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The bound state of constituent quarks forming aQqq composite baryon is investigated in a QCD-inspired
effective light-front model. The light-front Faddeev equations are derived and solved numerically. The masses
of the spin 1/2 low-lying states of the nucleon,L0, Lc

1 andLb
0 , are found and compared to the experimental

data. The data are qualitatively described with a flavor independent effective interaction.
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I. INTRODUCTION

One major task in strong interaction physics is the cal
lation of the wave function and the spectrum of the hadr
from quantum chromodynamics~QCD! @1#. Phenomenologi-
cal dynamical models that retain the low-energy physics
QCD, and relate different observables are still of interes
long as they allow us to expose the nonperturbative pro
ties of QCD. One possibility to model the quark dynam
within a relativistic framework is to use the light-front dy
namics in a truncated Fock space, which yields a wa
function covariant under kinematical boosts@2,3#. In general,
the light-front Fock-state truncation is stable under kinem
cal boost transformations@4#.

A light-front QCD-inspired model was recently applied
the pion and other mesons@5,6#. It was able to describe th
pion structure as well as the masses of the vector and p
doscalar mesons. This effective model, the↑↓ model@5#, has
two components in the interaction: a contact term an
Coulomb-type potential. The contact term is essential to c
lapse the constituent quark-antiquark system to form
pion, while the vector meson is dominated by the Coulom
type potential. In this model the vector meson correspond
a weakly bound system of constituent quarks. The model
no confinement, and the spin does not play a dynamical
after than justifying the contact term from the hyperfine
teraction. However, the contact term was able to embrace
physical scale brought by the pion mass and from that
masses of the other pseudoscalar and vector mesons
calculated@6#. The flavor independence of the interactio
was assumed, and the model reproduced fairly well the d
despite its simplicity.

Here we report a nonperturbative calculation of the fla
dependence of the masses of some baryons, extendin
concepts coming from the↑↓ model applied previously only
to mesons@5,6#. In this work, we show that the flavor inde
pendence of the effective interaction still holds for baryo
0556-2821/2002/65~9!/094009~7!/$20.00 65 0940
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by studying the spin 1/2 low-lying states of the nucleon,L0,
Lc

1 andLb
0 . To get insight on the complex three-quark rel

tivistic dynamics in this first study of theQqq system within
the light-front framework, we use only the contact intera
tion, which brings the physical scale of the ground state
the nucleon, while the spin is averaged out. The effect of
long-range Coulomb-type interaction is effectively carri
out by tuning the contact interaction to the nucleon ma
The mass of one of the constituent quarks~Q! will be varied
while the bare strength of the effective contact interaction
kept constant. For each constituent mass the binding en
of the three-quark system is evaluated. Naturally, this ca
lation yields the binding energy of the constituent quarks a
function of the baryon ground state mass, because the b
ing energy and the ground state mass depend only on
mass of the quarkQ, with the other inputs kept unchanged

The binding energy for constituent quarks is a difficu
concept to use together with quark confinement which
believed to exist in nature. It is fair to ask, if one has
meaningful model without confinement, how one could e
tract from the experimental data a quantity to be compa
with the model binding energy. This key point will be ad
dressed in detail in the text.

Let us mention that the three-body model with constitu
quarks interacting in the light-front with a contact force@7#
has been applied to the proton and described its mass, ch
radius and electric form factor up to 2 (GeV/c)2 @8#, al-
though the spin was averaged out and before the adven
the ↑↓ model @5,9#. Recently the same three-quark mod
was applied to study the dissolution of the nucleon at fin
temperature and baryonic density@10#.

The paper is organized as follows. In Sec. II, we der
the coupled integral equations for the Faddeev compon
of the vertex of the three-body light-front bound-state wa
function @7#, which generalizes the Weinberg-type integr
equation found for a two-body bound state@11#. In Sec. III,
we present the numerical results for the masses of
©2002 The American Physical Society09-1
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nucleon,L0, Lc
1 andLb

0 , using the flavor independent con
tact interaction. We show as well how to relate to experim
tal data the results for the binding energies. Finally, in S
IV, we give our conclusions.

