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We present comprehensive calculations of the electromagnetic form factors, including the charge,
magnetic-dipole, electric-quadrupole, and magnetic-octupole form factors, of the Ω− in the spacelike
region using the quark-diquark approach, incorporating the effect of the meson cloud. The obtained
magnetic moment is in agreement with the experimental measurement, and the electromagnetic radii
are comparable with other model calculations. It is found that the meson cloud effect remains almost
unchanged as the energy becomes high, and this feature implies that the meson cloud should be considered
in all the energy regions. Moreover, the asymptotic relations allow us to extend the electromagnetic
form factors from the spacelike region to the timelike region, and then the effective form factor is almost
identical with the data from CLEO and BESIII. Finally, polarization properties of the final state Ω− in the
eþe− → Ω−Ω̄þ process with the unpolarized initial states are also investigated.
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I. INTRODUCTION

The electromagnetic structure of hyperons constitutes a
fundamental frontier in hadronic physics, providing critical
insights into thenonperturbative regimeofquantumchromo-
dynamics (QCD) [1,2]. As key descriptors of the composite
particle structure, electromagnetic form factors (EMFFs)
have been instrumental in advancing our understanding of
baryonic systems [3,4]. While octet baryon EMFFs have
been thoroughly investigated through theoretical frame-
works [5,6] and experimental measurements [7–10], the
spin-3=2 decuplet particles such as Ω− present unique
challenges due to their enhanced tensor complexity
[11,12]. At leading order, the electromagnetic property of
a spin-3=2 particle is characterized by four independent
EMFFs, charge, electro-quadrupole, magnetic-dipole, and
magnetic-octupole form factors. In the one-photon exchange

approximation, according to the four-momentum squaredq2

of thephoton, these electromagnetic formfactors are conven-
tionally analyzed in two distinct kinematic domains: the
spacelike region (q2 < 0), accessible through electron-
hadron scattering, and the timelike region (q2 > 0), probed
via annihilation processes. Despite the first proton EMFF
measurements dating back to 1951, experimental determi-
nation of spin-3=2 baryon EMFFs has been severely con-
strained by their short lifetimes. The Ω− hyperon emerges
as an exceptional candidate for such studies due to its
relatively long lifetime (cτ ¼ 2.461 cm). However, the
measurements of the Ω− EMFFs in the spacelike region
by the e−Ω− scattering is scarce sincemaking theΩ− baryon
as the target is very difficult [13,14]. Recent experimental
breakthroughs using the eþe− → Ω−Ω̄þ process have
enabled pioneering timelike measurements. For examples,
Ref. [15] first reported the effective form factors of Ω−

baryonat large timelikemomentum transfers usingdata from
CLEO, with subsequent precision measurements achieved
by BESIII collaboration at different energy scales [16,17].
On the theoretical side, the schemes tocalculate theEMFFs

of Ω− baryon include the lattice QCD simulations [18] and
some theoreticalmodels.The frequently usedmodels contain
the chiral constituent quark model (χCQM) [19–21], the
chiral perturbation theory (χPT) [12,22], the 1=Nc expansion
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[23,24], the SU(2) Skymemodel [25], thebagmodel [26], the
QCDsumrule (QCDSR) [27,28], the relativistic quarkmodel
(RQM) [29,30], and the nonrelativistic quark model
(NRQM) [31,32].On the experimental side, themeasurement
of the Ω− EMFFs in the timelike region can be done from
the eþe− → Ω−Ω̄þ reaction, which is easier than the space-
like region. There are only a few successful theoretical
model calculations of the baryon EMFFs in the timelike
region, such as the final-state interaction approach [33,34]
and the vector-meson dominance model [35–39].
In thiswork, following thepreviousworks [40–42],we aim

to study theEMFFsof theΩ− baryon inboth the spacelike and
timelike regions using the quark-diquark approach and
providing predictions for related observables. It is worth
mentioning that the direct calculation of the EMFFs in the
timelike region using the quark-diquark approach is unfea-
sible, and the relation between the spacelike and timelike
regions is needed.While the dispersion relation [43] facilitate
transformations fromtimelike to spacelike regions, the inverse
mapping requires other alternative approaches. We finally
adopt a novel strategy that connects spacelike results to the
timelike regime through asymptotic relations [44], which
focuses on the perturbative regimeofQCD.The improvement
here compared to the previous works is that the internal
structure of the constituent quark is also investigated using the
dressed quark with the meson cloud [45] instead of the point
quark.Wewill takeKaon as themeson cloud becauseKaon is
the lightest meson containing a strange quark. The dressed
quark is expected to provide amore accurate description on
theΩ−, and then the dressed quark has size and provides an
extra iσμq=ð2MÞ (M stands for the mass of Ω−) term in the
electromagnetic interaction, which is nonexistent in the
point-like quark and is important to the physical quantities
related with the magnetic form factors.
This article is organized as follows. In Sec. II, the EMFFs

