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The partial decay widths of positive parity baryons belonging to 56-plets of SUð6Þ are analyzed in the

framework of the 1=Nc expansion. The channels considered are those with emission of a single �, K, or �K

meson, and the analysis is carried out to subleading order in 1=Nc and to first order in SUð3Þ symmetry

breaking. The results for the multiplet ½56; 0þ�, to which the Roper resonance belongs, indicate a poor

description of the widths at leading order, requiring important next to leading order corrections. For the

multiplet ½56; 2þ�, the P wave decays in the nonstrange sector are well described at leading order, while

the F wave decays require the next to leading order corrections, which turn out to be of natural magnitude.

SUð3Þ breaking effects are poorly determined, because only few decays with a K meson in the final state

are established, and their widths are not known with sufficient accuracy.
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I. INTRODUCTION

One of the most important objectives in hadronic phys-
ics is the increasingly accurate determination of the prop-
erties of baryon resonances, the search for predicted and
yet unobserved resonances, and the theoretical description
and understanding of the resonances’ observables. The
study of baryons, which is complementary to that of me-
sons, plays, indeed, an important role in exposing non-
perturbative aspects of QCD, such as the ordering of states
into approximately linear Regge trajectories, the various
strong and electromagnetic transition observables, and the
remarkable identification of spin-flavor multiplets in the
known spectrum of baryons. This latter property was iden-
tified back in the 1960s [1], and in QCD it can be explained
in terms of the 1=Nc expansion: in the large Nc limit,
baryons must fill multiplets of the contracted spin-flavor
symmetry group SUcð6Þ [2,3]. In the real world with Nc ¼
3, we do have evidence of an Oð3Þ � SUð6Þ multiplet
structure, in particular, thanks to the well-established
ground state octet and decouplet states which are accom-
modated in a ½56; ‘P ¼ 0þ�, and the convincingly estab-
lished ½56; 2þ� and ½70; 1�� multiplets in the second
resonance region, which, although incomplete, have
enough known states for a good identification of them.
For other multiplets, the identification needs further scru-
tiny, based on mass formulas in particular. One such a
multiplet is the one containing the Roper resonance
Nð1440Þ, which is assumed to be a ½56; 0þ�. Only a few
of the resonances which would be assigned to that multi-
plet are established.

While in the large Nc limit there must be a contracted
SUcð6Þ symmetry in the baryon sector, its breaking hap-
pening atOð1=NcÞ, there is no justification of principle for
the observed approximate Oð3Þ symmetry. Within a given
Oð3Þ � SUð6Þ multiplet, the Oð3Þ symmetry is recovered
in the large Nc limit if the multiplet corresponds to the
symmetric spin-flavor representation, but it is broken at
OðN0

cÞ for a mixed-symmetry multiplet. Thus for the states
we discuss in this paper, and provided we neglect configu-
ration mixings [4], i.e. mixings with, for instance, a mixed-
symmetry multiplet, the breaking of the Oð3Þ symmetry is
a subleading effect in 1=Nc.
Based on the Oð3Þ � SUð6Þ symmetry scheme, it is

possible to implement a 1=Nc expansion in baryons as an
effective theory built in terms of effective operators asso-
ciated with the observable to be analyzed. This framework
has been utilized in the analysis of baryon masses [5,6],
strong decays [7–10], magnetic moments [11], electromag-
netic helicity amplitudes [12], etc. From these works, it
transpires that the ordering of effects according to the 1=Nc

power counting is remarkably well manifested for most
observables that have been studied, with some exception in
the case of the ½56; 0þ� Roper multiplet, which is part of
the present analysis.
This work extends the analysis of the strong decays of

positive parity baryons studied within SUð4Þ [10] to the
56-plet of SUð6Þ. The analysis is carried out to subleading
Oð1=NcÞ and to first order in SUð3Þ symmetry breaking,
and the framework follows a similar implementation as in
the case of decays in SUð4Þ [10]. An earlier analysis of the
decays of the ½56; 0þ� baryons in the 1=Nc expansion was
made in Ref. [8]. The present work presents a full fledged
analysis to the orders mentioned for that multiplet as well
as for the ½56; 2þ�.

