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Pion decay of baryons in a flux-tube quark mode]
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Pion decay widths of nonstrange-baryon resonances are calculated based on the 'Po quark-pair-

creation model. The decay mechanism is consistent with the description of the nucleon and of the

pion as having quark structure related to a flux-tube model motivated by QCD. The spectroscopic

model has no adjustable parameter. The 'Po model has one parameter which we fit to reproduce the

6(1232) decay width. The results for 19 resonances are compared to experiment and to results ob-

tained from the pseudoscalar-emission model. This sheds some light on the role of the finite size of
the pion.

I. INTRODUCTION

Much progress has been made in understanding the
hadron spectra through quark models inspired by QCD.
Here we refer to flux-tube models abstracted from the
strong-coupling Hamiltonian lattice formulation of QCD
(Refs. 1 and 2). Such models can provide an adequate
description of meson ' and baryon spectra ' ' and a
more fundamental ground for the strong decay process
via a fiux-tube-breaking mechanism. The breaking mech-
anism supports in particular the Po quark-pair-creation
(QPC) model. ' Based on this model, in this paper we
calculate the pion decay widths of nonstrange-baryon res-
onances. These resonances have been obtained by di-
agonalizing the hyperfine interaction (one-gluon ex-
change) in a basis provided by a semirelativistic Hamil-
tonian containing a relativistic kinetic-energy term and
an adiabatic potential derived from a flux-tube quark
model. We treat the pion as a 6nite-size particle and for
consistency with the baryon description we assume its
ground state to be described by the variational two-body
correlation function of Ref. 3.

In Ref. 9 the pion decay widths were calculated on the
basis of the same baryon resonance model but assuming a
pseudoscalar-emission (PSE) model with a recoil term'
for the decay process. Accordingly the pion was treated
as a pointlike particle. %'e compare the present results
with those of Ref. 9 and with the local limit of the QPC
model in order to study the effect of the structure of the
pion.

In the next section we briefly describe the quark model
for the qq and qqq systems. In Sec. III the quark-pair-
creation model is reviewed. Results for the pion decay
widths are given in Sec. IV and Sec. V is devoted to a dis-
cussion and summary.

II. FLUX-TUBE MODEL FOR BARYONS AND MESONS

An extensive presentation of the semirelativistic model
used in this work to describe the baryon wave functions
can be found in Refs. 5 and 9.

The three-quark Hamiltonian contains a relativistic
kinetic-energy term and a potential-energy term which is

the sum of three quark-quark potentials and of a three-
body .potential. The former consist of color Coulomb
plus linear confinement terms. The latter is proportional
to the string tension of the flux tube.

The parametrized ground-state wave function (which
consists of two- and three-body correlation factors} has
been obtained variationally in Ref. 1. Excited states up
to two units of angular momentum or one unit of radial
excitation are built orthogonally to the ground state.
They are classified as the 56(0+,2+ }, 56'(0+ ),
70(0+, 1,2+), and 20(1+ ) SU(6) supermultiplets to be
used with the spin-flavor states such as to give rise to to-
tally symmetric states. Their degeneracy is broken by the
hyperfine interaction' containing spin-spin and tensor
parts. Its singularities have been removed by including a

—(1/2)A2 2
form factor e "~ ' ~, where A (fm) can be viewed as
the "size of the quark, " so as to mock up higher-order
corrections beyond one-gluon exchange and neglected
relativistic effects. The quark mass m and size A have
been treated as parameters in Ref. 5. The values m =324
MeV, A=0.09 fm, hereafter called "set II," have been
found to reproduce the mass of the ground-state nucleon
and to give a good overall hadron spectrum.

As discussed in the following section, the quark-pair-
creation model of strong interactions requires an explicit
form for the radial part of the emitted meson. Calcula-
tions of decay widths of baryon resonances have been

performed in Ref. 8 assuming a harmonic-oscillator wave
function.