II. THREE-QUARK RELATIVISTIC MODEL

The light-front is defined byx15x01x350 and the co-
ordinates in this space-time hypersurface are given byx2

5x02x3 andxW'5(x1,x2) @2,3#. The coordinatex1 is recog-
nized as the time andk25k02k3, the momentum canoni
cally conjugated, corresponds to the light-front energy. T
momentum coordinatesk1 and kW' are the kinematical mo
menta canonically conjugated tox2 andxW' , respectively.

A relativistic model for three particles on the light fron
for a pairwise contact interaction, was derived from t
three-body ladder Bethe-Salpeter equation for the Fadd
component of the vertex function, by eliminating the relati
x1 time between the particles@7#. The projection of the co-
variant dynamics to the light-front hypersurface is perform
through the integration over thek2 momentum of the indi-
vidual particles in the Bethe-Salpeter equation leading t
Weinberg-type equation@11# for three particles. In the work

FIG. 1. Diagrammatic representation of Eq.~1!. The black
bubble represents the two-quark scattering amplitude.
ub

r

m
ic

a

09400
-
c.

e

ev

d

a

of Ref. @7#, in fact the kernel of the Faddeev equation in t
light front was derived in lowest order, and in principle co
rections of higher order can be systematically construc
following recent discussions@12–14#.

Let us sketch the derivation of the light-front Fadde
equations for a heavy-light-light three quark system (Qqq)
from the four-dimensional Bethe-Salpeter equations. T
different spectator functions, which correspond to the F
deev components of the vertex, are possible. For the in
acting pair beingqq the spectator function isvQ(qm), func-
tion of the four-vector momentum of the quarkQ. For the
interacting pairQq the spectator function isvq(qm). The
coupled Faddeev-Bethe-Salpeter equations in the ladder
proximation are given by

vQ~qm!522tqq~Mqq
2 !E d4k

~2p!4

3

vq~k
m!

~k22mq
21ıe!@~PB2q2k!22mq

21ıe#
, ~1!

which is represented diagrammatically in Fig. 1, and

FIG. 2. Diagrammatic representation of Eq.~2!. The black
bubbles represent the two-quark scattering amplitudes.
vq~qm!52tQq~MQq
2 !E d4k

~2p!4 F vq~km!

~k22mq
21ıe!@~PB2q2k!22mQ

2 1ıe#
1

vQ~km!

~k22mQ
2 1ıe!@~PB2q2k!22mq

21ıe#
G ,

~2!
he

to
is

i-
which is represented in Fig. 2. The baryon four-momentum
given by PB , the light and heavy quark masses aremq and
mQ , respectively. The masses of the virtual two-quark s
systems areMqq

2 5(PB2q)2 andMQq
2 5(PB2q)2 due to the

conservation of the total four-momentum. The two-qua
scattering amplitudestqq(Mqq

2 ) andtQq(MQq
2 ) are the solu-

tions of the Bethe-Salpeter equation in the ladder approxi
tion for a contact interaction between the quark pairs, wh
are derived in detail in the Appendix.

The analytical integration overk2 is performed in Eqs.
~1! and~2!, using only the pole of the single quark propag
tor in the lowest half of the complexk2 plane. The pole is
given by the on-energy-shell conditionkon

2 5(k'
2 1ma

2)/k1,
is

-

k

a-
h

-

with a5 q or Q whenvq(km) or vQ(km) is integrated, re-
spectively. The condition for a nonvanishing result of t
integration ink2 is 0,k1,PB

12q1. The spectator func-
tions appearing inside the integrations in Eqs.~1! and ~2!

depend only on the kinematical momentum, (k1,kW'), as long
askon

2 is a function of the kinematical momentum. Thus,
close the light-front equations the external momentum
chosen on thek2 shell.