*goity@jlab.org
†jayalath@jlab.org
‡scoccola@tandar.cnea.gov.ar

PHYSICAL REVIEW D 80, 074027 (2009)

1550-7998=2009=80(7)=074027(10) 074027-1 � 2009 The American Physical Society

http://dx.doi.org/10.1103/PhysRevD.80.074027


The inputs utilized for the analysis are the partial decay
widths as given in terms of fractions of the Breit-Wigner
widths by the Particle Data Group [13]. Most of these
inputs have changed only slightly over the last few editions
of the particle listings, and we refer to the latest edition for
references to the most recent partial wave analyses.

The work is organized as follows: in Sec. II, we outline
the implementation of the 1=Nc expansion for the decays;
in Sec. III, we give the results for the analyses of the
½56; 0þ� and the ½56; 2þ� baryon decays, followed by the
conclusions in Sec. IV. For completeness, an appendix
provides details on the SUð3Þ isoscalar factors needed in
the calculations.

II. THEORETICAL BACKGROUND

A. Baryon states in Oð3Þ � SUð6Þ
The excited baryon states in the large Nc limit must fill

towers of states, which correspond to irreducible represen-
tations of a contracted spin-flavor symmetry group
SUcð2NfÞ. The states of angular momentum of order unity

in these towers have mass splittings Oð1=NcÞ. As already
mentioned, in the real world with Nc ¼ 3, it is observed
that there is in addition an approximate Oð3Þ symmetry,
which does not follow from the 1=Nc expansion but is,
rather, from a phenomenological observation. This sym-
metry is most clearly displayed in the spectrum of the
known excited baryons. Thus, the classification of the
excited baryons in terms of the symmetry group Oð3Þ �
SUð2NfÞ is the proper approach. In largeNc, the contracted

symmetry group will emerge as a subgroup of that larger
group [14].

For three light flavors, we need the group SUð6Þ, which
has 35 generators, namely fSi; Ta; Giag, with i ¼ 1, 2, 3,
and a ¼ 1; . . . ; 8, where the first three are the generators of
the spin SUð2Þ, the second eight are the generators of flavor
SUð3Þ, and the last 24 can be identified as an octet of axial-
vector currents in the limit of zero momentum transfer. The
algebra of SUð6Þ has the following commutation relations
that fix the normalizations of the generators:

½Si; Sj� ¼ i�ijkSk; ½Ta; Tb� ¼ ifabcTc;

½Si; Gja� ¼ i�ijkGka; ½Ta;Gib� ¼ ifabcGic;

½Gia;Gjb� ¼ i

4
�ijfabcTc þ i

2
�ijk

�
1

3
�abSk þ dabcGck

�
;

(1)

where dabc and fabc are the SUð3Þ symmetric and anti-
symmetric invariant tensors, respectively.

The states of interest in this work belong to the totally
symmetric irreducible representation S, which is given by a
Young tableau consisting of a single row of Nc boxes.
These states correspond at Nc ¼ 3 to the 56-plet of
SUð6Þ. Another important representation is the mixed
symmetric, which consists of a row with Nc � 1 boxes

and a second row with a single box, that for Nc ¼ 3
corresponds to the 70-plet of SUð6Þ. We denote, by ‘, the
Oð3Þ quantum number of the states. The states belonging to
the ½56; ‘� multiplet are then given by

jð‘; SÞJJ3;R ¼ ðp; qÞ; Y; II3>S

¼ X
m;S3

h‘m; SS3 j JJ3i

� jSS3;R ¼ ðp; qÞ; Y; II3>S j ‘mi; (2)

where the label S indicates that the state belongs to the
symmetric spin-flavor representation, S is the spin quan-
tum number associated with the spin subgroup of SUð6Þ, J
is the total angular momentum of the baryon, R ¼ ðp; qÞ
indicates the SUð3Þ irreducible representation given in
terms of the usual labeling of a Young tableu with pþ
2q ¼ Nc, and Y and I are, respectively, the hypercharge
and the isospin.
From the decomposition of the S representation of

SUð6Þ as a sum of direct products of irreducible represen-
tations of SUð2Þ � SUð3Þ, it results that p ¼ 2S. This latter
relation is a consequence of the fact that, for the S repre-
sentations, the two factors in the direct products involved
in the decomposition have the same Young tableau ðp; qÞ.
The relation then follows from the relation p ¼ 2S in
SUð2Þ. The p ¼ 2S relation is a generalization of the I ¼
S relation for the S representations of SUð4Þ.
The correspondence of multiplets between generic Nc >

3 and Nc¼3 is as follows: (i) ðp¼1;q¼Nc�1
2 Þ!ð8;S¼ 1

2Þ
and (ii) ðp ¼ 3; q ¼ Nc�3

2 Þ ! ð10; S ¼ 3
2Þ. Clearly, all this

holds for odd Nc.
For ‘ ¼ 0, which also includes the ground state baryons,

we have the J ¼ S ¼ 1=2 octet and the J ¼ S ¼ 3=2
decuplet. For ‘ ¼ 2, we have octets with J ¼ 3=2, 5=2
and decuplets with J ¼ 1=2 through 7=2.