with the unified form in the spacelike and timelike regions
and the effective form factor from extension of the spacelike
region using the asymptotic relations are given. Moreover,
we encapsulate the brief calculation process of the quark-
diquark approach and elaborate on the electromagnetic
interaction vertex with the dressed quark with the meson
cloud. In Sec. III, by fitting the lattice EMFFs with different
lattices, the parameters are determined and used when we
extend the results to those under the physical masses. The
EMFFs in the spacelike and timelike regions are then,
respectively, shown and discussed. Finally, a brief summary
and conclusion is presented in Sec. IV.

II. ELECTROMAGNETIC FORM FACTORS
OF SPIN-3=2 PARTICLE AND
QUARK-DIQUARK APPROACH

A. Electromagnetic structure of the spin-3=2 particle

In the one photon approximation, a particle with spin-
3=2 has four independent EMFFs, which are defined by the

following matrix elements of the electromagnetic current in
the spacelike (SL) and timelike (TL) regions,

hN3=2ðp0; λ0ÞjJμð0ÞjN3=2ðp; λÞi
¼ −ūα0 ðp0; λ0ÞΓSL;α0αμuαðp; λÞ; ð1aÞ

and

hN3=2ðp0; λ0ÞN̄3=2ðp; λÞjJμð0Þj0i
¼ −ūα0 ðp0; λ0ÞΓTL;α0αμvαðp; λÞ; ð1bÞ

where uαðp; λÞ is the Rarita-Schwinger spinor for a spin-
3=2 particle, with the normalization ūα0 ðpÞuαðpÞ ¼
−2Mδα0α and with M being the mass of the baryon. The
electromagnetic structures defined by Eq. (1) have the
similar form,

ΓSL;α0αμ ¼ γμ
�
gα

0αFSL
1;0 þ

qα
0
qα

2M2
FSL
1;1

�

þ iσμq

2M

�
gα

0αFSL
2;0 þ

qα
0
qα

2M2
FSL
2;1

�
; ð2aÞ

and

ΓTL;α0αμ ¼ γμ
�
gα

0αFTL
1;0 þ

qα
0
qα

2M2
FTL
1;1

�

þ iσμq

2M

�
gα

0αFTL
2;0 þ

qα
0
qα

2M2
FTL
2;1

�
; ð2bÞ

where q ¼ p0 − p (q2 ¼ −Q2 < 0) in the spacelike region
and q ¼ p0 þ p (q2 ¼ −Q2 > 0) in the timelike region.
Then, the obtained EMFFs with the electromagnetic

structures shown in Eq. (2) are as follows [11,46]:

GSL=TL
E0 ¼

�
1 −

2

3
τ

��
FSL=TL
1;0 þ τFSL=TL

2;0

�

þ 2

3
τð1 − τÞ�FSL=TL

1;1 þ τFSL=TL
2;1

�
; ð3Þ

GSL=TL
E2 ¼ �

FSL=TL
1;0 þ τFSL=TL

2;0

�
− ð1 − τÞ�FSL=TL

1;1 þ τFSL=TL
2;1

�
; ð4Þ

GSL=TL
M1 ¼

�
1 −

4

5
τ

��
FSL=TL
1;0 þ FSL=TL

2;0

�

þ 4

5
τð1 − τÞ�FSL=TL

1;1 þ FSL=TL
2;1

�
; ð5Þ

GSL=TL
M3 ¼ �

FSL=TL
1;0 þ FSL=TL

2;0

�
− ð1 − τÞ�FSL=TL

1;1 þ FSL=TL
2;1

�
; ð6Þ
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where τ has the same form τ ¼ q2=ð4M2Þ in both the
spacelike and timelike regions.1 TheGE0,GE2,GM1, andGM3

are the charge, electric-quadrupole, magnetic-dipole, and
magnetic-octupole form factors, respectively. In the forward
limit in the spacelike region, the momentum-transfer squared
goes to zero, one can obtain the charge, electric-quadrupole,
magnetic-dipole, and magnetic-octupole moments.
On the other hand,we use the scheme inwhich theEMFFs

in the spacelike region could be extended to the timelike
region according to the asymptotic relations [44,47],