In the rest frame of the baryon of massMB , we write that
va(q1,qW' ,qon

2 )[va(qW' ,y), where for convenience the
Bjorken momentum fractiony5q1/MB is used. The Fad-
deev equations in the light front written in terms of the k
nematical momenta are given by
9-2
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vQ~qW' ,y!5
i

~2p!3
tqq~Mqq

2 !E
0

12y dx

x~12x2y!
E d2k'

uS x2
mq

2

MB
2 D u„k'

max~mq!2k'…

MB
22

q'
2 1mQ

2

y
2

k'
2 1mq

2

x
2

~PB2q2k!'
2 1mq

2

12x2y

vq~kW' ,x!, ~3!

vq~qW' ,y!52
i

~2p!3
tQq~MQq

2 !E
0

12y dx

x~12x2y!
E d2k'F uS x2

mq
2

MB
2 D u„k'

max~mq!2k'…

MB
22

q'
2 1mq

2

y
2

k'
2 1mq

2

x
2

~PB2q2k!'
2 1mQ

2

12x2y

vq~kW' ,x!

1

uS x2
mQ

2

MB
2 D u„k'

max~mQ!2k'…

MB
22

q'
2 1mq

2

y
2

k'
2 1mQ

2

x
2

~PB2q2k!'
2 1mq

2

12x2y

vQ~kW' ,x!G , ~4!
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wherex5k1/MB . In the first equation of the coupled se
Eq. ~3!, Q is the spectator quark andqq is the interacting
pair. The maximum value fork' is chosen to keep the mas
squared of theqq or Qq subsystem real, i.e.,Mqq

2 >0 and
MQq

2 >0, respectively. These constraints in the specta
quark phase space come through the theta functions in
integrations of Eqs.~3! and ~4!. For MQq

2 >0 one hask'

,k'
max(mq)5A(12x)(MB

2x2mq
2), and x>(mq /MB)2. For

Mqq
2 >0 one hask',k'

max(mQ)5A(12x)(MB
2x2mQ

2 ), and
x>(mQ /MB)2. For equal particles, Eq.~3! reduces to the
one derived in Ref.@7#.

Finally, the light-front baryon bound state wave functio
of the Qqq system in the rest frame is constructed from t
Faddeev components of the vertex as in Ref.@8#:

C~x1 ,kW1' ;x2 ,kW2'!

5
vq~x1 ,kW1'!1vq~x2 ,kW2'!1vQ~x3 ,kW3'!

Ax1x2x3~MB
22M0

2!
, ~5!

where the free three-quark massM0
2 is given by

M0
25

k1'
2 1mq

2

x1
1

k2'
2 1mq

2

x2
1

k3'
2 1mQ

2

x3
. ~6!

Each constituent quark has momentum fractionxj and trans-
verse momentumkW j'( j 51,3), satisfyingx11x21x351 and
kW1'1kW2'1kW3'50.

III. RESULTS

The coupled integral equations~3! and~4! for a relativis-
tic system of three constituent quarks with a pairwise z
range interaction are solved numerically. The physical inp
09400
r
he

o
ts

of the model are the constituent quark masses and the
quark bound state mass. The mass of the ground state ba
(MB) and the binding energy,BB52mq1mQ2MB , are cal-
culated. First in this section, before presenting the mo
results, we provide a qualitative discussion in order to
tribute to the low-lying spin 1/2 baryons a binding ener
from the experimental data. Then, we compare these
with the model calculations.

A. Qualitative analysis

According to the effective QCD-inspired model calcul
tions of Ref. @6#, the low-lying vector mesons are weak
bound systems of constituent quarks while the pseudosca
are more strongly bound. This justifies our supposition t
the masses of the constituent quarks can be derived dire
from the vector meson masses:

mu5
1

2
M r50.384 GeV

ms5MK* 2
1

2
M r50.508 GeV

~7!

mc5MD* 2
1

2
M r51.623 GeV

mb5MB* 2
1

2
M r54.941 GeV ,

where the values from Table I are used. Also one can ch
whether the values of the current quark masses obta
from the constituent ones attain values compatible with
actual knowledge@16#. It is reasonable to think that the con
stituent quark mass formation mechanism does not dis
guish in detail the quark flavor and thus the current qu
mass ofs, c and b are just given by the differencemQ

curr
9-3
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5mQ2mu (Q5s,c,b). The extracted values of the curre
masses are quite consistent with the experimental ones
Ref. @16#, as one can verify in Table I. At least from th
point of view is not unacceptable to define the constitu
quark masses from the low-lying vector meson states.

