y 4 _ D_2]/4,AIZ _ (D + F)2 I;t.E.K
(Cl _ 362)(D 4 F)ZmE Iﬂ,EK (Alo) d+e f2 d+e 3f2 d+e 2f2 d+e
A+ Y (A16)
*(s0) = 4e\ FPmy 5 2¢,D°my [ where
3f2(4m3 + Q°) 9f*(4mj + Q%)
(c1 =3cy)(D - F)sz NK BM = d*k F(k)z 1
- I = a(p)F "
6/2(4m3 + Q%) i = aia) | 22 Dy () " = =my" 1
(C] +3C2)(D+F)2m': =K 1
- =¥ A All + s ——fi—— . Al7
6f2(4mé+Q2) ( ) 775ﬂ_k_m3k75 u(p) ( )
r(s) = 2Fmy(c(=D) +2¢\F +3¢,F) JE Figures 1(f) and 1(g) are the additional diagrams which
‘ 372 (4mk + Q) ‘ are generated from the expansion of the gauge link terms.
2¢,D(D + 3F)my ,n The contributions of these two diagrams for intermediate
) 2(4m2 + 07) 1o octet hyperons are expressed as
(c1 +3¢)(D = F)’my Nk 2 2 2
Ie o F oz D7 e (D-F) Nk
3f2(4my + Q) Preg(E7) = F’?w +ﬁﬂ;‘+g RYe Ifig
2
_2C1(D+F) ’nEI;Ct,EK7 (A12) (Alg)
3f*(4mz + Q%)
where I4"" is expressed as v eon . D=F)? vk (D+F)? =
lﬂerg(Z )= 7 ey — 7 Iy (A19)
4f 4f
- d*k F(k)?
1 =) [ 5 ioa,
(27)* Dy (k) r—K- 2 D2 (D+F 2
1 Fﬂ (Z+> __T wEr _I,M.,Aﬂ _ + ) Iﬂ.'EK
X 7[/ 7 Kysu(p). (A13) ftg f2re 32t 22 It
— K= my
(A20)
Figures 1(d) and 1(e) are the Kroll-Ruderman diagrams.
The contributions of these two diagrams are written as where
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- d*k F(k) [(2k—q)* - - 1
Y = a(p')F / F(k—q) = F() s (=
W =) [ i 5 sk = g7 k=0 = FRMrs g (h s
2k +q)* - - 1 }
F(k+q)— F(k)|(¥+ _— u(p). A21
g o PO+ @) = PRI+ s g Hrs pup) (A21)
|
Now we show the expressions of one-loop integrals for 2 3 302 + 12m2 )
decuplet intermediate states. The contribution for Fig. 1(h) I/ (Z*) = (<CI;_6 26 24+2 )0 —z ms) =
can be written as f*(4ms. + %)
7C*((¢1 + 3¢y 4+ 3)0 4 12m}) s
c? C? 2 (42 2 1,
F”(Z_>_ IMZH+_IﬂAK (A22) 18f (4mA+Q )
h 122" 62"
(A30)
W50 C2 ;4 X CZ . AK . wTM . .
() = +—=1, (A23)  where the integral I/""™ is written as
" NPT 32 :
L d*k F(k)?
Cz . 2 o 2 I/:LTM - p/ F q / ko 4 Zk]’a A31
r(zt) = “Tp W _6—]&1” +2—le" AE (A2) (P)F(a) (27)* Dy (k)< ) @3
1 1
where the integral I’Z'TM is expressed as X msaa(l’/ — k) m
1 _ 2 F () / d*k Fq+ k) EK) 2(k + g)* x Sp,(p = k) (K + 2y’ K)u(p). (A32)
2n)* Dy(k D k
(27) m(k) UChs (> ) The contribution for Fig. 1(j) is written as
A25
! (s = (ci +3¢,)CPmy- uE' (c1+3¢2)CPmy 4AK
< ((k+a) 2+ D7) ! 18f2(4ms. +0%) 1 3f2(d4mi +0%)
—f—mr
(C] + 362)C2m:* =K
— k) (=kP = 7yP — = = =" A33
XSo‘p(p k)( k <y k)u(p) (A26) 9f2(4mé* +Q2> J ( )
my is the mass of the decuplet intermediate state and S,,(p) ,
is expressed as (s0) = _2(01 +3¢)C%my JHAK
T 9 (4my + Q)
Sop(P) = =gy + 152+ 2P TePo = ToPe () (¢1+3¢)Cms: uzk
’ ’ 3 3my? 3 I A34
