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The bound state of constituent quarks formin@@q 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 nucleak, A} andAg, are found and compared to the experimental
data. The data are qualitatively described with a flavor independent effective interaction.
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[. INTRODUCTION by studying the spin 1/2 low-lying states of the nucleaf,
AL andAg. To get insight on the complex three-quark rela-

One major task in strong interaction physics is the calcutivistic dynamics in this first study of th®qq system within
lation of the wave function and the spectrum of the hadronshe light-front framework, we use only the contact interac-
from quantum chromodynami¢QCD) [1]. Phenomenologi- tion, which brings the physical scale of the ground state of
cal dynamical models that retain the low-energy physics othe nucleon, while the spin is averaged out. The effect of the
QCD, and relate different observables are still of interest asong-range Coulomb-type interaction is effectively carried
long as they allow us to expose the nonperturbative propeisut by tuning the contact interaction to the nucleon mass.
ties of QCD. One possibility to model the quark dynamicsThe mass of one of the constituent quaf®3 will be varied
within a relativistic framework is to use the light-front dy- while the bare strength of the effective contact interaction is
namics in a truncated Fock space, which yields a wavekept constant. For each constituent mass the binding energy
function covariant under kinematical boog2s3]. In general,  of the three-quark system is evaluated. Naturally, this calcu-
the light-front Fock-state truncation is stable under kinemati{ation yields the binding energy of the constituent quarks as a
cal boost transformatior{€]. function of the baryon ground state mass, because the bind-

A light-front QCD-inspired model was recently applied to ing energy and the ground state mass depend only on the
the pion and other mesof5,6]. It was able to describe the mass of the quark), with the other inputs kept unchanged.
pion structure as well as the masses of the vector and pseu- The binding energy for constituent quarks is a difficult
doscalar mesons. This effective model, tHemodel[5], has  concept to use together with quark confinement which is
two components in the interaction: a contact term and delieved to exist in nature. It is fair to ask, if one has a
Coulomb-type potential. The contact term is essential to colmeaningful model without confinement, how one could ex-
lapse the constituent quark-antiquark system to form théract from the experimental data a quantity to be compared
pion, while the vector meson is dominated by the Coulombwith the model binding energy. This key point will be ad-
type potential. In this model the vector meson corresponds tdressed in detail in the text.
a weakly bound system of constituent quarks. The model has Let us mention that the three-body model with constituent
no confinement, and the spin does not play a dynamical rolquarks interacting in the light-front with a contact forcg
after than justifying the contact term from the hyperfine in-has been applied to the proton and described its mass, charge
teraction. However, the contact term was able to embrace thedius and electric form factor up to 2 (Geyf [8], al-
physical scale brought by the pion mass and from that théhough the spin was averaged out and before the advent of
masses of the other pseudoscalar and vector mesons wehe 1| model [5,9]. Recently the same three-quark model
calculated[6]. The flavor independence of the interaction was applied to study the dissolution of the nucleon at finite
was assumed, and the model reproduced fairly well the dataemperature and baryonic densft0].
despite its simplicity. The paper is organized as follows. In Sec. I, we derive

Here we report a nonperturbative calculation of the flavorthe coupled integral equations for the Faddeev components
dependence of the masses of some baryons, extending tbéthe vertex of the three-body light-front bound-state wave
concepts coming from thie| model applied previously only function [7], which generalizes the Weinberg-type integral
to mesong5,6]. In this work, we show that the flavor inde- equation found for a two-body bound stafl]. In Sec. IlI,
pendence of the effective interaction still holds for baryonswe present the numerical results for the masses of the
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FIG. 1. Diagrammatic representation of E€l). The black FIG. 2. Diagrammatic representation of E(®). The black
bubble represents the two-quark scattering amplitude. bubbles represent the two-quark scattering amplitudes.

nucleon,A°, Al andA?, using the flavor independent con- of Ref.[7], in fact the kernel of the Faddeev equation in the
tact interaction. We show as well how to relate to experimeniight front was derived in lowest order, and in principle cor-
tal data the results for the binding energies. Finally, in Secrections of higher order can be systematically constructed
IV, we give our conclusions. following recent discussionsl2—-14.

