
PHYSICAL REVIEW D, VOLUME 58, 034001
Effective chiral meson-baryon Lagrangian from quark-diquark flavor dynamics
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The approach of path integral hadronization is applied to an SU~2! model of quark-diquark flavor dynamics.
Within such a scheme we derive an effective chiral meson-baryon Lagrangian, where the Goldberger-Treiman
relation, found earlier at the quark-meson level, is now reestablished at the composite hadron level. Masses and
coupling constants of composite hadrons are then calculable by the parameters of the underlying microscopic
quark-diquark picture.@S0556-2821~98!00115-5#
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I. INTRODUCTION

It is well known that the low-energy properties of meso
and baryons can be suitably described by phenomenolog
effective Lagrangians@1–3# which embody the global~chi-
ral! flavor symmetries of quantum chromodynami
@SU~2!3SU~2! or SU~3!3SU~3!#. The appearance of an ap
proximate chiral symmetry and its dynamical breakdown
sures both the generation of Goldstone pions as well as
existence of current algebra relations and low energy th
rems. Concerning meson physics, the approach of path
gral bosonization applied to QCD-motivated Nambu–Jo
Lasinio– ~NJL-! type models@4# turned out to be a powerfu
method for deriving effective chiral meson Lagrangians@3,5#
~for further references see the recent review@6#!.

Considering baryons, we see from the point of view
baryon spectroscopy that baryons can be treated analogo
to mesons by noticing that in a color-singlet baryon any t
quarks must be in a 3C̄ color state, which then transform
under the color group as an antiquark. Moreover, the gl
exchange between two quarks in the 3C̄ state turns out to be
attractive, leading to the formation of bound states refer
to as diquarks. Diquarks then serve as effective~colored!
degrees of freedom and are expected to play a signifi
dynamical role in the structure of baryons.

The important concept of diquarks has a long history~for
the first papers see@7#!. It is worth remarking that there is
now mounting experimental evidence for diquark corre
tions in the baryon arising from various fields in hadron
physics, such as baryon spectroscopy, deep-inelastic lep
hadron scattering, hard proton-proton scattering, or weak
cays@8#.

Altogether, this then suggests that colorless baryons m
be understood as bound diquark-quark states. Clearly,
analytical and numerical calculation of such a resulting tw
body system is much easier to handle than a three-body
culation. In particular, by applying path integral methods
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quark-diquark models it was possible to derive Faddeev-t
equations determining the spectrum of composite bary
@9–11#.

Given the successes of the chiral phenomenological th
ries in the description of low-energy phenomena, it is now
major challenge to derive also the effective chiral mes
baryon Lagrangians, including the hadronic Goldberg
Treiman relation, directly from an underlying microscop
quark-diquark interaction. We choose in this paper a sim
SU~2! model, containing a local interaction of quarks wi
~scalar! diquarks in order to demonstrate the powerfulness
the method of path integral techniques in collective fie
referred to as ‘‘path integral hadronization.’’

II. EFFECTIVE CHIRAL MESON LAGRANGIAN
AND FIELD TRANSFORMATIONS

In order to fix our notation required for the derivation
the nonlinear meson-baryon Lagrangian, it is useful to fi
recapitulate some results of the bosonization of the N
model @5,6#, emphasizing here nonlinear field transform
tions @3#. Thus, we consider the NJL Lagrangian with sca
and pseudoscalar couplings possessing a global flavor
color SU(2)A3SU(2)V3SU(3)C symmetry:

LNJL5q̄~ i ]̂2m0!q1
G

2
@~ q̄q!21~ q̄ig5tWq!2#, ~1!

where ]̂5]mgm , G is a universal coupling constant of d
mension (mass)22, tW are the Pauli matrices of the flavo
group SU~2!, andm0 is an explicit chiral symmetry-breaking
quark mass~summation over repeated indices is always u
derstood!. Introducing collective meson fieldss, p i ( i
51,2,3) by the Gauss trick

expS i E d4x
G

2
@~ q̄q!21~ q̄ig5tWq!2# D

[N1E DsDpW expF i E d4xS 2
1

2G
~s21pW 2!

2q̄~s1 ig5tWpW !qD G ,
one gets a semibosonized Lagrangian
© 1998 The American Physical Society01-1
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LNJL
qM 5q̄~ i ]̂2s2 ig5tWpW !q2

1

2G
@~s2m0!21pW 2#, ~2!

where the bare quark massm0 has been absorbed into th
field s.

It is convenient to define new scalar and pseudosc

fields s8 andFW via the exponential parametrization

s1 ig5tWpW 5~m1s8!expS 2
i

Fp
g5tWFW D

~Fp is the pion decay constant and the constituent qu
massm[^s&0 is fixed by the gap equation@5#!.

Performing an appropriate chiral rotation of quark field1

q5expS i

Fp
g5

tW

2
FW Dx,

provides us a Lagrange density in terms of redefined fie

LNJL
qM ~x,FW ,s8!