B. Oð3Þ � SUð6Þ framework for decays

In the following, the framework for implementing the
calculation of decays via emission of a single pseudoscalar
meson is described. We first give the partial decay widths
in terms of reduced matrix elements of the effective bar-
yonic operators, which describe the transition between the
initial excited baryon and the final ground state baryon. If
we altogether neglect SUð3Þ symmetry breaking, the par-
tial widths could be expressed solely in terms of SUð3Þ
reduced matrix elements of the effective operators.
However, SUð3Þ symmetry breaking is noticeable in the
decays, and must be included. This is done with effective
operators, generated by the octet component of the quark
masses [i.e., by the term 1

2
ffiffi
3

p ðmu þmd � 2msÞ�8 in the

quark mass matrix], and thus the partial widths are, rather,
given in terms of reduced matrix elements of the isospin
SUð2Þ. We start from the general expression for a partial
decay width of an initial excited baryon state
j ð‘; S�ÞJ�J�3;R�; Y�; I�I�3i to a final state j SS3;R; Y; II3i
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emitting a pseudoscalar meson in the state

j ~‘~‘3; ~R; ~Y; ~I~I3i. The effective operator must carry the
same quantum numbers of the meson. The partial decay
width is then given by

� ¼ k

8�2

MB

MB�

1

ðÎ�Ĵ�Þ2
X

J�3 ;I
�
3 ;S3;I3;

~‘3;~I3

jhSS3;R; Y; II3

j B½~‘; ~R�
½~‘3; ~Y;~I;~I3� j ð‘; S

�ÞJ�J�3;R�; Y�; I�I�3ij2; (3)

where MB� and MB are the masses of the excited and final
baryon, respectively, k is the meson momentum, and the

notation ĵ � ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2jþ 1

p
is used. The baryonic transition

operator is denoted by B½~‘; ~R�
½~‘3; ~Y;~I;~I3�, where the upper labels

display the angular momentum of the operator and its
SUð3Þ representation, and the lower labels display the
corresponding projections. The operator is built as a linear
combination in a basis of effective operators, which is
ordered in powers of 1=Nc:

B½~‘; ~R� ¼
�
k

�

�~‘X
n

C½~‘; ~R�
n ðkÞB½~‘; ~R�

n ; (4)

where the Bn are the operators in the basis, and the coef-
ficients Cn encode the dynamics of the decay amplitudes.
In this work, they are determined by fitting to the empirical
partial decay widths. A centrifugal factor is included,
which is expected to carry the chief momentum depen-
dence of the transition amplitude, with the arbitrary scale
� to be chosen to be 200 MeV in what follows.

The effective operators in the basis can be expressed in
terms of spin-flavor operators in the following general
form:

B½~‘; ~R�
n½~‘3;�� ¼

X
m;j3

h‘m; jnj3 j ~‘~‘3i�‘
mG

½jn; ~R�
n½j3;��; (5)

where �‘ is the tensor operator, which gives the transition
between the Oð3Þ state of the excited baryon and the

ground state baryon, and G½j; ~R�
n is a spin-flavor operator.

Without any loss of generality, �‘ is normalized such that
h0 j �‘

m0 j ‘mi ¼ ð�1Þ‘�m�m�m0 . The spin-flavor operator,

which is a tensor with angular momentum jn, can be built
as tensor products of the SUð6Þ generators.