Let us sketch the derivation of the light-front Faddeev
equations for a heavy-light-light three quark syste@u@)
from the four-dimensional Bethe-Salpeter equations. Two

The light-front is defined bx*=x%+x3=0 and the co- different spectator functions, which correspond to the Fad-
ordinates in this space-time hypersurface are giverxby deev components of the vertex, are possible. For the inter-
=x%—x3 andx, = (x%,x?) [2,3]. The coordinatec* is recog- ~ acting pair beingyq the spectator function isq(q*), func-
nized as the time and~ =k°—k3, the momentum canoni- tion of the four-vector momentum of the quagk For the
cally conjugated, corresponds to the light-front energy. Thénteracting pairQq the spectator function isq(q*). The
momentum coordinatds™ and IZL are the kinematical mo- coupled Faddeev-Bethe-Salpeter equations in the ladder ap-

. . _ - . proximation are given by
menta canonically conjugated X0 andx, , respectively.
A relativistic model for three particles on the light front

Il. THREE-QUARK RELATIVISTIC MODEL

for a pairwise contact interaction, was derived from the (@)= — 27 (M2 )f dk

three-body ladder Bethe-Salpeter equation for the Faddeev old a9t aq (2m*

component of the vertex function, by eliminating the relative

x* time between the particldd]. The projection of the co- vg(K*) i
variant dynamics to the light-front hypersurface is performed % (kz_ngr|6)[(pB_q—k)2—m§+|e]’

through the integration over tHe: momentum of the indi-
vidual particles in the Bethe-Salpeter equation leading to a
Weinberg-type equatiofiL1] for three particles. In the work which is represented diagrammatically in Fig. 1, and

d*k
(2m)*

v o(kH) vo(kH)

(K*=mz+16)[(Pg—q—kK)>—mg+1€] ' (kK*=m&+1e)[(Pg—q—K)Z—mj+1€] |
2

vq(Q¥)=~— TQq(Méq)I

which is represented in Fig. 2. The baryon four-momentum isyith «= q or Q whenw (k*) or vo(k¥) is integrated, re-
given by Pg, the light and heavy quark masses aigand  spectively. The condition for a nonvanishing result of the
Mg, respectively. The masses of the virtual two-quark subintegration ink~ is 0<k™<Pg —q". The spectator func-
systems artMg = (Pg—0)? andM$,=(Pg—q)? due to the  tions appearing inside the integrations in E¢b. and (2)
conservation of the total four-momentum. The two-quarkdepend only on the kinematical momenturk’ (k, ), as long
scattering amplitudesqq(Mf]q) and TQq(Mqu) are the solu- ask,, is a function of the kinematical momentum. Thus, to
tions of the Bethe-Salpeter equation in the ladder approximeaelose the light-front equations the external momentum is
tion for a contact interaction between the quark pairs, whictchosen on thé&™ shell.
are derived in detail in the Appendix. In the rest frame of the baryon of masls , we write that
The analytical integration over™ is performed in Egs. v, (q*,q, ,qc;n)zva(ﬁL ,¥), where for convenience the
(1) and(2), using only the pole of the single quark propaga-Bjorken momentum fractiory=q* /Mg is used. The Fad-
tor in the lowest half of the complek™ plane. The pole is deev equations in the light front written in terms of the ki-
given by the on-energy-shell conditid(gnz(kwami)/k*, nematical momenta are given by
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of the model are the constituent quark masses and the di-

N . ) quark bound state mass. The mass of the ground state baryon
wherex=k_ /Mg. In the first equation c_)f the g:oupled_ Set, (M) and the binding energBs=2my+mgy— Mg, are cal-
Ea. (3), Q is the spectator quark amgiq is the interacting  cylated. First in this section, before presenting the model
pair. The maximum value fdk, is chosen to keep the mass results, we provide a qualitative discussion in order to at-
squared of theyq or Qq subsystem real, i.eMZ,=0 and  tribute to the low-lying spin 1/2 baryons a binding energy
ngao, respectively. These constraints in the spectatofrom the experimental data. Then, we compare these data
quark phase space come through the theta functions in thgith the model calculations.
integrations of Eqs(3) and (4). For Méq>0 one hask;

<k™{my)=1(1-x)(Mgx—m3), and x=(mq/Mg)?. For A. Qualitative analysis

ngzo one haskL<kTa"(mQ)=\/(1—X)(M§X—mé), and According to the effective QCD-inspired model calcula-
x=(mqg/Mg)?. For equal particles, E¢(3) reduces to the tions of Ref.[6], the low-lying vector mesons are weakly
one derived in Refl7]. bound systems of constituent quarks while the pseudoscalars