A remark should be added on how ambiguous the qu
tative estimates are for the constituent and current qu
masses. Errors arise when different meson masses are
as input, and from the current quark masses of the up
down quarks, which we have disregarded, and leads to
error of about 10 MeV. Moreover, another 10 MeV can
attributed to the degeneracy of ther and v mesons in our
model. Therefore, we roughly estimate an error of 20 MeV
Table I for our values of current quark masses, and for
constituent quark masses from Eq.~7!, as well.

Below, we attribute values to the baryon binding energ
using the constituent quark masses from Eq.~7! and the ex-
perimental values of the baryon masses@16#:

Bp
exp53mu2M p5

3

2
M r2M p ,

BL0
exp

52mu1ms2ML05MK* 1
1

2
M r2ML0,

~8!

B
L

c
1

exp
52mu1mc2ML

c
15MD* 1

1

2
M r2ML

c
1,

B
L

b
0

exp
52mu1mb2ML

b
05MB* 1

1

2
M r2ML

b
0.

The results are presented in Table II.
In Fig. 3, the binding energies of the low-lying pseud

TABLE I. Vector ~pseudoscalar! meson and current quar
masses from Ref.@16#. The estimated values of the current qua
masses~last column! are explained in the text. Values quoted
GeV.

Meson M M quark mq
curr ~Ref. @16#! mq

curr

r (p) ud̄ 0.768~0.138! u,d (1.5–9)31023

K* (K1) us̄ 0.892~0.494! s 0.06 – 0.17 0.124

D* (D0) ūc 2.007~1.865! c 1.15 – 1.30 1.115

B* (B1) ub̄ 5.325~5.279! b 4 – 4.4 4.557

TABLE II. Low-lying spin 1/2 baryon experimental masse
from Ref. @16# and binding energies from Eq.~8!. Values quoted in
GeV.

Baryon I (JP) MB BB

p uud 1
2 ( 1

2
1) 0.938 0.214

L0 uds 0( 1
2

1) 1.115 0.161

Lc
1 udc 0( 1

2
1) 2.285 0.106

Lb
0 udb 0( 1

2
1) 5.624 0.085
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scalar mesons (BM), defined as the difference between t
vector and pseudoscalar masses~see Table I! are plotted
against the mass of the corresponding pseudoscalar me
Also, the values of the binding energies of the spin 1/2 ba
ons (N, L0, Lc

1 andLb
0) from Eq. ~8! are shown as a func

tion of the corresponding baryon mass. We observe a sm
trend in the plot of Fig. 3 forBM as well as forBB as a
function of the hadron ground state mass. The increase o
heavy quark mass produces the same qualitative beha
irrespective of the nature of the hadron, being a meson
baryon.

The data for mesons shown in Fig. 3, was described
the effective QCD-inspired model once the hypothesis of
flavor independence of the interaction was adopted@6#. This
is consistent with the fundamental QCD theory in which t
gluon does not recognize flavor but color@1#. Figure 3 sug-
gests that for baryons, it is reasonable to assume, as a
guess, that the constituent quark interaction would be fla
independent.

B. Model calculations

The physical input of the light-front model defined by th
coupled integral equations~3! and ~4! are the constituen
quark masses and the diquark bound state mass. Up to
point the masses of the constituent quarks have been de
by Eq. ~7!. The value of the diquark mass has to be foun
The diquark mass was fitted to the value of the proton ma
with a given constituent quark mass by the solution of E
~3! with q5Q5u. We usemu50.386 GeV which together
with the nucleon mass of 0.938 GeV impliesMd
50.695 GeV. The slightly differentmu in respect to the one
found in Eqs.~7! is just adequate to the value obtained
Ref. @8#, where the above quark mass was used with a r
sonable description of the proton charge radius and elec
form factor below 2(GeV/c)2.

