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The ground state masses and binding energies of the nucleon,Λ0, Λ+
c , Λ0

b are studied within a constituent quark
QCD-inspired light-front model. The light-front Faddeev equations for theQqq composite spin 1/2 baryons,
are derived and solved numerically. The experimental data for the masses are qualitatively described by a flavor
independent effective interaction.

I Introduction

Modelling the light-front hadron wave-function is a chal-
lenge as long as the exact wave-function from Quantum Cro-
modynamics is not yet avaliable. The wave-function con-
tains physical information complementary to the spectrum.
At scales below 1 GeV, the wave-function is described by ef-
fective degrees of freedom, and the lowest Fock-state com-
ponent of the light-front hadron wave function is composed
by the minimal number of constituent quarks necessary to
give the quantum numbers. Within this general framework,
a light-front QCD-inspired model was recently applied to
the pion and other mesons [1, 2]. A reasonably description
of the pion structure as well as the masses of the vector and
pseudo-scalar mesons was found. This model, without con-
finement, describes the vector meson as weakly bound sys-
tem of constituent quarks. The spin does not play a dynami-
cal role besides justifying the contact term coming from the
hyperfine interaction. In this way the one-gluon-exchange
interaction is simplified to two components only: a contact
term and a Coulomb-type potential. The contact term is es-
sential to collapse the constituent quark-antiquark system to
form the pion, while the vector meson is dominated by the
Coulomb-type potential. The contact interaction brings to
the model the physical scale of the pion mass which de-
termines the masses of the other pseudo-scalar and vector
mesons [2].

Here, we follow closely the work of Ref. [3] and re-
vise the extension of the concepts coming from the effective
QCD-model, applied to mesons [1, 2], to study the spin 1/2
low-lying states of the nucleon,Λ0, Λ+

c andΛ0
b [3]. We use

a flavor independent effective interaction between the con-
stituent quarks, a property necessary to describe the masses
of these baryons [3]. The three-quark relativistic dynam-
ics of theQqq system is formulated within the light-front
framework in a truncated Fock-space [4] which is stable un-
der kinematical boost transformations [5] and yields a wave-
function covariant under kinematical boosts [6, 7]. We use
only the contact interaction, which in this case provides to
the model the physical scale of the mass of the nucleon
ground state, while the spin is averaged out. The binding
energy of the baryon is calculated using three-quark Fad-
deev equations [3] as a function of the mass of one of the
constituent quarks(Q), while the bare strength of the effec-
tive contact interaction and the mass of the quarkq are kept
constant. This light-front model with a contact force [4] has
been applied to the proton and described its mass, charge ra-
dius and electric form factor up to 2(GeV/c)2 [8]. Recently,
it was also applied to study the dissolution of the nucleon at
finite temperature and baryonic density [9].

This work is organized as follows. In Sec.II, we present
the coupled integral equations for the Faddeev components
of the vertex of the three-quark light-front bound-state wave
function from a flavor independent contact interaction de-
rived in Ref. [3]. In Sec. III, we present the numerical re-
sults for the masses and binding energies of the nucleon,Λ0,
Λ+

c andΛ0
b , obtained from the numerical solution of light-

front integral equations. A key point in this section is the
assignement of the constituent quark masses which are done
using the experimental values of the vector meson ground
states masses. In Sec. IV, we present our summary.
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II Light-front model

The light-front hyperplane is defined by the timex+ =
x0 + x3 = 0 and the position coordinates on the hypersur-
face are defined byx− = x0 + x3 and~x⊥ = (x1, x2) [6, 7].
The coordinatex+ is the light-front time and the momen-
tum, k− = k0 − k3, corresponds to the light-front energy.
The momentum coordinatesk+ and~k⊥, are the kinemati-
cal momenta canonically conjugated tox− and~x⊥, respec-
tively. The dynamics of the model is defined by a two-body
contact interaction between the constituent quarks at equal
light-front times [4, 8, 3]. Considering the contact interac-
tion between the quarks, the baryon-Qqq vertex is described
by two terms written asvα(~q⊥, y) in the baryon rest frame,
with α = q or Q, wherey = q+/MB is the Bjorken mo-
mentum fraction andMB is the baryon mass. The separable
structure of the contact interaction implies that the vertex
function depends only on the kinematical variables of the
spectator quark in the process of the interaction of the other
two. As we are averaging over spin, only two independent

vertex functions are necessary to describe the baryon wave
function, i.e.,vq andvQ.