Finally, the light-front baryon bound state wave function are more strongly bound. This justifies our supposition that
of the Qqq system in the rest frame is constructed from thethe masses of the constituent quarks can be derived directly
Faddeev components of the vertex as in R&f. from the vector meson masses:

> 1
'\I’(leklj_ yXZukZJ_) mUZEMp:0384 GeV

_ Uq(xly|21L)+Uq(X21|22L)+UQ(X31|23L) ®)

o 2_\12 ' 1

VX1 XoX3(Mg—Mg) Mg= M x — > M,=0.508 GeV
where the free three-quark md‘sﬂ% is given by (7)
1
0 X1 X2 Xg

Each constituent quark has momentum fractiprnd trans- Mp=Mpgx—5M,=4.941 GeV ,
verse momenturﬁu(j =1,3), satisfyingx; +x,+Xx3=1 and
ki, +Kp, +kg, =0. where the values from Table | are used. Also one can check

whether the values of the current quark masses obtained
from the constituent ones attain values compatible with the
actual knowledgé16]. It is reasonable to think that the con-
The coupled integral equationi8) and(4) for a relativis-  stituent quark mass formation mechanism does not distin-
tic system of three constituent quarks with a pairwise zerauish in detail the quark flavor and thus the current quark

range interaction are solved numerically. The physical inputsnass ofs, ¢ and b are just given by the differencmg“”

Ill. RESULTS
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TABLE I. Vector (pseudoscalar meson and current quark 0.8
masses from Ref16]. The estimated values of the current quark
masseglast column are explained in the text. Values quoted in @Baryon
GeV. - u Meson
' 06 f
Meson My quark mg"" (Ref.[16]) mg""
p (m) ud 0.768(0.139 u,d  (1.5-9)x10°3 E oal =
K* (K*) s 0.892(0.494 s 0.06 - 0.17 0.124 I
D* (D% Tuc 2.007(1.865 ¢ 1.15-1.30  1.115
B* (BY) up 5.325(5.279 b 444 4.557 o2 | .
[ ]
[ |
®
=mg—m, (Q=s,c,b). The extracted values of the current
masses are quite consistent with the experimental ones from 0 2 4

Ref. [16], as one can verify in Table I. At least from this
point of view is not unacceptable to define the constituent

M, [GeV]

qguark masses from the low-lying vector meson states.

A remark should be added on how ambiguous the qualirespective low-lying hadronMy). Experimental data of pseudo-
tative estimates are for the constituent and current quarkcalar mesons from Table(full squares. Experimental data of the
masses. Errors arise when different meson masses are us@in 1/2 baryons from Table [Full circles).

as input, and from the current quark masses of the up and ) ,
down quarks, which we have disregarded, and leads to asf@lar mesonsHy), defined as the difference between the

error of about 10 MeV. Moreover, another 10 MeV can beVector and pseudoscalar masgese Table )i are plotted
attributed to the degeneracy of tlpeand @ mesons in our

model. Therefore, we roughly estimate an error of 20 MeV in
Table | for our values of current quark masses, and for thé&nS

constituent quark masses from E@), as well. ) !

Below, we attribute values to the baryon binding energiestrend in the plot of Fig. 3 foBy as well as forBg as a
using the constituent quark masses from &g.and the ex-
perimental values of the baryon mas§&§|:

BE*P=3m,— M

DZEMP_

M

BexP_Z _ — E _
A0 =2M,+mg MAo—MK*+2Mp M 4o,

8
exp 1
BA:=2mu+mC—MAC+=MD*+EMP—MA;,
BS'=2m,+m,—M ,0o=M *+1M —M 0
Ag u b Ab B 2 p Ab-

The results are presented in Table II.
In Fig. 3, the binding energies of the low-lying pseudo- point the masses of the constituent quarks have been defined

FIG. 3. Binding energy By) as a function of the mass of the

against the mass of the corresponding pseudoscalar meson.
Also, the values of the binding energies of the spin 1/2 bary-
N, A°, A7 andAD) from Eq.(8) are shown as a func-
tion of the corresponding baryon mass. We observe a smooth

function of the hadron ground state mass. The increase of the
heavy quark mass produces the same qualitative behavior
irrespective of the nature of the hadron, being a meson or a
baryon.