In this paper we deal with nonstrange particles only
and both the meson and the baryon are consistently de-
scribed by the same QCD-inspired quark model. ' Ac-
cordingly the meson is a qq system for which the flux-
tube picture suggests the following Hamiltonian:

H = g (p +~')'"—— +&~
I ri —r21

(2.1)

where m, r;, and p; are the quark (or antiquark) mass, po-
sition, and momentum, respectively. The values of the
strong coupling constant a, and string tension v'cr are
taken as in Ref. 1:
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4 &s —1=0.5, &o =1 GeVfm
3 Ac

(2.2)

For consistency with the baryon wave function we choose
for the lowest state of (2.1) the variational solution found
in Ref. 1. Its explicit form reads

According to Ref. 8 the decay amplitude for the pro-
cess R ~MN, where R is the baryon resonance, M the
meson, and N the nucleon ground state in the rest frame
of R, is given by

(NM
~

T R ) =y g ( 1 lm —m
~

00) (4N4M
~
4a 4„„)

f (r) =r exp I
—0.3965r&(r)—2. 1[1—8'(r)]r '

(2.3) XI (R;N, M}, (3.1}

1+exp( —0. 15/0. 05 )

1+exp[(r —0. 15)/0. 05j

where r is in frn. There is still some inconsistency with
respect to the baryon wave function. Here for simplicity
we neglect the one-gluon-exchange contributions to the
meson wave function. In a more adequate treatment one
should add the contribution of the hyperfine interaction
or, better, consider the variational solution of Ref. 3
where the spin-spin, spin-orbit, and tensor correlations
have been included. In a comparative study of m and p
meson emission such a wave function would be necessary.
In the above description ~ and p are different only in the
flavor-spin space.

where the 4's are the SU(6)-Aavor-spin wave functions of
the nucleon, meson, resonance, and of the vacuum and
I (R;N, M) is the momentum-space integral:

I (R 'N M)= f dk)dk~dk3dk4dkq5(k)+kq+k3)

X 5(k)+ k2+k4 —kiv )5(k3+ k5 —k~ )

x 5(k4+ks) Yl (k4 —ks)g„(k, , k2, k3

X fiv(k, , k2, k4)g~(k3, k5), (3.2)

where the f's are the Fourier transforms of the spatial
parts of R, N, and M wave functions.

Using the Jacobi momentum coordinates

III. QUARK-PAIR-CREATION MODEL
FOR MESON EMISSION

k =(kt —k2)/&2,

kg ——(k, +k2 —2k, ) /&6, (3.3)
The decay model is based on the creation of a quark-

antiquark pair with equal probability anywhere in the ha-
dronic matter. The constant of the pair-creation process
y is purely phenomenological. The quantum numbers of
the qq pair are those of the vacuum, i.e., a Po state. '

As shown in Fig. 1 the pair rearranges in a new baryon
and an emitted meson together with the quarks of the de-
caying resonance, which are treated as spectators.

It has recently been shown that the Po model is close-
ly related to a flux-tube-breaking mechanism. It corre-
sponds to the limiting case where the flux-tube wave
function has an infinite extension. In this limit the ampli-
tude for a ground-state flux tube (string) to break is equal
at all points and independent of the transverse direction
from the string. It can therefore be identified with the
pair creation constant y of the Po model. Moreover, in
the analysis of the meson decay it has been found that the
flux-tube-breaking model with a finite extension for the
wave function gives results very similar to the Po model.
In keeping with this finding we use the Po model in this
study of the baryon decay. This allows a substantial
simplification of our calculations.

1K= —(k, +k2+k3),v'3

the integral I becomes

I (R;N, M)=5(kM+kiv) f dk dk~p~(k, kg)

X 1(iiv(k, ki, +&2/3kM )

x OM«M+2&2/34}

X Y, ( —2k' —2&2/3k') .