We can express the partial decay widths in terms of the
reduced matrix elements (RMEs) of the basis operators as
follows:

� ¼ k

8�2

�
k

�

�
2~‘ MB

M�
B

Î2

ðÎ�Ĵ�Þ2 j
X
n

C½~‘; ~R�
n ðkÞ

�BnðfS; R; Y; Ig; fð‘; S�ÞJ�; R�; Y�; I�g; f~‘; ~R; ~Y; ~IgÞj2;
(6)

where theBn are the RMEs. These can also be expressed in
terms of RMEs of spin-flavor operators. For operators Bn,
which do not involve SUð3Þ symmetry breaking, one ob-

tains

BnðfS; R; Y; Ig; fð‘; S�ÞJ�; R�; Y�; I�g; f~‘; ~R; ~Y; ~IgÞ

¼ ð�1ÞjnþJ�þ‘þS Ĵ� ~̂‘ffiffiffiffiffiffiffiffiffiffiffiffi
dimR

p
�
J� S� ‘

jn ~‘ S

�

�X
�

R� ~R R

Y�I� ~Y ~I YI

 !
�

hS; R k G½jn; ~R�
n k S�; R�i�;

(7)

where, with obvious notation, there appear a SUð2Þ 6-j
symbol, SUð3Þ isoscalar factors, and the reduced matrix
element of the corresponding spin-flavor operator. � labels
the possible multiplicities for coupling the product of
representations R� � ~R to R in SUð3Þ. Throughout, the
SUð2Þ conventions are those of Edmonds [15], and the
SUð3Þ conventions are those established in the article by
Hecht [16].
In the case of SUð3Þ symmetry breaking operators, we

proceed as follows. The symmetry breaking is due to the
mass difference between the s quark and the u and d
quarks. To first order in the quark masses, this symmetry
breaking is implemented at the level of the spin-flavor
operators according to

G ½jn; ~R�
n;�n

¼ 1

�
½M8

qG
½jn;Rn�
n � ~R�n

; (8)

where M8
q is the octet component of the quark mass

matrix,� an arbitrary scale to render operators dimension-
less, and �n indicates the particular coupling 8 � Rn to ~R.
For the case of interest here, ~R ¼ 8, and therefore Rn can

be 1, 8, 10, 10, or 27. These possibilities give rise to a large
proliferation of SUð3Þ breaking operators at 2-body level.
Fortunately, for the decays of 56-plet baryons, those 2-
body operators are of higher order in 1=Nc, and thus
contribute corrections to the leading order decay ampli-
tudes of order ðms �mu;dÞ=Nc, which are beyond the

accuracy of the present analysis. This is quite different in
the case of the 70-plet, as it will be discussed elsewhere.
The RME of an SUð3Þ breaking operator will then be given
by

BnðfS; R; Y; Ig; fð‘; S�ÞJ�; R�; Y�; I�g; f~‘; ~R; ~Y; ~IgÞ

¼ ð�1ÞjnþJ�þ‘þS Ĵ� ~̂‘ffiffiffiffiffiffiffiffiffiffiffiffi
dimR

p
�
J� S� ‘

jn ~‘ S

�

� 8 Rn
~R

00 ~Y ~I ~Y ~I

 !
�n

X
�

R� Rn R

Y�I� ~Y ~I YI

 !
�

� hS; R k G½jn;Rn�
n k S�; R�i�; (9)

where �n indicates the SUð3Þ recoupling corresponding to
the operator Bn. With the definition of effective operators

used in this work, all coefficients C½‘; ~R�
n ðkÞ in Eq. (4) are of

zeroth order in Nc. In addition, we will normalize the
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operators in such a way that the natural size of all coef-
ficients would be the same. The leading order of the decay
amplitude is in fact N0

c [4]. At this point, it is important to
comment on the momentum dependence of the coeffi-
cients. The spin-flavor breakings in the masses, of both
excited and ground state baryons, give rise to different
values of the momenta k. In the 56-plets the mass splittings
are, however,Oð1=NcÞ or orderms �mu;d, therefore, those

effects on k are taken into account automatically in the
expansion we are performing. Thus, we can ignore any

momentum dependence of the coefficients C½‘; ~R�
n as such

effects are absorbed into the operators.

C. Operator basis

The construction of a basis of spin-flavor operators
follows similar lines as in previous works on baryon decays
[10]. The main difference between the SUð4Þ and SUð6Þ
cases is that, in the first case the matrix elements of a given
spin-flavor operator are all of the same order in 1=Nc,
while in the latter case they are not. For instance, the
emission of K mesons is suppressed by a factor 1=

ffiffiffiffiffiffi
Nc

p
with respect to the emission of pions. This is because, in
the 1=Nc counting, baryons are considered to have strange-
ness OðN0

cÞ. Note that this does not represent any SUð3Þ
symmetry breaking. Because of this issue, the SUð3Þ pre-
serving operators are classified according to the order in
1=Nc at which they contribute in pion emission. The order
of an n-body operator is given by � ¼ n� 	, where 	 is
the coherence factor determined by the number of coherent
generators that appear in the product building the operator.
Details on the derivation of this power counting can be
found in [4].