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

B. Model calculations

The physical input of the light-front model defined by the
coupled integral equation&3) and (4) are the constituent
quark masses and the diquark bound state mass. Up to this

by Eq. (7). The value of the diquark mass has to be found.

TABLE II. Low-lying spin 1/2 baryon experimental masses The diquark mass was fitted to the value of the proton mass,
from Ref.[16] and binding energies from E¢). Values quoted in

GeV.
Baryon 1(37) Mg Bg
p uud %(%+) 0.938 0.214
A° uds 0" 1.115 0.161
Ad udc 0" 2.285 0.106
AD udb 0(t*) 5.624 0.085

with a given constituent quark mass by the solution of Eq.
(3) with g=Q=u. We usem,=0.386 GeV which together
with the nucleon mass of 0.938 GeV implieMy
=0.695 GeV. The slightly different, in respect to the one
found in Egs.(7) is just adequate to the value obtained in
Ref. [8], where the above quark mass was used with a rea-
sonable description of the proton charge radius and electric
form factor below 2 (GeW)?.

We solve the coupled equatiofd) and (4) for fixed m,
=0.386 GeV andM4=0.695 GeV and different values of
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1 B S I
FIG. 5. Bethe-Salpeter equation in ladder approximation for the

two quark-scattering amplitudes from Ed\1). The contact inter-
. action is represented by the dot.

02 r 1

mass in the light sector. The effective interaction was chosen
0.1 - . of a contact form and spin was averaged out. The contact
Ld interaction includes the minimal number of physical scales to
describe these baryons. Recently in a QCD-inspired model of
mesons, in addition to the contact interaction, motivated by
the hyperfine interaction between the quarks, a Coulomb-like
potential was considered as well. Going beyond the hyper-
0 2 4 6 fine interaction itself, the zero range interaction mimics those
M, [GeV] aspects of QCD that bind the constituent quarks in the me-
son, which in this paper was used to build the baryon. We
FIG. 4. Binding energy of the low-lying spin 1/2 baryon states observed a surprising reproduction of the trend and magni-
as a function of the respective ground state mass of the baryon. Thgide of the binding energies as a function of the distint quark
results of the |ight-fr0nt Faddeev model calculation are shown anaSS Our Conclus|0n7 Wh'le unexpected, St'” Carnes a more
the solid line. I;ull circles are the data from Table I for the nucleon, qetailed analysis which includes the quark spin and the
A%, A andAg. Coulomb-type interaction. The results shown here give a
mg. T+hus, thoe binding _energy for th.e spin 1/2 baryonsztgs_?g,éotrotggryixrfg_nsmn of the QCD-inspired model of
A° A and Ay are obtained by changing the value rof As the feature we addressed here is valid irrespective of
(Q=s,c,b). Each value ofng produces a ground state mass the composite hadron nature, we think that our conclusion of
and binding energy. In Fig. 4, instead of showing the bindingthe flavor dependence of baryonic masses may still hold in a
energy as a function ahg, we plot it as a function of the more realistic model. However, we have to stress that the
ground state mass in a continuous curve and compare Withresent model is based on the notion of constituent quarks,
the attributed experimental values. For the baryon masand it only uses the constituent quark mass which, in fact,
above 2.3 GeV, the boun@qq system goes to the diquark because spin effects are averaged, does not really enter into
threshold. This gives the saturation value of 0.077 GeV seegpin dependent interactions in our calculations. When spin
in Fig. 4. The model calculation with a flavor independentdependent interactions are present, constituent quark models
effective interaction is able to reproduce the trend of thecan lead to conflict with data, as has been shown in [R&].
attributed experimental binding energies as a function of théor the proton spin measured in deep inelastic scattering.
mass of the baryon ground state. In view of the simplicity ofTherefore, the extension of our conclusion for the case that
the model, the agreement between the binding energies oBpins are no longer averaged has to be cautious to avoid
tained theoretically with the attributed experimental values isonflict with spin data.
quite reasonable.
Our present results, although, in a simplified model gen- ACKNOWLEDGMENTS
eralize the flavor independent effective interaction of the
QCD-inspired] | model to the context of the dynamics of E.F.S. and J.P.B.C.M. thank the Brazilian funding agen-
constituent quarks forming the baryon. The very existence ofies FAPESRFundaeo de Amparo a Pesquisa do Estado de
the smooth pattern shown in Figs. 3 and 4, for the correlatios@ Paulg and T.F. thanks FAPESP and CNPQonselho
between binding and masses, tells us that the dominant phyblacional de Pesquisa e Desenvolvimento of Byazil
ics is the mass variation of the constituent quark and the spin
effects should average out. Taking into account that spin de- ApPPENDIX: TWO-QUARK SCATTERING AMPLITUDE
gree of freedom is averaged out in the model and at the same
time the reasonable description of the data is found in Fig. 4, The two-body scattering amplitudes,q(M5,) and
gives us the confidence that the main physics related to quarlbq(Méq) are the solutions of the Bethe-Salpeter equations
mass variation is reasonable described by the flavor indepein the ladder approximation, represented diagrammatically in