(3.4)

I (R;N, M)=—
/2

3 23

3/2 5(4r+kiv )
(2m. )

X f dpdA, (b: P„(p,A+2&2/3x}

It is convenient to rewrite I in spatial coordinates, so
that we can directly use the hadron wave functions de-
scribed in Sec. II:

k)

R kp

ik~(v 2/3A, +x)
X iv p, &)e

xe (kM+iV„) 1~(i( x2), (3.5)

k3

FIG. 1. The baryon-resonance decay into nucleon N plus
meson M. e+, =+ —(1,+i,0), Eo (0,0, 1) . ——1

v'2 (3.6)

where p, A, are the spatial Jacobi coordinates of the nu-
cleon, x is the relative coordinate of the outgoing pion,
and e is the spherical unit vector
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&2g o Y~o~5(2x)(A +2) )

g 0 Y, ) ~5(2x)$

f 0Y„~—5(2x)C

(3.7)

with Ao, o, C,2P defined in Ref. 9 and by using Eq.
(3.11) of Ref. 9 relating the matrix elements of 2P and C .
Then the so-called two-parameter PSE model used in
Ref. 9 has a one-to-one correspondence with the pointlike
limit of the QPC model if one sets

x = —y (3.8)

where x and y are the two free parameters. This
correspondence is useful in checking calculations based
on the QPC model. The nine-dimensional integral (3.5)
was solved numerically by a Monte Carlo method. Some
details are given in the Appendix.

One can notice that the effect of the 6nite size of the
meson is a change in the coordinate A, of fR by an
amount proportional to the relative distance x between q
and q. This is a nonlocal effect specific to the QPC mod-
el. One can recover the pseudoscalar-emission (PSE)
model by taking /sr -5(2x ). To find the exact
correspondence we Arst notice that there are six possible
ways of rearranging the particles 1 to 5 into a nucleon
and a pion, from which Fig. 1 is an example. The decay
amplitude is then six times the expression (3.1). For
M =m one can reobtain the amplitudes given in Appen-
dix A of Ref. 9 by making the replacement

IV. RESULTS

X (,I~I~I3NI3w
l
I„I3g ) (4.1)

where Ja is the total angular momentum, I the isospin, I3
its projection, k the pion momentum, E its relativistic
energy, and E~ the relativistic recoil energy of the nu-

cleon in its ground state.
The theoretical values of I z calculated from expres-

sion (4. 1) are presented in Table I. Column 5 is obtained
by using the set II theoretical mass spectrum and the
mixing angles both for the resonances and the nucleon
ground state. Here we also indicate the signs of the asso-
ciated amplitudes because they fix the signs of the helicity
amplitudes for the radiative decay (see later). For the re-
sults labeled "hybrid" of column 4 the theoretical mass
spectrum has been replaced by the experimental masses
of the resonances under study. Column 3 shows results
obtained' from the pointlike (local limit) of the QPC
model. For three and four star resonances the experi-
mental values are extracted from the baryon summary
table of the Particle Data Group' (PDG). For two star
resonances an average of the data of Refs. 15 and 16 has
been made, when both quoted in the full listings of PDG.

In the rest frame of a resonance of mass mz the decay
width for the emission of a pion is given by

2 ((Nm~T[R) [
kE E~

u, +1 mg

TABLE I. Square root of the decay width I'~~~ in MeV'~'. Column 3: QPC, local limit (Ref. 13). Column 4: QPC, set-II mixing
angles of Ref. 9 and experimental masses for the baryons, Eq. (2.3) for the pion. Column 5: same as column 4 but with theoretical
masses of Ref. 9. Here the sign of the amplitudes is also indicated. Columns 6 and 7: data and status of resonances (Ref. 14).

