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Electromagnetic form factors of Λc in the space-like momentum region *

Liang-Liang Liu(4��)1 Chao Wang(��)2 Xin-Heng Guo(H#ð)3

1 College of Physics and Information Engineering, Shanxi Normal University, Linfen 041004, China
2 Center for Ecological and Environmental Sciences, Key Laboratory for Space Bioscience and Biotechnology, Northwestern

Polytechnical University, Xi′an, 710072, China
3 College of Nuclear Science and Technology, Beijing Normal University, Beijing 100875, China

Abstract: We studied the electromagnetic form factors (EMFFs) of Λc and the contributions of the quark and

diquark currents to the EMFFs of Λc in the space-like region in the Bethe–Salpeter equation approach with instan-

taneous approximation. In this picture, baryon Λc can be regarded as a two-body c(ud) system. We found that for

different values of parameters the contribution of quark and diquark currents to the EMFFs of Λc is very different,

while their total contribution to the EMFFs of Λc is similar. The EMFFs of Λc are similar to those of other baryons

(proton, Ξ−, and Σ+) with a peak at ω=1, where ω= v′ ·v is the velocity transfer between the initial state (with

velocity v) and the final state (with velocity v′) of Λc.
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1 Introduction

The quark–diquark model has been successful in de-
scribing nucleon properties [1]. A fully relativistic de-
scription of baryons can be accomplished by an approach,
where baryons are considered as bound states of diquarks
and quarks. Ref.[2] has given a detailed overview of the
quark–diquark model and the electromagnetic form fac-
tors (EMFFs) for the nucleon and ∆ baryon is presented
in Ref. [2], where the author provided the properties of
diquark in different models. Evidence for correlated di-
quark states in baryons was found in deep-inelastic lep-
ton scattering [3–5] and in hyperon weak decays [6]. At-
tempts have been made to describe diquarks and baryons
in non-local approximations in quantum chromodynam-
ics (QCD) [7]. Diquark bound states were studied in
Ref. [8] while the diquark EMFFs in a Nambu–Jona–
Lasinio model were studied in Ref. [9]. The spin-1 di-
quark contribution to the formation of tetraquarks in
light mesons was investigated in Rer. [10] and the prop-
erties of diquark in the rainbow-ladder framework were
studied in Ref. [11].

In the past two decades, certain theoretical investiga-
tions on the EMFFs in both space-like (SL) and time-like

(TL) regions [12–17] and several experimental results on
the EMFFs of baryons [18–30] and mesons [31–34] have
been performed. The SL region EMFFs of Λ and Σ were
calculated in the framework of the light-cone sum rule
(LCSR) up to twist 6 terms [35, 36]. It is found that
the Q2-dependent magnetic form factor of Λ approaches
zero faster than the dipole formula with the increase of
Q2.

In previous works [37–42], we studied certain proper-
ties of Λb in the quark and diquark model. In the present
paper we study the EMFFs of Λc in the quark–diquark
picture and calculate the contributions of the quark and
diquark currents to the EMFFs of Λc in the SL region
in the Bethe–Salpeter (BS) equation approach. In our
model, Λc is regarded as a bound state of two particles:
one is a heavy quark and the other is a (ud)00 (the first
and second subscripts correspond to the spin and the
isospin, respectively) diquark [43–46]. In this picture,
the BS equation for Λb has been studied extensively [37–
42]. Following the introduction of our model, we cal-
culate the EMFFs of Λc by a covariant instantaneous
approximation and apply the kernel, which includes the
scalar confinement and the one-gluon exchange terms.

This paper is organized as follows: in Sec. 2, we intro-
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duce the formalism, our numerical analysis is presented
in Sec. 3, while our summary and discussion can be
found in Sec. 4.

2 Formalism

2.1 BS equation for Λc

As can be seen in Fig. 1, in momentum space the
BS equation for the Q(ud)00 (Q is b or c quark) system
satisfies the homogeneous integral equation [37–42, 47]

χP (p) = iSF (p1)

∫

d4q

(2π)4
[I⊗IV1(p,q)+γµ⊗ΓµV2(p,q)]

×χP (q)SD(p2), (1)

where P = Mv is the momentum of Λc, the quark
momentum p1 = η1P +p and the diquark momentum
p2 = η2P−p, SF (p1) and SD(p2) (η1 = mc/(mc+mD),
η2 =mD/(mc+mD)) are propagators of the quark and

the scalar diquark, respectively, Γµ=(p2+q2)
µ αseffQ

2
0

Q2+Q2
0

(Q=

p2+q2, p2 and q2 are the momenta flowing into the di-
quark vertex) is introduced to describe the structure of
the scalar diquark [38, 48, 49], and Q2