52
1

2G
~m1s8!21

m1s8

16G
m0TrF,D

3FexpS 2
i

Fp
g5tWFW D1H.c.G

1x̄H igmF]m1expS 2
i

Fp
g5

tW

2
FW D ]m

3expS i

Fp
g5

tW

2
FW D G2m2s8J x, ~3!

where the trace is taken over flavor and Dirac indices.
Note the nonlinear transformation law of the meson fi

jW[FW /Fp under global chiral transformationsg5exp@(i/2)
g5aW tW ]exp@(i/2)vW tW #PSU(2)A3SU(2)V @2,3# ~ai and v i are
real parameters!:

g•expS i

2
g5tWjW~x! D5expS i

2
g5tWjW8~x! D •h~x!, ~4!

where

h~x!5expS i

2
tWuW 8„jW~x!,g…DPSU~2!V, loc

is an element of the local vector group.
For later use it is convenient to rewrite the Dirac opera

of the x field in Eq. ~3! by employing the Cartan decompo
sition @3#

1In general, i.e., for more than two flavors, this transformat
leads to a chiral Wess-Zumino anomaly.
03400
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expS 2
i

2
g5tWjW D ]m expS i

2
g5tWjW D

5
i

2
g5tWAW m~j!1

i

2
tWVW m~j!. ~5!

The fieldsx,AW m ,VW m have the following simple transforma
tion law under Eq.~4! @Vm[(tW /2)VW m , etc#:

x°x85h~x!x,

Vm°Vm8 5h~x!Vmh†~x!2h~x!i ]mh†~x!,

Am°Am8 5h~x!Amh†~x!.

As we see,Vm transforms as a gauge field with respect
SU(2)V, loc . This allows one to define the following chira
covariant derivative of the rotated quark fieldx:

Dmx5~]m1 iVm!x. ~6!

Thus, using Eqs.~3!, ~5!, and~6!, the inverse propagator o
the x field takes the form

S215 iD̂ 2m2s82Âg5 . ~7!

Finally, by integrating over thex field in the generating func-
tional of Eq. ~3! and freezing thes8 field, one arrives at a
nonlinear pion Lagrangian. Indeed, performing the loop
pansion of the resulting quark determinant (detS21) and
choosing a gauge-invariant regularization, we arrive a
masslike term of theAm(j) field contributing toLeff

M :2

Leff
M 5

m2

gpqq
2 TrFAm

2 1DLsb.

Heregpqq is the induced meson-quark coupling constant a
DLsb5O(m0) is the symmetry-breaking mass term given
the second term in Eq.~3!. As discussed in@3# the Cartan
form Am(j) is just the chiral covariant derivative of thej
field, admitting the expansion

AW m~j![DmjW5]mjW1O~j3!5
1

Fp
]mFW 1O~F3!.

Thus, using the Goldberger-Treiman relation

Fp5
m

gpqq
,

at the quark level@5#, one obtains the effective chiral meso
Lagrangian

Leff
M 5

Fp
2

2
DmjWDmjW1DLsb. ~8!

2Note that possibly arising field strength terms of theVm andAm

fields are vanishing. A mass term;V m
2 does not appear due t

gauge-invariant regularization.
1-2
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III. EFFECTIVE CHIRAL MESON-BARYON
LAGRANGIAN

In order to derive an effective chiral meson-baryon L
grangian from a microscopic quark-diquark model, the se
bosonized Lagrangian~3! has to be supplemented by th
kinetic part of the scalar isoscalar diquarkD, which here will
be treated as an elementary field, and by a quark-diqu
interaction term. For illustration, let us consider a simp
quark-diquark model defined by the following extend
SU~2!3SU~2! chiral-invariant Lagrangian:

LqMD5LNJL
qM 1D†D21D1G̃x̄D†Dx , ~9!

D2152]m]m2MD
2 , ~10!

with diquark massMD and a local effective quark-diquar
interaction with coupling constantG̃. For motivating our
choice of alocal quark-diquark interaction term, notice th
it is close in spirit to the static approximation used in R
@12# for the quark-exchange potential in the quark-diqua
Faddeev bound state equation.3 Such an exchange potenti
arises quite naturally from quark-exchange diagrams em
ing in the bosonization of an NJL model with two-body (qq̃)
and (qq) forces@9–11#. Note that in the latter approach d
quarks are treated as composite particles. Thus our sim
model with a local interaction of quarks and elementary
quarks represents in the sense discussed above a ‘‘ce
approximation’’ to an NJL model with quark-exchange d
grams and composite diquarks, but is much easier to han

As in the NJL model, we are now in the position to intr
duce collective baryon fieldsB using a Gauss trick. Here w
have

expS i E d4xG̃x̄D†Dx D
5N 8E DBDB̄expF i E d4xS 2

1

G̃
B̄B2x̄D†B2B̄Dx D G .

~11!