The coupled Faddeev-Bethe-Salpeter equations for a
heavy-light-light three quark system (Qqq) in the light-front
are derived in the ladder approximation [3], and are a gen-
eralization of the Weinberg equation [10] to three particle
systems. Their diagrammatical representation are given in
Figs. 1 and 2. The first light-front equation in which the
quarkQ is the spectator while the pairqq interacts is repre-
sented in Fig. 1, from where one reads:

Figure 1. Diagrammatic representation of Eq.1. The black bubble
represents the two-quark scattering amplitude.

c

vQ(~q⊥, y) = − 2i

(2π)3
τqq

(
M2

qq

) 1−y∫

0

dx

x (1− x− y)

∫
d2k⊥

×
θ
(
x− m2

q

M2
B

)
θ (kmax

⊥ (mq)− k⊥) vq(~k⊥, x)

M2
B −

q2
⊥+m2

Q

y − k2
⊥+m2

q

x − (PB−q−k)2⊥+m2
q

1−x−y

. (1)

The second light-front equation, which is represented diagrammatically in Fig. 2, the quark pairQq interacts while the
quarkq is the spectator. The second equation is given by:
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d

The maximum value fork⊥ is chosen to keep the mass
squared of theqq or Qq subsystem real, i.e.,M2

qq ≥ 0
andM2

Qq ≥ 0, respectively. These constraints in the spec-
tator quark phase-space come through the theta functions
in the integrations of Eqs. (1) and (2). ForM2

Qq ≥ 0

one hask⊥ < kmax
⊥ (mq) =

√
(1− x)(M2

Bx−m2
q), and

x ≥ (mq/MB)2. ForM2
qq ≥ 0 one hask⊥ < kmax

⊥ (mQ) =√
(1− x)(M2

Bx−m2
Q), andx ≥ (mQ/MB)2. For equal

particles, Eq.(1), reduces to the one derived in Ref. [4]. The
baryon four-momentum is given byPB , the light and heavy
quark masses aremq andmQ, respectively. The masses of
the virtual two-quark subsystems areM2

qq = (PB − q)2 and
M2

Qq = (PB − q)2 due to the conservation of the total four-
momentum.
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Figure 2. Diagrammatic representation of Eq. (2). The black bub-
ble represents the two-quark scattering amplitude.

The two-quark scattering amplitudesτqq

(
M2

qq

)
and

τQq

(
M2
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)
are the solutions of the Bethe-Salpeter equa-

tions in the ladder approximation for a contact interaction
between the quarks [4, 11]. In this approximation the scat-
tering amplitude, which is the infinite sum of the powers of
the product of the “bubble”-diagram with the bare interac-
tion strength, is given by the geometrical series:
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whereα = q or Q andλ is the bare interaction strength,
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in which Pαq is the total four-momentum of the quark pair
andP 2

αq = M2
αq.

The four-dimensional integration of the function
Bαq
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)
is the “bubble”-diagram is performed in light-

front variables. First, the virtual propagation of the interme-
diate quarks is projected at equal light-front times [4, 12], by
analytical integration overk− in the momentum loop. Then,
using the frame in which~Pαq⊥ is zero and introducing the

invariant quantityx = k+
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, one obtains:
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We suppose that the light-quark pair system has a bound
state, which allows to define the two-quark scattering am-
plitude. This physical condition has been used in Ref. [8].
Therefore, the bound state pole of the light-quark scatter-
ing amplitude,τqq(M2

qq) is found whenMqq is equal to
the mass of the boundqq pair, Md which demands that
iλ−1 = Bqq

(
M2

d

)
. This is suficient to render finite the scat-

tering amplitudesτqq andτQq. Using that the bare strength
of the effective contact interaction between the constituent
quarksq andQ does not depend on flavor, the final equation
for the two-quark scattering amplitude is:
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The log-type divergence ofταq is removed by the subtrac-
tion in Eq.(6).

III Results

The solution of the coupled integral equations (1) and (2)
for a relativistic system of three constituent quarks with a
pairwise zero range interaction, gives the baryon mass as a
function of the quark massmQ. The physical inputs of the
model are the constituent quark massmq and the diquark
bound state mass. The result for the mass of the ground
state baryon(MB) alllows to calculate the binding energy,
defined byBB = 2mq + mQ −MB . However, the quarks
are in fact confined in the hadron and to compare the model
with data, one has to define an experimental quantity which
could be compared to the model binding energy.