0 is a parameter in
the form factor of the diquark, which is related to the
overlap integral of the diquark wave functions. By ana-
lyzing the EMFFs of the proton, it is found that Q2

0=3.2
GeV2 can provide consistent results with the experimen-
tal data [48] and the value of Q2

0 was in the order of 1
GeV2 in different models [37]. V1 and V2 are the scalar
confinement and one-gluon exchange terms. It has been
shown that in the quark–diquark model, the c(ud)00 sys-
tem requires two scalar functions to describe the BS wave
function as [37, 40]

χP (p)=(f1(p
2
t )+/p

t
f2(p

2
t ))u(v), (2)

where f1 and f2 are the Lorentz-scalar functions of p2
t ,

u(v) is the spinor of Λc, pt is the transverse projec-
tion of the relative momenta along momentum P , and
pµ
t = pµ−plv

µ and pl = v·p. According to the potential
model, V1 and V2 have the following forms in the covari-
ant instantaneous approximation (pl=ql) [38, 39, 42, 50]:

Ṽ1 =
8πκ

[(pt−qt)2+µ2]2
−δ3(pt−qt)

∫

8πκ

(k2+µ2)2
d3k, (3)

Ṽ2 = − 16παseffQ
2
0

3[(pt−qt)2+µ2]
, (4)

where qµt =qµ−qlvµ is the transverse projection of the rel-
ative momenta along momentum P and ql=v·q. The sec-

ond term of Ṽ1 is introduced to avoid the infrared diver-
gence at point pt=qt and µ is a small parameter to avoid
the divergence in numerical calculations. Parameters κ
and αseff are related to the scalar confinement and the
one-gluon exchange diagram, respectively. The param-
eter of scalar confinement κ′ for mesons is ∼ 0.2 GeV2,
while for baryons the dimension of parameter κ is three,
and the extra dimension in κ probably results from non-
perturbative diagrams, which include the frozen form
factor at the low momentum region. As ΛQCD is the
only parameter related to the confinement, we expect
that κ∼ΛQCDκ

′; thus, the parameter κ needs to be in
the order of 0.01 GeV3. By analyzing the average kinetic
energy of Λb [41], it is found that κ was in the range of
0.02–0.08 GeV3. Therefore, in our numerical calculations
we assumed κ to be in this range.

=

p1

p2

p1

p2

SF

SD

K

Fig. 1. BS equation for the Q(ud)00 system in mo-
mentum space (K is the interaction kernel).

The diquark and quark propagators can be written
as

SD(p2)=
i

2ωD

[

1

η2M−pl−ωD+iǫ
− 1

η2M−pl+ωD−iǫ

]

,

(5)

SF (p1)=i/v

[

Λ+
c

η1M+pl−ωc+iǫ
+

Λ−
c

η1M+pl+ωc−iǫ

]

, (6)

where ω(c,D)=
√

m2
(c,D)−p2

t and Λ±
c =1/2±/v(/p

t
+mc)/(2ωc)

are projection operators satisfying the relations Λ±
c Λ

±
c =

Λ±
c and Λ±

c Λ
∓
c =0.

As in our previous works [37, 40], the BS wave func-
tions of the c(ud)00 system can be written as

f̃1(pt)=

∫

d3qt
(2π)3

[M11f̃1(qt)+M12f̃2(qt)], (7)

f̃2(pt)=

∫

d3qt
(2π)3

[M21f̃1(qt)+M22f̃2(qt)], (8)

where

M11 =
(ωc+mc)(Ṽ1+2ωDṼ2)−pt·(pt+qt)Ṽ2

4ωDωc(−M+ωD+ωc)
− (ωc−mc)(Ṽ1−2ωDṼ2)+pt·(pt+qt)Ṽ2

4ωDωc(M+ωD+ωc)
, (9)

M12 =
−(ωc+mc)(qt+pt)·qtṼ2+pt·qt(Ṽ1−2ωDṼ2)

4ωDωc(−M+ωD+ωc)
− (mc−ωc)(qt+pt)·qtṼ2−pt·qt(Ṽ1+2ωDṼ2)

4ωDωc(M+ωD+ωc)
, (10)
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M21 =

(Ṽ1+2ωDṼ2)−(−ωc+mc)
(pt+qt)·pt

p2
t

Ṽ2

4ωDωc(−M+ωD+ωc)
−
−(Ṽ1−2ωDṼ2)+(ωc+mc)