We solve the coupled equations~3! and ~4! for fixed mu
50.386 GeV andMd50.695 GeV and different values o

FIG. 3. Binding energy (BH) as a function of the mass of th
respective low-lying hadron (MH). Experimental data of pseudo
scalar mesons from Table I~full squares!. Experimental data of the
spin 1/2 baryons from Table II~full circles!.
9-4
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RELATIVISTIC DYNAMICS OF Qqq SYSTEMS PHYSICAL REVIEW D65 094009
mQ . Thus, the binding energy for the spin 1/2 baryo

L0, Lc
1 and Lb

0 are obtained by changing the value ofmQ

(Q5s,c,b). Each value ofmQ produces a ground state ma
and binding energy. In Fig. 4, instead of showing the bind
energy as a function ofmQ , we plot it as a function of the
ground state mass in a continuous curve and compare
the attributed experimental values. For the baryon m
above 2.3 GeV, the boundQqq system goes to the diquar
threshold. This gives the saturation value of 0.077 GeV s
in Fig. 4. The model calculation with a flavor independe
effective interaction is able to reproduce the trend of
attributed experimental binding energies as a function of
mass of the baryon ground state. In view of the simplicity
the model, the agreement between the binding energies
tained theoretically with the attributed experimental value
quite reasonable.

Our present results, although, in a simplified model g
eralize the flavor independent effective interaction of
QCD-inspired↑↓ model to the context of the dynamics o
constituent quarks forming the baryon. The very existence
the smooth pattern shown in Figs. 3 and 4, for the correla
between binding and masses, tells us that the dominant p
ics is the mass variation of the constituent quark and the
effects should average out. Taking into account that spin
gree of freedom is averaged out in the model and at the s
time the reasonable description of the data is found in Fig
gives us the confidence that the main physics related to q
mass variation is reasonable described by the flavor inde
dent contact interaction.

IV. CONCLUSIONS

We have studied the binding of the constituent qua
forming the low-lying spin 1/2 baryonic states of th
nucleon,L0, Lc

1 andLb
0 . We use a relativistic three-quar

model of the baryon defined on the light front, where t
inputs were the constituent quark masses and the diq

FIG. 4. Binding energy of the low-lying spin 1/2 baryon stat
as a function of the respective ground state mass of the baryon
results of the light-front Faddeev model calculation are shown
the solid line. Full circles are the data from Table II for the nucle
L0, Lc

1 andLb
0 .
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mass in the light sector. The effective interaction was cho
of a contact form and spin was averaged out. The con
interaction includes the minimal number of physical scales
describe these baryons. Recently in a QCD-inspired mode
mesons, in addition to the contact interaction, motivated
the hyperfine interaction between the quarks, a Coulomb-
potential was considered as well. Going beyond the hyp
fine interaction itself, the zero range interaction mimics tho
aspects of QCD that bind the constituent quarks in the m
son, which in this paper was used to build the baryon.
observed a surprising reproduction of the trend and ma
tude of the binding energies as a function of the distint qu
mass. Our conclusion, while unexpected, still carries a m
detailed analysis which includes the quark spin and
Coulomb-type interaction. The results shown here give
support for the extension of the QCD-inspired model
Refs.@5,6# to baryons.

As the feature we addressed here is valid irrespective
the composite hadron nature, we think that our conclusion
the flavor dependence of baryonic masses may still hold
more realistic model. However, we have to stress that
present model is based on the notion of constituent qua
and it only uses the constituent quark mass which, in fa
because spin effects are averaged, does not really enter
spin dependent interactions in our calculations. When s
dependent interactions are present, constituent quark mo
can lead to conflict with data, as has been shown in Ref.@17#
for the proton spin measured in deep inelastic scatter
Therefore, the extension of our conclusion for the case
spins are no longer averaged has to be cautious to a
conflict with spin data.
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APPENDIX: TWO-QUARK SCATTERING AMPLITUDE

The two-body scattering amplitudestqq(Mqq
2 ) and

tQq(MQq
2 ) are the solutions of the Bethe-Salpeter equatio

in the ladder approximation, represented diagrammaticall
Fig. 5, for a contact interaction between the quarks@7,15#. In
this case the solution is just given by the infinite sum of t
product of ‘‘bubble’’ diagrams~Fig. 6! multiplied by powers
of the bare interaction strength. The result is given by
geometrical series,

taq~Maq
2 !5

1

il212Baq~Maq
2 !