GTL
Eð0;2Þðq2Þ ¼ GSL

Eð0;2Þð−q2 þ 2M2Þ; ð7aÞ

GTL
Mð1;3Þðq2Þ ¼ GSL

Mð1;3Þð−q2 þ 2M2Þ; ð7bÞ

with q2 > 4M2. The approximation relations in Eq. (7) are
derived from the unitarity of the electromagnetic current and
the Phragmén-Lindelöf theorem, which implies that the
limits for large jq2j are identical for both the spacelike and
timelike form factors [47,48]. Meanwhile, the relations in
Eq. (7) entail the real timelike form factors and conceal the
relevant phase information.
In the time-like region, for the eþe− → Ω−Ω̄þ process

with the condition that the initial e− and eþ are unpolarized,
the cross sections are obtained as [44,46,47,49,50],

dσun

d cos θ
¼ πα2βC

2q2

�
1

τ

�
2jGTL

E0 j2 þ
8

9
τ2jGTL

E2 j2
�
sin2θ

þ
�
10

9
jGTL

M1j2 þ
16

15
τ2jGTL

M3j2
�
ð1þ cos2θÞ

�
; ð8Þ

σðq2Þ ¼ 4πα2βC
3q2

�
1þ 1

2τ

�
jGeff

EMðq2Þj2; ð9Þ

where the polar angle θ is defined as the angle between
the direction of the final Ω− and the initial positron beam.
The jGeff

EMðq2Þj is the effective form factor, α is the fine-
structure constant, β ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 1=τ
p

, C ¼ y=ð1 − e−yÞ, and
y ¼ πα

2
ffiffiffiffiffiffi
τ−1

p , which is the Coulomb correction factor [49,51].

The effective form factor jGeff
EMðq2Þj is [44,46],

jGeff
EMðq2Þj2 ¼

�
1þ 1

2τ

�
−1
��

10

9
jGTL

M1j2 þ
16

15
τ2jGTL

M3j2
�

þ 1

2τ

�
2jGTL

E0 j2 þ
8

9
τ2jGTL

E2 j2
��

: ð10Þ

Due to the different definition of the magnetic-octupole
form factor GTL

M3 from Refs. [44,46], we take the coef-
ficient as 16

15
instead of 32

5
. Furthermore, the magnetic-

octupole moments in Refs. [11,46] have a different factor

ffiffiffi
6

p
, namely,GM3 in Ref. [46] is GM3=

ffiffiffi
6

p
of Ref. [11]. The

form of GM3 in Ref. [11] was commonly used in this work
and these previous works [40–42]. On the other hand,
Eq. (10) imply that the highest order magnetic-octupole
form factor GM3 dominates the effective form factor as the
energy increases. This character is consistent with the
conclusion obtained in Ref. [44].

B. Quark-diquark approach

The Ω− hyperon with the quantum number IðJPÞ ¼
0ð3

2
þÞ is composed of three strange quarks. Note that all

quarks in this work refer to constituent quarks. It is
convenient to regard it as a bound state with one strange
quark and one diquark, which consists of two strange
quarks and has JP ¼ 1þ. In addition, the internal structure
of the axial-vector diquark also needs to be considered. The
EMFFs of the Ω− baryon can be obtained from the matrix
element of the electromagnetic current, which are illus-
trated by the Feynman diagrams in Fig. 1. Then, one can
write down the electromagnetic current as

hp0; λ0jĴμð0Þjp; λi
¼ hp0; λ0jĴμqð0Þjp; λi þ hp0; λ0jĴμDð0Þjp; λi; ð11Þ

where the matrix element is expressed as the sum of the
quark and diquark contributions, which are labeled by the
subscripts q and D, respectively.
According to the Feynman diagram of Fig. 1(a), the

specific expression of the quark contribution can be
obtained as

hp0;λ0jĴμqð0Þjp;λi¼ ic2eQe
q× ūα0 ðp0;λ0Þ

×
Z

d4l
ð2πÞ4

1

D
Γα0β0gβ0β×

�
=lþ=q

2
þmq

�
jμq

×

�
=l−

=q
2
þmq

�
Γαβuαðp;λÞ; ð12Þ

whereQe
q is the electric charge number carried by the quark

participating in the interaction, and the parameter c is fixed
in order to normalize the electric charge number of Ω− at
Q2 ¼ 0. jμq is the interaction vertex between the photon
field and the quark field and jμq ¼ γμ for the point quark. In
addition, D and Γαβ are given by

D ¼ ½ðl − PÞ2 −m2
R þ iϵ�2½ðl − PÞ2 −m2

D þ iϵ�

×

��
l −

q
2

�
2

−m2
R þ iϵ

���
lþ q

2

�
2

−m2
R þ iϵ

�

×

��
lþ q

2

�
2

−m2
q þ iϵ

���
l −

q
2

�
2

−m2
q þ iϵ

�
;

ð13Þ
1For the sake of convenience, we adopt the same notation q for

both the spacelike and timelike energy regions.
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and