(pt+qt)·pt

p2
t

Ṽ2)

4ωDωc(M+ωD+ωc)
, (11)

M22 =

(mc−ωc)(Ṽ1+2ωDṼ2)
pt·qt
p2
t

−(q2t+pt·qt)Ṽ2

4ωDωc(−M+ωD+ωc)
−
(mc+ωc)(−Ṽ1−2ωDṼ2)

pt·qt
p2
t

+(q2t+pt·qt)Ṽ2)

4ωDωc(M+ωD+ωc)
. (12)

2.2 SL EMFFs of Λc

In general, the SL EMFFs of Λc with Dirac spinor
uΛc

(P,s) and mass M , can be defined by the matrix ele-
ments of the electromagnetic current between the baryon
states [33, 35–37] as

〈Λc(P
′,s′)|jµ(x=0)|Λc(P,s)〉

= ūΛc
(P ′,s′)

[

γµF1(Q
2)+i

σµνq
ν

2M
F2(Q

2)

]

uΛc
(P,s), (13)

where F1(Q
2) and F2(Q

2) are Dirac and Pauli form fac-
tors, respectively, Q2=−q2 =−(P−P ′)2 is the squared
momentum transfer, and jµ is the electromagnetic cur-
rent relevant to the baryon. In particular, similarly to
the nucleus, the form factors F1 and F2 when Q2 → 0,
which corresponds to the exchange of low virtuality pho-
tons, have values of

F1(0)=1, F2(0)=κΛc
, (14)

where κΛc
=µΛc

−1 (where µΛc
is the magnetic momentum

of Λc). Generally, considering perturbative QCD and he-
licity, F1(Q

2) and F2(Q
2) at high Q2 behave as [51–59]

F1∼
1

Q4
, F2∼

1

Q6
. (15)

In general, we employed two linear combinations of
F1 and F2

GE(Q
2) = F1(Q

2)− Q2

4M 2
F2(Q

2), (16)

GM(Q2) = F1(Q
2)+F2(Q

2), (17)

where GE is known as electric form factor (EFF) and GM

is known as magnetic form factor (MFF).
Considering Eqs. (15)–(16), at the large momentum

transfer |GE|/|GM| needs to be a stable value. It should
be noted that Eq. (13) represents the microscopic de-
scription of the SL form factors of Λc, which include two
contributions originated from the quark and the diquark

currents. As shown in Fig. 2, the following relation can
be obtained [33]:

jµ = jqµ+jDµ . (18)

Here, jDµ =D̄ΓµD, Γµ is the vertex among the photon and
diquarks, which includes the scalar diquark form factor,
and jqµ= c̄γµc. The quark and diquark current contribu-
tions can be written as

〈Λc(v
′,s′)|j(q,D)

µ |Λc(v,s)〉
= ū(v′,s′)[g1(q,D)(ω)γµ+g2(q,D)(ω)(v

′+v)µ]u(v,s), (19)

where v(′)=P (′)/M is the velocity of Λc, ω=v′·v= Q2

2M2+1
is the velocity transfer, while g1(q,D) and g2(q,D) are the
functions of ω [37, 38, 40, 61]. When ω=1, the following
relation can be obtained [38]:

g1q(1)+2g2q(1) = 1+O(1/M 2
Λc

). (20)

In the present work, we use Eq. (20) to normalize
the BS wave functions and to neglect the 1/M 2 cor-
rections [61]. This relation has been proven to be an
appropriate approximation [61] for a heavy baryon and
proposed in Ref. [62–65] for mesons. As shown in our
previous works [37, 38], considering that the quark and
diquark have the same charge sign in the c(ud)00 system,
g1 and g2 can be calculated as follows:

g(1,2)(ω) = g(1,2)q(ω)+g(1,2)D(ω). (21)

Comparing Eqs. (19) and (21), the following can be
written:

ū(v′,s′)[g1D(ω)γµ+g2D(ω)(v
′+v)µ]u(v,s)

=

∫

d4p

(2π)4
χ̄(p′)Γµχ(p)S

−1
q (p1). (22)

ū(v′,s′)[g1q(ω)γµ+g2q(ω)(v
′+v)µ]u(v,s)

=

∫

d4p

(2π)4
χ̄(p′)γµχ(p)S

−1
D (p2), (23)

= +

Fig. 2. Electromagnetic current as the sum of the quark and the diquark currents [60].
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3 Numerical analysis