The decays of the positive parity baryons involve odd
partial waves, and we analyze here the P and F wave
decays. The SUð3Þ preserving operators for the emission
of the pseudoscalar octet are as follows. There is only one
1-body operator, namely Gia=Nc. This operator is of lead-
ing order, and gives contributions to the decay widths into
pions atOðN0

cÞ. Next, we have 2-body operators, which are
built by multiplying a pair of generators such that one can
couple them to j ¼ 1 or 2 and to R ¼ 8. One can construct
six such products, which upon using the SUð6Þ reduction
formulas [17] and keeping only operators up to Oð1=NcÞ,
only two operators are left, namely 1=N2

cfS;Gg½j¼1;8� and
1=N2

cfS;Gg½j¼2;8�. One can show that 3-body operators
contribute to amplitudes at Oð1=N2

cÞ, which is beyond
the order of this work.

To the order we are working, SUð3Þ breaking is de-
scribed by two 1-body operators, namely f8abGib=Nc and
d8abGib=Nc. The first operator does not contribute to de-
cays involving a � meson, and the second one can be
redefined by adding to it a nonbreaking piece in such a
way that it does not contribute to matrix elements involving
a � meson. Because of the small number of empirically
known decay channels into K mesons, we will not be able

to fit the effects of both operators. For this reason, only the
operator d8abGib=Nc will be utilized, which puts some
limitations to the predictivity of the present analysis.
The 1=Nc counting for the reduced matrix elements of

operators is finally given as follows: (i) For SUð3Þ preserv-
ing LO operators, the amplitudes B� ! �B are OðN0

cÞ and
B� ! KB or B� ! �KB areOðN�1=2

c Þ; next to leading order
(NLO) amplitudes are simply an extra factor 1=Nc in all
cases. (ii) For the SUð3Þ breaking operator, once redefined
to have vanishing contributions to amplitudes with pion

emission, it contributes at OðmsN
�1=2
c Þ.

Table I summarizes the set of spin-flavor operators
relevant to the decays of the 56-plet baryons as needed in
this work.
The RMEs of the spin-flavor operators between the

56-plets can be expressed in terms of the SUð3Þ reduced
matrix elements of G and of fS;Gg. The RMEs of G are

given in Table II, and the ones of fS;Gg½j� are related to
those of G by the following formula:

hR0 k fS;Gg½j;8� k Ri�
¼ ð�1ÞSþS0 ĵhR0 k G k Ri�

�
ð�1ÞjŜ0 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

S0ðS0 þ 1Þp

�
�
S0 S0 1

1 j S

�
þ Ŝ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SðSþ 1Þ

p �
S S 1

1 j S0

��
; (10)

where, as mentioned earlier, S and S0 in the 56-plet are
determined by the respective SUð3Þ representation R and
R0. In this work we only need the cases j ¼ 1, 2. Note that
for j ¼ 1 the right-hand side of (10) vanishes if S ¼ S0,
which implies, in particular, that h8 k fS;Gg½1;8� k 8i� ¼
h10 k fS;Gg½1;10� k 10i� ¼ 0. This, in particular, means

TABLE I. Spin-flavor operators

Operator Order

G1 � 1
Nc
G OðN0

c Þ
G2 � 1

N2
c
fS;Gg½j¼1� Oð1=NcÞ

G3 � 1
N2

c
fS;Gg½j¼2� Oð1=NcÞ

GSB � 1
Nc
ðd8ab � �ab=

ffiffiffi
3

p ÞGib Oððms �mu;dÞ=
ffiffiffiffiffiffi
Nc

p Þ

TABLE II. SUð3Þ RMEs of the spin-flavor operator G between
SUð3Þ multiplets in the SUð6Þ 56-plet. h10 k G k 8i ¼ h8 k G k
10i, and h10 k G k 10i�¼2 ¼ 0 when Nc ¼ 3.