Γαβ ¼ gαβ þ c2γβΛα þ c3ΛβΛα; ð14Þ

where Λ is the relative momentum between the quark and
diquark, and the superscript α (β) represents the index of
the Ω− (diquark). mq and mD are the masses of the quark
and diquark, respectively. The couplings, c2 and c3, can be
determined by fitting them to the lattice QCD results for the
EMFFs of the Ω− baryon.
In addition, to avoid the loop integral divergence, we

employ one simple regularization, i.e., add a scalar func-
tion,

Ξðp1; p2Þ ¼
c

½p2
1 −m2

R þ iϵ�½p2
2 −m2

R þ iϵ� ; ð15Þ

at each vertex, where mR is a cutoff mass parameter and p1

and p2, respectively, are the momenta of the spin-1
2
quark

and the spin-1 diquark. Taking the initial hadron in Eq. (12)
represented as the left vertex in panel (a) of Fig. 1 as an
example, one has p1 ¼ l − q

2
and p2 ¼ P − l. It should be

mentioned that this simplification may break the gauge
invariance slightly, however it is simpler than other
sophisticated methods, such as the Pauli-Villars regulari-
zation [52].

C. Kaon meson cloud

In this work, we will also consider the effects of the
meson cloud in the quark electromagnetic current. In other
words, we will treat the quark as the dressed quark with the
internal structure instead of the point particle. Because of
the isospin conservation the strange quark cannot be
dressed by the pion cloud, and the Kaon meson cloud is
the permissible meson with the lowest mass to dress the
strange quark. Therefore, the Kaon meson cloud around the
point quark is the principal part, and we will only include
the Kaon meson cloud in our calculation. Then, instead of
the point form γμ, we take the interaction vertex jμq in
Eq. (12) as the dressed strange quark form,

jμsðp0
q; pqÞ ¼ γμF1sðq2Þ þ

iσμq

2mq
F2sðq2Þ; ð16Þ

with q ¼ p0
q − pq. The first part of F1sðq2Þ is contributed

from the point quark without the Kaon cloud. The prob-
ability to strike a dressed quark without the Kaon cloud can
be obtained from the self-energy diagram of the dressed
quark shown in Fig. 2.
According to the self-energy diagram shown in Fig. 2,

the probability has the specific form,

Z ¼ 1þ ∂ΣðpqÞ
∂=pq

				
=pq¼mq

; ð17Þ

and the self-energy reads

ΣðpqÞ ¼ −2
Z

d4k
ð2πÞ4 γ5Sðpq − kÞγ5τK; ð18Þ

with SðkÞ ¼ 1=ðk −mq þ iϵÞ, the usual quark propagator,
with mass mq. Factor 2 is derived from the kinds of Kaon

FIG. 1. Feynman diagrams for the electromagnetic current of
the Ω−, (a) and (b), and of the diquark (c). The panels (a) and (b)
stand for the contributions of quark (single line) and diquark
(double line) to Ω−.

FIG. 2. Kaon loop contribution to the dressed quark self-
energy. The Kaon couples to the dressed quark via γ5, and a
pole form is employed as the Kaon t-matrix.
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components, ūs and d̄s, containing s quark. Moreover, the
reduced Kaon t-matrix is approximated by its pole form

τK →
−iZK

k2 −m2
K þ iϵ

: ð19Þ

The pole residue ZK is given by the bubble diagram of the
Kaon,

Z−1
K ¼ −

∂

∂q2
ΠPPðq2Þ

				
q2¼m2

K

; ð20Þ

where

ΠPPðq2Þ ¼ 6i
Z

d4k
ð2πÞ4 Tr



γ5SðkÞγ5Sðkþ qÞ�: ð21Þ

Finally, the dressed quark electromagnetic current
is illustrated in Fig. 3. Then, the F1sðq2Þ and F2sðq2Þ in
Eq. (16) can be written as

F1sðq2Þ ¼ −
1

3
Z þ fðqÞ1 þ fðKÞ1 ; ð22Þ

F2sðq2Þ ¼ fðqÞ2 þ fðKÞ2 ; ð23Þ

where q in the superscript represents the u or d quark, and

K is the corresponding Kaon. Notice that fðq;KÞ1;2 in Eq. (22)

contains the probability to strike a dressed quark with the
Kaon cloud.
In the dressed quark vertex part, the proper-time regu-

larization scheme [45,53–55] was chosen as

1

Xn ¼
1

ðn − 1Þ!
Z

∞

0

dττn−1e−τX

→
1

ðn − 1Þ!
Z

1=Λ2
IR

1=Λ2
UV

dττn−1e−τX; ð24Þ

where X represents a product of propagators with Feynman
parametrization. The infrared cutoff ΛIR simulates one
important aspect of confinement and should be close to
the QCD typical scale ΛQCD, and the ultraviolet cutoff ΛUV

can be determined by the constituent quark mass in
the proper-time regularization [45,56]. In this work, the
cutoff parameters in the proper-time regularization were
taken as those used in Ref. [57], ΛIR ¼ 0.240 GeV
and ΛUV ¼ 0.645 GeV.