3.1 Solution of the BS wave functions

In order to solve Eqs. (7) and (8), we defined the
mass of Λc, as M=mc+mD+E (where E is the binding
energy). By assuming mc=1.586 GeV, M =2.286 GeV
we obtained mD+E = 0.7 GeV for Λc [39]. We varied
the diquark mass mD in the range of 0.83–0.89 GeV for
Λc; thus, the binding energy E varied between −0.2 and
−0.1 GeV. Therefore, we choose the diquark mass mD to
changes in the reasonable range from 0.83 to 0.89 GeV in
our model. The parameter κ was varied in the range of
0.02–0.08 GeV3 [41]. Thus, for each mD, we can obtain
the best value of αseff corresponding to a value of κ when
solving Eqs. (7) and (8). Solving the integral equations
Eqs. (7) and (8) we can find numerical solutions of the
BS wave functions. In Table 1, the values of αseff are
given for mD=0.83, 0.86, 0.89 GeV for different κ values
at Q2

0=3.2 GeV2, while in Table 2, the values of αseff are
given for Q2

0=1.0, 3.2, 10.0 GeV2 for different κ values
at mD=0.86 GeV.

In Fig. 3, we plot f̃i (i=1,2) as a function of |pt|. It
can be seen in these figures that for different αseff and κ
values, the shapes of the BS wave functions are similar.
All wave functions decrease to zero when |pt| is greater

than ∼2.0 GeV due to the confinement interaction. We
found that the uncertainly of mD has a smaller effect on
the BS wave function than that of Q2

0 for the same κ
value.

3.2 The EMFFs of Λc

In order to solve Eq. (23), the relation of p and p′

needs to be found. We define α as the angle between pt

and v′
t, where v′

t = v′−(v ·v′)v; thus, |v′
t|=

√
ω2−1 and

pt ·v′
t =−|pt||v′

t|cosα. Considering p2=p′
2, the following

relations can be obtained:

p′
t·v = pl(1−ω2)+mD(ω−1)2+|pt|ω

√
ω2−1cosα, (24)

pt·p′
t = |pt|(plω−|pt|

√
ω2−1cosα−mDω)

×
√
ω2−1cosα−|pt|2. (25)

Substituting Eqs. (6), (5), (24), and (25) into
Eq. (23), g1q and g2q can be expressed by f̃ (′)

(1,2). Sim-
ilarly, to solve Eq. (22), we repeat the above process
with S−1

F (p1) being replaced by S−1
D (p2) and the relation

p2=p′
2 is replaced by p1=p′

1.
As in our previous work [37], the EMFFs GE and GM

for Λc can be written as

GE = g1q−2ω(g2q+g2D), (26)

GM = g1q+6(g2q+g2D). (27)

Table 1. Values of αseff at Q2
0=3.2 GeV2 for Λc with different mD (GeV) and κ (GeV3) values.

αseff (κ=0.02) αseff (κ=0.04) αseff (κ=0.06) αseff (κ=0.08)

mD=0.83 0.78 0.80 0.84 0.86

mD=0.86 0.80 0.84 0.86 0.88

mD=0.89 0.84 0.86 0.88 0.90

Table 2. Values of αseff at mD=0.86 GeV for Λc with different Q2
0 (GeV2) and κ (GeV3) values.

αseff (κ=0.02) αseff (κ=0.04) αseff (κ=0.06) αseff (κ=0.08)

Q2
0=1.0 0.86 0.90 0.94 0.96

Q2
0=3.2 0.80 0.82 0.86 0.88

Q2
0=10.0 0.78 0.80 0.82 0.84
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Fig. 3. (color online ) BS wave functions of Λc.

103106-4



Chinese Physics C Vol. 42, No. 10 (2018) 103106

In Figs. 4–6, the ω-dependence of GE and GM is plot-
ted for different parameters, and it can be seen that the
shapes of GE and GM are similar. For ω in the range
of 1.0–3.0, the trends of GE and GM for Λc are similar
to those for the proton, Ξ−, and Σ+ [35, 66]. The EFF,
GE, decreases more rapidly than GM as ω increases. For
GE, κ results in the smallest uncertainly; however, for
the MFF, GM, mD results in the smallest uncertainly.
This trend is different from that of Λb [37]. In the dipole
model, GM(Q2)= µ

(1+Q2/m2
0
)2
, µ∝1/M (for Λ(c), M is the

mass of the s(c) quark) corresponds to the baryon mag-

netic moment and parameter m0=
√
0.89 GeV for Λ [36].