, ~A1!

he
y
,

FIG. 5. Bethe-Salpeter equation in ladder approximation for
two quark-scattering amplitudes from Eq.~A1!. The contact inter-
action is represented by the dot.
9-5



e
n

e
e

e
io

r-
e

n to
ied

ra-

e,
e
t-

ct

de-
CD

de

n

E. F. SUISSO, J. P. B. C. de MELO, AND T. FREDERICO PHYSICAL REVIEW D65 094009
wherea5q or Q andl is the bare interaction strength. Th
function Baq(Maq

2 ) is the ‘‘bubble’’ diagram represented i
Fig. 6,

Baq~Maq
2 !5E d4k

~2p!4

i

~k22mq
21 i«!

3
i

@~Paq2k!22ma
21 i«#

, ~A2!

where the total four-momentum of the quark pair isPaq with
Paq

2 5Maq
2 .

The four-dimensional integration in Eq.~A2! is performed
in light-front variables. First, the virtual propagation of th
intermediate quarks is projected at equal light-front tim
@7,12#, by analytical integration overk2 in the momentum
loop. The non-zero contribution to Eq.~A2! comes from 0
,k1,Paq

1 for Paq
1 .0,

Baq~Maq
2 !5

i

2~2p!3E dk1d2k'

k1~Paq
1 2k1!

3
u~Paq

1 2k1!u~k1!

Paq
1 2

k'
2 1mq

2

k1
2

~Paq
1 2k!'

2 1ma
2

~Paq
1 2k1!

.

~A3!

Now, we introduce the invariant quantityx5k1/Paq
1 and

the relative momentum

KW '5~12x!kW'2x~PW aq2kW !' ,

in Eq. ~A3!, which gives

Baq~Maq
2 !5

i

2~2p!3E dxd2K'

x~12x!

3
u~12x!u~x!

Maq
2 2

K'
2 1~ma

22mq
2!x1mq

2

x~12x!

. ~A4!

The functionBaq(Maq
2 ) has a log-type divergence in th

transverse momentum integration. The renormalizat

FIG. 6. ‘‘Bubble’’ diagram representing Eq.~A2!.
09400
s

n

taq(Maq
2 ) is done by taking into account the physical info

mation of the interacting light-quark pair system, that w
suppose has a bound state. Using this physical conditio
define the two-quark scattering amplitude we have stud
the nucleon in the three-quark light-front model@8#. This
model fitted, simultaneously, the proton mass, the charge
dius and the electric form factor below 2 (GeV/c)2 @8#.
Here, we just use the same renormalization condition.

The pole of the light-quark scattering amplitud
tqq(Mqq

2 ) is found whenMqq is equal to the mass of th
boundqq pair, Md . Thus, the bound state pole of the sca
tering amplitude demands that

il215Bqq~Md
2!, ~A5!

which is enough to render finite the scattering amplitudestqq
and tQq . Thus, the bare strength of the effective conta
interaction between the constituent quarksq andQ does not
depend on flavor. In this manner, we extend the flavor in
pendence of the gluon interaction of the fundamental Q
Lagrangian to the effective interaction.

The final equation for the two-quark scattering amplitu
is

taq~Maq
2 !5

1

Bqq~Md
2!2Baq~Maq

2 !
. ~A6!

The log-type divergence oftaq is removed by the subtractio
in Eq. ~A6!.

In particular, the analytical form of Eq.~A6! is @7#

tqq~Mqq
2 !52 i ~2p!25A

mq
2

Md
2

2
1

4

3arctanS 1

2Amq
2

Md
2

2
1

4
D 2A mq

2

Mqq
2

2
1

4

3arctanS 1

2A mq
2

Mqq
2

2
1

4
D 6

21

, ~A7!

for 0,Mqq,2mq , which is enough for the integration in
Eq. ~3!.
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