III. NUMERICAL RESULTS

A. Model parameters

There are three model parameters, c2, c3, and mR, which
need to adjust to fit the EMFFs obtained from the lattice
QCD calculations. It is worth mentioning that the lattice
QCD calculations [18] are obtained for three pion masses in
the range of about 300 to 350 MeV, namely
mπ ¼ 297 MeV, mπ ¼ 330 MeV, and mπ ¼ 350 MeV,
which are not at the physical masses of included particles.
In this work, from the non-physical masses M of the Ω−

baryon as a function of π mass mπ calculated by the lattice
QCD, we take a linear function M ¼ 0.56mπ þ
1.5936 GeV to fit the relation between M and mπ . The
fitted results are shown in Fig. 4. One can see that we can
get a fairly good fit. The other masses included in this work

FIG. 3. Kaon loop contribution to the quark electromagnetic
current. The quark wave function renormalization factor Z
represents the probability of striking a dressed quark without a
Kaon cloud. The blue shaded circle represents the electromag-
netic vertex of the point quark and the red shaded circle the Kaon
cloud. The Kaon couples to the dressed quark via γ5 marked as
the gray shaded circle.

LQCD

Physical Mass

0.15 0.20 0.25 0.30 0.35

1.70

1.75

1.80

1.85

m GeV

M
G
eV

FIG. 4. Nonphysical masses M of the Ω− baryon as a function
of π mass mπ calculated by the lattice QCD [18]. The red dot
located in the lower left corner represents the physical masses of
the Ω− and pion.
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are also adjusted accordingly. We take the change rate of
the strange quark mass as one third of the Ω− mass and the
diquark two thirds because we concluded that the ratio of
the low-order electromagnetic form factors contributed
by the quark and the diquark is close to 1

2
in the previous

work [41], and the light quark and Kaon roughly take the
same change rate of the mass with the strange quark due to
the similar masses. After calculation, Z in Eq. (17) and
ZK in Eq. (19) corresponding to the physical masses are
Z ¼ 0.907 and ZK ¼ 20.28, respectively.
Additionally, from fitting the lattice results with different

masses of π, we get the model parameters c2 ¼ 0.13 GeV−1,
c3 ¼ 0.05 GeV−2, and mR ¼ M − 0.1 GeV in all the sit-
uations. At the physical mass point of the pion, we get the
physical Ω− mass M ¼ 1.672 GeV, and the corresponding
strange quark mass ms ¼ 0.6 GeV and diquark mass mD ¼
1.15 GeV are consistent with our previous work [41]. In
addition, we take the Kaon massmK ¼ 0.494 GeV and light
quark massml ¼ 0.4 GeV. All these above mass parameters
used in this work are listed in Table I.

B. The Ω− EMFFs in the spacelike region

With the model parameters shown in Table I, all the
EMFFs for the Ω− baryon in the spacelike region can be
easily obtained, and we show them in Fig. 5, where the
orange dashed, green dotted, and blue dot dashed lines,
respectively, represent the EMFFs corresponding to pion
mass, 0.353, 0.330, and 0.297 GeV (or Ω− mass, 1.792,
1.778, and 1.760 GeV). It is found that the lattice QCD
calculations can be well reproduced. One can conclude that
the variation tendency is consistent as the mass approaches
the physical mass by observing the enlarged view in the top
left corner of the first panel GSL

E0. Comparing the results
obtained with nonphysical and physical masses, the real
radii of charge and magnetic moment are larger than the
lattice results. This can be clearly seen from the inset
of Fig. 5 for the numerical results of GSL

E0ðQ2Þ at the range
of 1.45 < Q2 < 1.55 GeV2.
In the forward limit, Q2 ¼ 0, and we can get the

magnetic moment μΩ− ¼ GSL
M1ð0ÞMNμN=M, the electric-

quadrupole moment QΩ− ¼ GSL
E2ð0Þjej=M2, and the mag-

netic-octupole moment OΩ− ¼ GSL
M3ð0ÞM3

NON=M3 (note
that GSL

M3ð0Þ has the coefficient difference from Ref. [46],
as mentioned above). The physical quantities of μN and ON
with the subscript N stand for the corresponding nuclear

properties andMN is the proton mass. With the contribution
of the Kaon meson cloud, the magnetic moment,
μΩ− ¼ −1.97μN , is consistent with the experimental mea-
surements, as quoted in PDG [58]. A comparison of our
numerical results with those obtained with other models
is shown in Fig. 6. One can see that for the properties of
the Ω− baryon, our numerical results lie between those
of other model calculations. It is expected that future