At present, there is no data available for the EMFFs of
Λc. However, for Λ and Λc baryons the ratio of |GMΛ|
and |GMΛc

|, RM , needs to be in the order of Ms/Mc.

RM=|
GMΛc

GMΛ

|∝Ms

Mc

≈0.3. (28)

As given in Ref. [35], GMΛ decreases faster than that
in the dipole model. Therefore, the ratio RM needs to be
in the order of 0.1. When ω changes from 1.0 to 2.5, the
MFFs for |GMΛc

| varies from ∼0.38 to 0.0. In different

1 1.25 1.5 1.75 2

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1 1.25 1.5 1.75 2 2.25 2.5

-0.1

0

0.1

0.2

0.3

0.4

Fig. 4. (color online ) ω-dependence of the EMFFs of Λc with different κ values (“Q” and “D” denote quark and
diquark current contributions, respectively, “A” denotes the total contribution).
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1 1.25 1.5 1.75 2 2.25 2.5
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0

0.2

0.4

0.6

0.8

Fig. 5. (color online ) ω-dependence of the EMFFs of Λc with different mD values (“Q” and “D” denote quark and
diquark current contributions, respectively, “A” denotes the total contribution).
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Fig. 6. (color online ) ω-dependence of the EMFFs of Λc with different Q2
0 values (“Q” and “D” denote quark and

diquark current contributions, respectively, “A” denotes the total contribution).

models [35, 66–68], |GMΛ| varies from the range ∼0.43–
0.75 to 0.0. The RM ratio we obtained is in the range
of ∼ 0.26–0.47. For the magnetic moment of Λc, the
traditional QCD sum rules [69] give the value µΛc

=
0.15±0.05µN (where µN is the nucleon magnetic mo-
ment), while in the light-cone QCD sum rules, Ref. [70]
gives µΛc

= 0.40±0.05µN. In our model, we obtained
µΛc

≈ 0.38µN , which roughly agrees with the above re-
sult.

It can be seen in Figs. 4–6 that the EMFFs of Λc from
the quark and diquark current contributions are very dif-
ferent. The smallest uncertainly results from κ, while Q2

0

has the greatest effect. As can be seen in Fig. 4, for dif-
ferent κ values the EMFFs of Λc primarily originated
from the quark contribution. Figure 6 shows, that for
different Q2

0 the contributions of the quark and diquark
currents are very different. However, we found that the
total contributions of quark and diquark currents to the
EMFFs of Λc do not change significantly compared with
those in the left pane of Fig. 4 and the right pane of
Fig. 5.

4 Summary and discussion

In the quark–diquark model, Λc can be regarded
as a bound state of a c-quark and a scalar diquark.
We established the BS equation for this system and
solved the BS equation numerically by applying a ker-
nel, which includes the scalar confinement and the one-
gluon exchange terms. Then, we calculated the EMFFs

of Λc including both the c-quark and the (ud)00 di-
quark current contributes. Finally, we compared our re-
sults with those of other baryons. We found that the
shapes of the EMFFs of Λc are similar to those of other
baryons [35, 66–68]. For different mD and κ values, GE

changes in the range from ∼ 1.0 to ∼ 0.0 as ω is varied
in the range of 1.0–2.0 and GM changes from ∼ 0.4 to
∼ 0.0 as ω is varied in the range of ∼ 1.0–2.5. For dif-
ferent parameters, especially for Q2

0, we found that the
contributions of quark and diquark currents are very dif-
ferent; however, the total contributions of the quark and
diquark currents do not change significantly. We found
that the contributions from the c-quark and the diquark
for MFFs have opposite signs for the diquark with an in-
ternal structure, and the MFF of the diquark is related
to its internal structure. Therefore the MFFs of the di-
quark and the c-quark do not necessarily have the same
sign. As it is known, the MFF of the neutron is nega-
tive, and not zero as theoretically required by the charge
of the neutron. Nevertheless, the magnetic moment of
spin-1/2 particles µ∝1/M ;thus, the MFF of the c-quark
needs to be larger than that of Λc. Therefore, the con-
tribution of the diquark current to the MFF of Λc needs
to have opposite sign to that of c-quark current.

In our work, the results as a function of parame-
ters, such as κ, mD, and Q2

0 vary in certain ranges.
We estimated the uncertainties of GE and GM due to
these parameters. It is found that these uncertainties are
less than 27% due to κ, 20% due to mD, and 40% due
to Q2

0.
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Salmè: Phys. Lett. B, 671: 153 (2009)
15 E. L. Lomon, S. Pacetti, Phys. Rev. D, 85: 113004 (2012)
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