For that purpose, we use that the low-lying vector
mesons are weakly bound systems of constituent quarks
while the pseudo-scalars are more strongly bound within the
same model [2]. Therefore, we suppose that the masses of
the constituent quarks can be derived directly from the vec-
tor meson masses as:

mu =
1
2
Mρ = 0.384 GeV

ms = MK∗ − 1
2
Mρ = 0.508 GeV

mc = MD∗ − 1
2
Mρ = 1.623 GeV

mb = MB∗ − 1
2
Mρ = 4.941 GeV, (7)

where the masses of the mesons are taken from Ref. [13].

Using the constituent quark masses from Eq. (7) and the
experimental values of the baryon masses [13], we can at-
tribute a binding energy to the low-lying spin 1/2 baryons,
as given below:

Bexp
p =

3
2
Mρ −Mp = 0.214 GeV

Bexp
Λ0 = MK∗ +

1
2
Mρ −MΛ0 = 0.161 GeV

Bexp

Λ+
c

= MD∗ +
1
2
Mρ −MΛ+

c
= 0.106 GeV

Bexp
Λ0

b

= MB∗ +
1
2
Mρ −MΛ0

b
= 0.085 GeV . (8)

In Fig. 3, we plot the binding energies of the low-lying
pseudo-scalar mesons, defined asBM = Mv −Mps, where
Mv andMps are the masses of the vector and pseudoscalar
low-lying mesons respectively, against the mass of the corre-
sponding pseudo-scalar meson. Also in the figure is shown
the values of the binding energies of the spin 1/2 baryons
(N , Λ0, Λ+

c andΛ0
b) from Eq. (8) as a function of the cor-

responding baryon mass. The systematic behaviour of the
defined binding energy for the hadron is qualitative the same
independent of the quark content.
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Figure 3. Low-lying hadron binding energy(B) of the low-lying
hadrons as a function of the corresponding ground state mass. Ex-
perimental data for pseudoscalar mesons from Table I [13] (full
squares). Experimental data for the low-lying spin 1/2 baryons
comes from Table II [13] (empty circles). The results of the light-
front model from the solution of Eqs.1 and 2 are shown by solid
line.

The results from the numerical solution of the coupled
equations (1) and (2) are obtained for a fixedmu = 0.386
GeV (we kept the value found in Ref. [8]) which together
with the nucleon mass of0.938 GeV implies inMd = 0.695
GeV. For the given value of the diquark massMd and dif-
ferent values ofmQ, we obtain the binding energy for the
spin 1/2 baryonsΛ0, Λ+

c andΛ0
b as a function ofmQ (Q =

s, c, b). For the baryon mass above2.3 GeV,the boundQqq
system of the light-front model goes to the diquark thresh-
old. This gives the saturation value of0.077GeV seen in this
figure. The theoretical results are in excelent agreement with
the baryon data, consequently the dynamical assumption of
the flavor independence of the effective interaction is indeed
reasonable. In Fig. 4, we shown the baryon binding energy
as a function ofmQ, again we observe the agreement be-
tween the model and the attributed experimental values for
the binding energies and constituent quark masses.
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Figure 4. Low-lying baryon binding energy(B) as a function of
the constituent quark mass(MQ). Experimental data for the low-
lying spin 1/2 baryons comes from Table II [13] (empty circles)
and the constituent quark masses are given in Table I. The results
of the light-front model from the solution of Eqs.1 and 2 are shown
by solid line.

IV Conclusions

The binding energy of the constituent quarks forming the the
low-lying spin 1/2 baryonic states of the nucleon,Λ0, Λ+

c

and Λ0
b , obtained from the experimental values of baryon

masses and constituent quark masses derived from the low-
lying vector mesons masses was studied within a light-front
model. The effective interaction between the constituent
quarks was chosen of a contact form and spin was aver-
aged out. The motivation of chosing this particular inter-
action was two-fold: it was necessary to bring to the ef-
fective QCD-inspired model of the light-mesons the pion
mass scale, and to give the observed splitting between the
pion and rho meson spectrum [2], on one side, and on the
other side, it was succesfull in describing the proton mass
and radius simultaneously [8]. In the present study the con-
tact interaction was used because it allows to introduce in
the model the minimal number of physical scales necessary
to describe the low-lying spin 1/2 baryons. Therefore, the
relativistic three-quark model of the baryon defined on the
light-front, with a falvor independent interaction, has as in-
puts the constituent quark masses and the diquark mass in
the light sector, which defines the strength of the contact in-
teraction. This model allowed a surprising reproduction of
the trend and magnitude of the binding energies as a func-
tion of the distint quark mass. As the present light-front
model is still very schematic, we believe that our conclu-
sion of the flavor dependence of baryonic masses may still
hold in a more realistic model, and support the extension of
the QCD-inspired model applied previously only to mesons
[1, 2] also to baryons.
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