My mr 242 w7 (A34)
18f*(4mz. + Q)
The contribution for Fig. 1(i) is written as 5
l—w,u(ZJr) — _ (Cl + 3CZ)C Ul [f,z*ﬂ
Py - Gl 430 4 30+ 1203 ) / 18/%(@n. + %)
! 36f2(4m + Qz) _ 7(C1 + 3C2)szA IM'AK (A?)S)
_C((e1 +3¢, +3)0% + 12m3) JAK 9f*(4m3 + Q%)
6/*(4m3 + 0°) ’ here the intearal 7V | .
Cz((cl 3¢, +3)02 + 12m2. )I”E*K where the integral ;"™ is expressed as
18f2(4m: + Qz) ’ d4k iy(k)Z
= TM _ 7 0 ,
g B EHR) [ G S e de) (a3
C*((c; +3cy +3)0% + 12m3) 1 : 1
“(20) = ! 2 A) quAK X——S8_(p —k)ic"q, ————
z( ) 9f2(4m2A+Q2) i ﬁ/_k_mT (]7 ) q}»ﬂ_k_mT
_C((e1 +3¢, +3)0% + 12m2.) JPEK x 8§ (p —k)(k, + zy,)u(p). (A37)
36f(4m2. + Q%) b - : :
- The contribution for the intermediate octet-decuplet tran-
(A29) sition diagrams Figs. 1(k) and 1(1) is expressed as
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_ \CF s5n ciCD  siar  ¢iC(D=F) ,ank
Fz—kl(z ) == 12f2m2 ﬁ+l 12f2mA ’/:+l 6f2mN Il:+l ’ (A38)
¢iCF 5. < C(D+F) ==k
T = =G ™~y i (A%9)
F ! D ! D-F D+F) ==
ML) = o e - S0 s AP ok _C@BF P pmsr (aa)
4f msy 12f ma 6f my 6f ms
where the integral 7/ +1 M is written as
B = ap)Fa) [ O s (s g =Ry + b
o pom (27)* Dy (k) yjlj K—mg 7517—%—"% P p T
1 1
T — S (p—k)(k
+k“1/—k—m3y YU g e (p = k)(k, + 27,§)
1 1
k - s (p —k)(- Mo, -
+( ”+Zk“),/—k—mT (P =k)(=aq,)r ysﬂ—k—mgkys
1 1
+(k, +2ly,) ——— S (p' = k)dys———— Ky }u D). A41
( g S Ky s pulp) (A41)
The contribution for the Kroll-Ruderman diagrams Figs. 1(m) and 1(n) is written as
— C2 X' C AK
1—"ranrn (2 ) 12f2 Il:n+n + 6_leﬁ1+n ’ (A42)
C sk C sk
Fl:n+n(20) = 3—fz ’rln-&-n - 12f2 I:n+n s (A43)
C ouse, C oak C =k
Ln(X9) = o ik 272 et “of min > (A44)
where the integral Im +,, is written as
. d*k F(k 1
Iy TM - F / k Sor ' —k " "
min = u(p)F(q) 27 Doy 1) ( g+zm)7l/ y—— (P = k) (g, +zv,r")
+ (95 + 2r"75) S . (p—k)(k, + zypk)}u(l?)- (A45)
P—K—myp

The contribution for the additional diagrams with intermediate decuplet states Figs. 1(0) and 1(p) is expressed as

W (E_) Cz I;tE/r C2 u,AK

o+p 12f2 o+p + 67f.210+17 5 (A46)
c? c? .
0 AK 3K
oer(Z ) 3f2 Il;er szlﬁ+p 5 (A47)
C2 X C AK C2 *K
Lo p(ZF) = 1P o+p +2—f21’3+p 672 i (A48)

where the integral I, ﬂ, is written as
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B0 = a(F) [ S

(27)* Dy (k)
(=2k+q)* - _
{_qu I qz (F(k - C]) - F(k))(kv + Zk?’a)
(2k+ q)

L
Y —K—mr

C(Fk+ ) = FR) (k4 q)y + 2+ dr.)

S?(p'=k)((k=q), +zr,(K—4))

mw(p —k)(k, + zrpk>}u(p)- (A49)

Using Package-X [74] to simplify the loop integral, we can get the results for the Dirac and Pauli form factors.
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