Resonance

P11(1440)

D13{1520)

S11(1535)

S11( 1650)

D 1 g(1675)

F15(1680)

D13 (1700)

P11{1710)
P13 ( 1720)

F17(1990}
F1 q(2000)

P33 {1232)

P33 (1600)

S31 ( 1 620)

D33 (1700)

F3~(1905)
P31(1910)
P33 (1920)

F37(1950)

Main component

'N(56', 0+ )-'+

'N(70 1-)-'-
2N{70, 1 )21

N(70, 1 ) 2

N(70, 1 ) 2

2N(56, 2+) 5+

(' -)--
N(70, 0+ }—'+

'N (56,2+ ) —,
'+

4N(70 2+)-'+

N{70,2+) 2+
'a{s6, 0+)-,'+
'a(56, 0+)-,'+
2+(70 1

—
)

1

5(70, 1 ) —,
'

'6(70, 2+ )-,'+
2+(70 0+ )

1 +

6{56,2+ )—+

4b(56 2+) 27+

QPC
local limit

Set II

4.9
4.5

18.3
19.6
3.1

3.2
2.3
3.5

16.9
0.6
0.7

10.7
9.0
8.3
2.7
1.2
7.8
1.7
3.9

QPC
hybrid

21.7
12.7
7.3
2.2
8.3

10.1
5.4
3.3

10.0
2.5
2.7

10.7
2.5
0.9
8.1

3.6
1.0
1.6

11.8

QPC
Set II

+ 20.8

+ 8.4

+ 6.3
+ 2.3

+ 5.6

+ 9.7
—4.1

+ 1.8
—7.1

—1.8
—2.0

+ 10.7
—0.2
—0.6
—4.8
+ 3.1

+ 0.7
+ 2.0
—8.7

Expt.

10.9+3 2

8.3+1 2

8 0+3.2

9 5+1.9—2. 1

7 6+0.9

8-7+0.9

32."—1.3

4 0+1.1—1.0

5.4+"—1 9
42+1.9—2 1

1 9+0.7—0.7

10.7+
70+24—1, 8

6 54-1.0—1.0

6.1+'—1.7

5 5+2.2—2.0

6 6+2.5—1. 1

6 6+1.1—1.3

9 8+2.6—1.4

Status

)fC Q Q )fC

QQ+SfC

QQQ)fC

Q )fC Q )fC

IfC Q IfC IfC

IfC )fC Q )fC
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The constant y has been adjusted to reproduce the ex-
perimental value of I ~„for 5(1232). The values obtained
for

2

(4.2)

where N is the number of resonances, are 206, 112, and
105 for the results in columns 3, 4, and 5, respectively.
This shows that the replacement of the theoretical by the
experimental masses slightly worsens the global fit. But
the replacement of the point-particle pion by a finite-size
pion required by the QPC model brings a substantial im-
provement decreasing the 7 by a factor of 2. We recall
that the wave function (2.3) gives an rms radius of 0.29
fm for the pion. ' On the other hand, from set II we
found a value of 0.37 fm for the nucleon radius. The re-
sults of column 5 can also be compared to those named
"all mix set II" in Ref. 9. The X fit gave a value of 99 for
16 resonances there, i.e., comparable to 105 for 19 reso-
nances here. But the present model has only one adjust-
able parameter while in Ref. 9 two free parameters have
been used in the fit.

The difference is even more striking when one looks at
the one-parameter PSE model, with a recoil term result-
ing from a standard nonrelativistic reduction. ' The g
over 16 resonances was found equal to 712 in that case.
This comparison shows that the nonlocal character of the
pion emission operator in the QPC model has a very im-
portant role as has already been stressed in an earlier
study by Gavela et al. ' based on the harmonic-oscillator
model. Also it suggests that the results of the two-
parameter PSE model may be due to a mock-up of QPC
nonlocal effects by the extra parameter.

Concerning the signs of the strong decay amplitudes
the QPC model gives the same results as the PSE model
except for the P„(1710) where the QPC model gives
agreement with the experimental sign of the photodecay
amplitudes calculated in Ref. 18 from the same quark
model. This discussion is valid for the so-called "set II"
model used in the present calculations.