B, [GeV]

=]

dent contact interaction. Fig. 5, for a contact interaction between the qudik45]. In
this case the solution is just given by the infinite sum of the
IV. CONCLUSIONS product of “bubble” diagramgFig. 6) multiplied by powers

) o . of the bare interaction strength. The result is given by the
We have studied the binding of the constituent quarksyeometrical series,

forming the low-lying spin 1/2 baryonic states of the

nucleon,A°, A7 andAY. We use a relativistic three-quark 1

model of the baryon defined on the light front, where the Taq(M2 )=— , (A1)
- - - W INTI=Bag(M2)

inputs were the constituent quark masses and the diquark aqtVaq
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FIG. 6. “Bubble” diagram representing E¢A2).

wherea=q or Q and\ is the bare interaction strength. The
function Baq(Miq) is the “bubble” diagram represented in

Fig. 6,

2 ) f d%k i
Bag(Maq (2m)* (k—mi+ie)

i
[(Paq—k)z—miﬂa]’

(A2)

Where the total four-momentum of the quark paiPig, with
The four dimensional integration in EGA2) is performed

in light-front variables. First, the virtual propagation of the

PHYSICAL REVIEWGB 094009

Taq(Miq) is done by taking into account the physical infor-
mation of the interacting light-quark pair system, that we
suppose has a bound state. Using this physical condition to
define the two-quark scattering amplitude we have studied
the nucleon in the three-quark light-front mod@]. This
model fitted, simultaneously, the proton mass, the charge ra-
dius and the electric form factor below 2 (Gey? [8].
Here, we just use the same renormalization condition.

The pole of the light-quark scattering amplitude,
rqq(ng) is found whenM, is equal to the mass of the
boundqq pair, M4. Thus, the bound state pole of the scat-
tering amplitude demands that

INT1=Bgg(M3), (A5)
which is enough to render finite the scattering amplitutgs
and 7q4. Thus, the bare strength of the effective contact
interaction between the constituent quagkand Q does not
depend on flavor. In this manner, we extend the flavor inde-
pendence of the gluon interaction of the fundamental QCD
Lagrangian to the effective interaction.

The final equation for the two-quark scattering amplitude

intermediate quarks is projected at equal light-front timesg

[7,12], by analytical integration ovek™
loop. The non-zero contribution to EGA2) comes from O
<k*<P,, for P,,>0,

) i dk*d?k,
Mz~ o [ e
2(2m)%) kT (PL—k")
O(P q— k") 0(k™)
L Kami (Pr—ki+my
“kt (Pra—k")

(A3)

Now, we introduce the invariant quantike=k*/ qu and
the relative momentum

K, =(1-x)K, —X(Poyq—K), ,
in Eq. (A3), which gives
o fdxdeL
Baq(Maq) 2(277-)3 X(l—X)
0(1—x)6(x)
v KT +(m5—mg)x+mj’ A4
aq X(1—X)

in the momentum

1
Byg(M3) —Bog(M2g)

Tag(M2g) = (A6)

The log-type divergence af, is removed by the subtraction
in Eqg. (A6).
In particular, the analytical form of EqA6) is [7]

2 : 2 mé !
qu(l\/qu)=—l(27r) _— =
M2 4
1 m; 1
X arctan —————| — 2
mé 1 Miq
Mg
-1
1
X arcta , (A7)
2
My 1
2 4
MGq

The functionBaq(Miq) has a log-type divergence in the for 0<M,q<<2m,, which is enough for the integration in

transverse momentum integration. The

renormalizatiorieg. (3).
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