TABLE I. Mass parameters (in GeV units) used in this work.

mπ M ms mD ml mK

0.350 1.792 0.640 1.230 0.440 0.534
0.330 1.778 0.636 1.221 0.436 0.530
0.297 1.760 0.629 1.209 0.429 0.523
0.140 1.672 0.600 1.150 0.400 0.494

FIG. 5. Obtained EMFFs in the spacelike region for the Ω−

baryon corresponding to the different valuse of mπ . The mass
dimension GeV of mπ and M is omitted in the legends.
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experimental measurements can be used to test these model
calculations.
It was known that the meson cloud makes the charge

distribution in the quark more dispersed and further causes
the magnetic moment and radii to increase. Considering
Eq. (16), the dressed quark with the meson cloud compared
with the point-like quark has an extra term iσμq=ð2MÞ,
which plays a significant role in the magnetic form factors.
In this work, the electromagnetic radii of Ω− are

obtained as

hr2iE0 ¼ 0.378 fm2; ð25Þ

hr2iM1 ¼ 0.378 fm2: ð26Þ

It is found that the above electric and magnetic radii are the
same, and the magnetic radius has changed much compared
with the value obtained in Ref. [41], where the affect of the
meson cloud was not taken into account. On the other hand,
the changes of the electric radius is small. This can be
explained by the fact that the meson cloud has a greater
impact on the magnetic form factor than on the electric
form factor.
To see more clearly the effects of the Kaon meson cloud,

we show the Ω− EMFFs obtained with and without the
Kaon meson cloud in Fig. 7 using the physical masses of
included particles. Again, one can see that the Kaon meson
cloud has minimal influence on the electric form factors
and can be neglected, but it gives significant contribution to
the magnetic form factors. For the case of GSL

M1ðQ2Þ, the
theoretical results with the contribution of the Kaon meson
cloud are more close to the lattice QCD calculations,
comparing with the numerical results without considering

the effects of the Kaon meson cloud. This may indicate that
the meson cloud contributions should be included.
Nevertheless, the charge distribution of the zero charge
particle, like the neutron [6], is extremely dependent on the
mesonclouddue to the larger relative changeofF1 inEq. (16).
Further model calculations are needed to clarify this issue.
Next, in order to intuitively illustrate the effect from the

Kaon meson cloud, we define

δiðQ2Þ ¼ GSL;DQ
i ðQ2Þ −GSL;PLQ

i ðQ2Þ
GSL;PLQ

i ðQ2Þ ; ð27Þ

which stands for the relative differences of the Ω− EMFFs
between results obtained with and without the Kaon meson
cloud. The i labels the different form factors, and the
superscripts, DQ and PLQ, respectively represent the
dressed quark with the Kaon cloud and the point-like
quark. The numerical results of δiðQ2Þ are shown in Fig. 8,
from where it is found that the Kaon meson cloud gives
larger contributions to the magnetic form factors than the
electric form factors and gives large impact to the higher-
order terms. Indeed, one can approximately extract the
change rates of the different form factors, δE0 ≈ 1%,
δE2 ≈ 2%, δM1 ≈ 10%, and δM3 ≈ 15%. Moreover, the rates
of difference because of the Kaon meson cloud remain
almost unchanged as the Q2 increases. In other words, the
meson cloud plays an important role in all the energy
region.

C. The Ω− EMFFs in the timelike region

The asymptotic relations of Eq. (7) allow us to extend the
EMFFs from the spacelike to the timelike region. With all

PDG

Leinwber et al. [59]

Alexandrou et al. [18]

Boinepalli et al. [60]

Butler et al. [12]

Li et al. [22]

Buchmann [24]

Ramalho et al. [44]

Wagner et al. [19]

Kim et al. [21]

Fu et al. [41]

This work

Aliev et al. [61]

Krivoruchenko et al. [32]

FIG. 6. Magnetic moment, electric-quadrupole moment, magnetic-octupole moment, electric charge radius, and magnetic radius in
comparison with those from PDG [58], LQCD [18,59,60], χPT [12,22], 1=Nc expansion [23,24], relativistic quark model [30,44],
nonrelativistic quark model [32], QCD sum rules [27,61], χ quark model [19], and chiral quark-soliton model [62,63].
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the obtained model parameters in the spacelike region,
we can calculate the electromagnetic form factors of Ω− in
the timeklike region. The theoretical predictions of the
EMFFs for the Ω− baryon at the timelike region2 are shown
in Fig. 9 as a function of q2. The electric form factors
GTL