Let us next perform the ‘‘hadronization’’ of the Lagrangia
~9! by integrating step by step over quark and diquark fie
in the respective generating functional:

Z5N1E Ds8DF iDBDB̄DDDD†

3expF i E d4xS 2 iTrF,D ln S212
1

G̃
B̄BD G

3expS i E E d4x d4y@D†~x!~D212B̄SB!~x,y!D~y!# D ,

3As shown in@13#, the solution based on the static approximati
of @12# qualitatively reproduces the trend of the calculation with t
exact potential reasonably well.
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Z5N2E Ds8DF iDBDB̄

3expF i E d4xS 2 iTrF,D ln S21

2
1

G̃
B̄B1 i ln~12B̄SDB!~x,x!D G , ~12!

with the quark and diquark propagatorsS and D defined in
Eqs.~7! and ~10!, respectively.

Expanding the logarithms in power series at the one-lo
level ~see Fig. 1! and taking into account only lowest-orde
derivative terms, one describes both the generation of kin
and mass terms for the composite baryon fields as well as
meson-baryon interaction. This yields the expression

Leff
MB5E d4xE d4y B̄~x!

3F S 2
1

G̃
2Z1

21gm

tW

2
VW m~x!2gAgmg5

tW

2
AW m~x!D

3d4~x2y!2S~x2y!GB~y!, ~13!

where the baryon self-energyS admits in momentum spac
the decompositionS(p)5 p̂SV(p2)1SS(p2), whose low-
momentum expansion will be quoted below;Z1

21 andgA are
the vector vertex renormalization and axial coupling const
defined by suitably regularized loop integrals.

Performing the low-momentum expansion ofS and intro-
ducing renormalized fields, we have

Leff
MB5B̄ren~ iD̂ 2MB!Bren2gA

renB̄rengmg5

tW

2
BrenAW m,

~14!

with B5Z1/2Bren, gA
ren5Z gA , andZ being theZ factor de-

rived from the baryon propagator which satisfies the QE
type Ward identityZ5Z1 .

As seen from Eq.~13!, the nucleon mass is estimated b

FIG. 1. Self-energy contribution of the nucleon, vector vert
diagram, and axial-vector vertex diagram resulting from expand
the second logarithm in Eq.~12! of the text.
1-3
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1

G̃
1@MBSV~MB

2 !1SS~MB
2 !#50.

RecallingAi
m5]mj i1¯ , we obtained an axial-vecto

derivative coupling of pions to baryons. To get rid of th
derivative, let us redefine the baryon fields via

Bren5expS 2
i

2
gA

reng5tWjW D B̃.

Then the expansion in a power series inFW provides us the
expression

Leff
MB5 B̄̃~ i ]̂2MB!B̃1gA

ren MB

Fp
B̄̃ig5tW B̃FW 1O~F2!.

~15!

Obviously, we have to identify the constant, associated w
the Yukawa interaction, with the pion-nucleon coupling co
stant as

gB̄̃
¯

B̃F5
MB

Fp
gA

ren, ~16!

which is nothing but the Goldberger-Treiman relation at
composite hadron level. Combining Eqs.~8! and ~15!, the
total meson-baryon Lagrangian reads

Leff,tot
MB 5Leff

M 1Leff
MB .

As a simple application, let us calculate the renormaliz
axial coupling constant from the matrix element associa
with the third Feynman diagram of Fig. 1,

iM m
gA523i E iS~p2k!gmg5iS~p2k!iD~k!

d4k

~2p!4 .

For typical quark and diquark constituent masses~we sup-
pose an exact isospin symmetrymu5md5m! used in such
type of approaches,

m50.450 GeV,

MD50.650 GeV,
l.

03400
h
-

e

d
d

and a cutoff

L50.750 GeV,

the model leads to a value

gA
ren51.07,

which is in accordance with other related studies~see, e.g.,
@14#!, but somewhat lower than the experimental valuegA
51.26.

IV. SUMMARY

The primary aim of the present paper was to present id
and path integral hadronization techniques applied to qu
diquark flavor dynamics. Starting from a simple local chir
SU~2!3SU~2! model of quarks and diquarks, we have
particular derived an effective composite meson-baryon
grangian. This Lagrangian describes the essential feature
low-energy meson-baryon physics including as an import
result the Goldberger-Treiman relation which is now reest
lished at the composite hadron level. Moreover, masses
coupling constants of composite hadrons are calculable
expressed by the parameters of the underlying quark-diqu
model ~quark and diquark masses, interaction strengthG̃,
and loop momentum cutoffL!.

In order to get from such kind of models more extens
predictions for low-energy hadron characteristics~such as
masses, coupling constants, electromagnetic radia, ano
lous magnetic moments, etc.! exceeding the number of inpu
parameters, we have to further generalize the above appr
to chiral SU~3! symmetry, including in addition axial-vecto
diquarks as well as electromagnetic interactions.

Axial-vector diquarks are expected to be important in
der to get the SU~3! F/D ratio of meson-baryon coupling
constants and to reproduce anomalous magnetic momen
the octet of SU~3! baryons. Especially, they are necessary
order to describe the SU~3! decuplet of 31/2 resonances.

These issues will be the subject of further investigatio
which will be considered elsewhere.
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