In a detailed analysis we can see that in the present cal-
culations most of the I z„ lie within or near the experi-
mental error interval. There are few striking exceptions
though. These are the P»(1440), S»(1650), P»(1600),
S»(1620), P»(1910},and P&&(1920) resonances. For the
P»(1440) and the P&&(1600) resonances —both described
as radial excitations —the present model gives too large
masses as usually happens in a constituent-quark model
with spherical symmetry. In particular the Roper reso-
nance is predicted at about 150 MeV higher than the ex-
perimental mass. The replacement of the theoretical by
the corresponding experimental mass (column "hybrid")
does not improve the situation. However, the QPC mod-
el gives a stronger N7r coupling for the P, , (1440) than for
P&I(1710) which is in agreement with the experiment and
opposite to the predictions of PSE from Ref. 9.

There are problems for some negative-parity states
also. In the calculated spectrum the S&I(1620}is degen-
erate with the D»(1700) resonance while experimentally

the latter lies higher above the first by -80 MeV. The
introduction of a spin-orbit coupling can, in principle, lift
this degeneracy. This has been proven in Ref. 6. But the
spin-orbit coupling does not appear to lift the mentioned
degeneracy in the context of the present basis, as shown
in Ref. 3 by a variational procedure.

From other studies' there are indications that the in-
clusion of the N=3 band can affect the negative-parity
spectrum and in particular the mixing angles of the SII
resonances. This might imply a change in the decay
widths also.

Besides the deficient description of some baryon reso-
nances by the model used in this work we should also dis-
cuss the role of the pion wave function (2.3). As obvious
from Eq. (3.5) the pion size is responsible for the amount
of nonlocality brought in by the emission operator of the
QPC model. A comparison between column 3 (pointlike
pion) and column 5 (finite-size pion) helps to draw a pat-
tern of the above-mentioned striking discrepancies. One
can see that for the P»(1440} resonance the present
finite-size pion gives too large a width but the pointlike
pion a too small one. For the resonances S»(1650),
P»(1600), S»(1620), and P~, (1910) the widths obtained
with the finite-size pion are far too small, even taking into
account the numerical error due to the Monte Carlo
method. On the other hand, the pointlike pion produces
larger or much larger values of I z for these resonances.
It seems as if the nonlocality introduced by the pion wave
function (2.3) is too large and that a pion of a smaller
size, i.e., of a rms radius smaller than 0.29 fm would
reduce the striking discrepancy of the theoretical values
with respect to the experiment. An exception would
remain the P&&(1920) resonance for which the width is
rather insensitive to the pion size.

V. DISCUSSION

We have calculated the pion decay widths of 19 non-
strange resonances by using the quark-pair-creation mod-
el Po. The baryon and the pion were treated as particles
having a structure derived from the same QCD-
motivated flux-tube model. The quark-pair-creation
model can be related to a Aux-tube-breaking mechanism.
Here we analyzed the case where the fiux tube has an
infinite extension.

We found that with only one free parameter the
quark-pair-creation model gives results comparable to
those obtained from the pseudoscalar-emission model
with two free parameters and much better than those ob-
tained from the one-parameter PSE model. Therefore, it
seems important to treat the pion as a finite-size particle,
described on an equal footing with the baryon by a
QCD-inspired model. It would also be interesting to
study whether a breaking mechanism based on a finite ex-
tension flux tube can influence the decay widths.

The Po model also proved successful in other studies
as, e.g., the pp or AA annihilation into two or three
mesons. ' ' Further application of the Po model to the
analysis of strong decay of strange baryons is therefore
desirable.
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APPENDIX

The nine-dimensional integral (3.5) has been calculated
numerically using a Monte Carlo procedure. We used
spherical coordinates for the factors p, A, , and x and re-

placed p, A, , and x by new variables a; (i = 1,2,3) given by
the transformation

p=tana„k=tana2, x =tana3 . (A 1)

This transformation helps to increase the numerical accu-
racy by smoothing the integrand.

The integration upper limits of the variables given by
(Al) have been set equal to tan(n/3). The program has
been run over 50000 random points so that the numerical
error estimated on a standard deviation basis has been
kept below 20% for most of the resonances. For
P33(1600), P33(1920), and P»(1710) we could not reach a
good numerical precision.
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