E0ðq2Þ and GTL
E2ðq2Þ are presented by red and yellow

curves, respectively. The magnetic form factors GTL
M1ðq2Þ

and GTL
M3ðq2Þ are plotted by the green and blue lines,

respectively. In the whole energy region considered here,
GTL

E2ðq2Þ is larger than zero, and GTL
M1ðq2Þ and GTL

M3ðq2Þ are
less than zero. Yet, the form factor GTL

E0ðq2Þ is zero at
q2 ∼ 12.2 GeV2. Note that at the limit q2 ∼∞, all the four
electromagnetic form factors are going to zero.
Then, one can also obtain the effective form factor

jGeff
EMðq2Þj of the Ω− baryon as defined in Eq. (10). The

theoretical results of the effective form factor are shown in
Fig. 10, where the numerical results are obtained with the
Kaon meson cloud as the red solid line. The experimental
data are taken fromRefs. [16,17,50], and theywere attracted
from the total cross sections of the eþe− → Ω−Ω̄þ reaction.
One can see that the theoretical result can describe the

FIG. 7. EMFFs comparison between the point-like quark and dressed quark under the same parameters, and the mass dimension GeV
of mπ is omitted in the legends.

FIG. 8. Difference of the Ω− EMFFs in the spacelike region
obtained with and without the contributions from the Kaon
meson cloud.

FIG. 9. Theoretical results of the EMFFs for the Ω− baryon as a
function of q2 at the timelike region.

2In general, electromagnetic form factors in the timeklike
region are complex. However, only the real timelike form factors
can be obtained in this work due to the real spacelike form
factors.
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experimentalmeasurementswithin uncertainties. Therefore,
more precise experiments, especially near the threshold,
are needed to test the accuracy of the model.

Next, we study the polarization of the Ω− baryon in the
eþe− → Ω−Ω̄þ reaction. In the helicity framework, the
production of the Ω−Ω̄þ in eþe− annihilation process is
analyzed in the center-of-mass frame of eþe−. To analyze
the polarization of the single-tag Ω−, one can sum over the
spin states of Ω̄þ and the spin states of the initial eþ and e−.
The differential cross section of the eþe− → Ω−Ω̄þ reac-
tion, including the nonzero polarization components, is
given as follows [64]:

dσ
d cos θ

¼ dσun

d cos θ
þ dσLL
d cos θ

SLL

þ dσxLT
d cos θ

SxLT þ
dσxxTT
d cos θ

SxxTT; ð28Þ

with

dσLL
d cos θ

¼ πα2βC
2q2

�
8

3
Re½GTL

E0G
TL�
E2 �sin2θ −

�
4

9
jGTL

M1j2 þ
16

25
τ2jGTL

M3j2 −
16

15
τRe½GTL

M1G
TL�
M3 �

�
ð1þ cos2θÞ

�
; ð29aÞ

dσxLT
d cos θ

¼ πα2βC
2q2

1

15
ffiffiffi
τ

p ðj3GTL
E0 þ 2τGTL

E2 j − j3GTL
E0 − 2τGTL

E2 jÞj5GTL
M1 þ 4τ2GTL

M3j sinð2θÞ; ð29bÞ

dσxxTT
d cos θ

¼ 2πα2βC
3q2

				GTL
M1 −

6

5
τGTL

M3

				
				GTL

M1 þ
4

5
τGTL

M3

				sin2θ; ð29cÞ

where the SLL, SxLT , and SxTT represent the rank-2 spin
tensor of the outgoing Ω−. Summing all the polarization
states of the final Ω−, the differential cross section in
Eq. (28) will be simplified to the unpolarized differential
cross section. Moreover, three additional differential
cross sections have been ignored because the EMFFs in
the timelike region are also real in this work. In what
follows, all the results are calculated and discussed on
the basis of the real EMFFs and unpolarized initial states
of eþ and e−.
With the model parameters, we can get the unpolarized

and nonzero double differential cross sections of the
eþe− → Ω−Ω̄þ reaction with different polarizedΩ− baryon
as a function of q2 and the scattering angle cos θ. The
numerical results are shown in Fig. 11. In the parity-
conserving eþe− → Ω−Ω̄þ process, mirror transformation
about the plane perpendicular to the direction of the Ω−,
equivalent to θ → π − θ, contribute a minus sign to the
transverse polarization. Therefore, the differential cross

section dσun
d cos θ,

dσLL
d cos θ, and

dσxxTT
d cos θ are cos θ-even, but dσxLT

d cos θ is
cos θ-odd.

When the direction of the Ω− baryon coincides with the
electron beam, the motion direction of all the included
particles are in the same line, then the differential cross
sections of eþe− → Ω−Ω̄þ should be transverse indepen-
dent. Furthermore, the polarized differential cross sections
with the transverse part will be zero at θ ¼ 0 and π. These
features can be seen in Fig. 11.
Based on the obtained differential cross sections, one can

then obtain the spin components of the finalΩ− baryon. For
doing this, we define the spin components as

SX ¼ dσX
d cos θ

=
dσun

d cos θ
; ð30Þ

where X stands for the different polarizations. For con-
venience and clarity, SX represents the polarization direc-
tion in Eq. (28) and the spin component in the numerical
results. The spin components of the final Ω− are, respec-
tively, shown as the 2D functions of cos θ with different
energy and the 3D functions of cos θ and q2 in Fig. 12.
From Figs. 12(a), 12(c), and 12(d), one can also obviously
find that the final state is transverse unpolarized when the

FIG. 10. Obtained Ω− effective form factor jGeff
EMðq2Þj with the

dressed quark under the same parameters compared with the
CLEO-c data (orange dots [50]) and the BESIII data (blue dots
[16] and green dots [17]).
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outgoing direction coincide with the electron beam.
Moreover, all the results satisfy the boundary constraints
of Fig. 2 in Ref. [64]. Figure 12(a) give the slices of the spin

components with different energy, and they imply that the
longitudinal part is primary at the high-energy region and
the transverse part is significant at the low-energy region.
With the increase of energy, SLL becomes large, and SxxTT is
trending to zero, but SxLT is confusing because it has both
the longitudinal and transverse parts. Furthermore, the
results elaborate that the spin components will concentrate
on the direction of the electron beam as energy increases,
and then one can approximately presume that the polari-
zation of the final single-tag Ω− only exists at the initial
particle direction in the high energy limit.

IV. SUMMARY AND CONCLUSION

Based on the quark-diquark approach with the meson
cloud effect, we study the EMFFs of the Ω− hyperon both
in the spacelike and timelike regions. Considering the Ω−

with IðJPÞ ¼ 0ð3
2
þÞ as the combination of a strange quark

and an axial-vector diquark with two strange quarks can
simplify the three-body system to the two-body system.
The diquark is a two-body subsystem, and it was computed
separately. To fit the lattice results precisely, the Kaon
meson cloud is also taken into account, and other mesons
are omitted because Kaon is the lightest meson with strange
quark and plays a primary role. The Kaon meson cloud
introduces the term iσμq

2M , which is absent in the description
of a point-like quark. Furthermore, the term iσμq

2M mainly
contributes to the magnetic-dipole and magnetic-octupole
form factors by definition, and this feature has been verified
in the numerical results.
The model-free parameters were adjusted by fitting them

to the lattice calculations for the EMFFs of the Ω− baryon
in the spacelike region. With the fitted parameters and the
physical masses of included particles, the genuine EMFFs
in the spacelike region are obtained. The magnetic moment
from this approach is closer to the experimental value, and
the radii of charge and magnetic are larger than the lattice
and our previous work.
Employing the asymptotic relations, we extend the

EMFFs in the spacelike region to the timelike region with
the shift of 2M2. Then, the principal results, the effective
form factor of the Ω− baryon, was obtained and is
acceptable by comparing them with the experimental data
from CLEO and BESIII. By comparing with the lattice
QCD calculations and the experimental measurements, our
results imply that the quark-diquark approach with the
Kaon meson cloud is reliable when describing the electro-
magnetic interaction in both the spacelike and timelike
regions. An important feature of the Kaon meson cloud is
that the relative influence from it remains almost unchanged
as the energy changed. Therefore, the change rates can help
us to estimate other related physical quantities.
We also examined the polarized differential cross sec-

tions for eþe− → Ω−Ω̄þ in the helicity formalism, focusing
on the single-tag Ω− polarization with unpolarized initial

FIG. 11. Double differential cross sections with different
polarized final Ω− in eþe− → Ω−Ω̄þ as functions of q2 and of
the scattering angle cos θ.
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states of eþ and e− and without considering the phase
information of the EMFFs. The differential cross section is
split into unpolarized and polarized components, linked to
the Ω− spin tensor. The SLL and SxxTT terms are cos θ-even,
while SxLT is cos θ-odd, with the transverse polarization
vanishing at θ ¼ 0; π. Numerical results reveal that longi-
tudinal polarization dominates at high energies, while trans-
verse contributions are significant at low energies, and the
existence range converges toward alignment with the elec-
tron beam direction in the high-energy limit. It is expected
that these theoretical predictions can be tested by future
experiments, which can be carried out by theBelle II, LHCb,
andBESIIICollaborations in thenear future, aswell as by the
next generation facilities [65,66].
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