RME

h8 k G k 8i�¼1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNcþ1ÞðNcþ5Þ

2

q
h8 k G k 8i�¼2 ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðN2

c�1ÞðNcþ5ÞðNcþ7Þ
32

q
h8 k G k 10i ¼ � 1

4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðN2
c � 1ÞðNc þ 5ÞðNc þ 7Þp

h10 k G k 10i�¼1 ¼ ðNc þ 3Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10ðNc�1ÞðNcþ7Þ
ð45þNcðNcþ6ÞÞ

q
h10 k G k 10i�¼2 ¼ � 1ffiffi

8
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðN2

c�1ÞðNc�3ÞðNcþ5ÞðNcþ7ÞðNcþ9Þ
ð45þNcðNcþ6ÞÞ

q
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that the NLO operator does not contribute to the ½56; 0þ�
amplitudes Nð1440Þ ! �N and �ð1600Þ ! ��.

Notice that the 1=Nc power counting is not given solely
by the reduced matrix elements of the baryonic operator,
but also involves the Nc dependence of the isoscalar fac-
tors. For this reason, we give in an appendix the expres-
sions for general Nc of those isoscalar factors as needed in
the present calculations.

III. RESULTS

In this section, we present and analyze the fits to partial
widths. In general, the LO fits correspond to the results one
would obtain from coupling the pseudoscalar meson to the
excited quark, similar to the framework of the chiral quark
model, leading to results similar to those of quark models
[18]. Our analysis below shows the shortcomings of the LO
approximation, and the need for the NLO contributions,
which are given by 2-body effects in the decay amplitudes.

A. Results for the ½56; 0þ� decays
The basis of operators in this case contains the LO G1

operator, the 2-body NLO G2 operator, and the SUð3Þ
breaking GSB operator. We normalize these operators ac-

cording to Gn ! �nGn, with �1 ¼ 6=5, �2 ¼ 1=
ffiffiffi
2

p
,

�SB ¼ 2
ffiffiffi
3

p
=5, so that the corresponding matrix elements

have natural magnitude. In this multiplet, the experimen-
tally established states to be used in the analysis along with
their respective star rating by the Particle Data Group are as
follows: the Roper resonance Nð1440Þ ( � � � �), the
�ð1600Þ ( � � � ) and the �ð1660Þ ( � � � ) in the 8, and
only the �ð1600Þ ( � � � ) in the 10.

The results of the fits are shown in Table III.
In all the leading order fits considered here denoted as

LO, the decays with K or �K mesons in a final state are not
included, because their widths start atOð1=NcÞ. The LO fit

involves only one operator, and has been carried out by
assigning error bars to the input partial widths, obtained
from the Particle Data Group, which are 30% or the
experimental value if it is larger than 30%. This is to test
whether or not the LO is consistent. In the case of the
½56; 0þ� decays, where all experimental errors are larger
than 30%, it turns out that the LO fit is not consistent, with
a 
2

dof ’ 2. This was well known from previous work in

SUð4Þ [10], where the nonstrange channels were shown to
be poorly described. The problem is best illustrated by the
two ratios, which are parameter-free at LO:
(i) �ðNð1440Þ!�NÞ=�ðNð1440Þ!��Þ¼7:5 (Theory)
vs 2:6�2:1 (Experimental), and (ii) �ð�ð1600Þ!
�NÞ=�ð�ð1600Þ!��Þ¼1:7 (Theory) vs 0:3� 0:2
(Experimental). Thus, spin-flavor symmetry is badly bro-
ken in these decays; this is the most notable inconsistency
of the 1=Nc expansion at LO, and points to the particular
nature of the Roper multiplet. Another relevant ratio is
�ðNð1440Þ ! �NÞ=�ð�ð1600Þ ! ��Þ ¼ 1:64 (Theory)
vs 1:10� 0:63 (Experimental). This ratio is interesting
because it is not corrected at NLO (the NLO operator, as
mentioned earlier, does not contribute to these decay chan-
nels). At LO, the decay rate �ð1600Þ ! �� is remarkably
close to the observed one, but not so well described at
NLO. As in the other fits in this work, we include a fit
denoted by LO*, in which we do not expand the matrix
elements of the LO operator, and also include the SUð3Þ
breaking operator. The reason for doing this is that some of
the reduced matrix elements and isoscalar factors are
poorly represented by the first term in the expansion.
This fit gives significant improvement over the LO one,
shows that the SUð3Þ breaking operator is nearly irrelevant,
and it further exposes the problematic decay channels,
which are the �� channels. Therefore, the NLO correc-
tions must be very important, and they are provided by the
single 2-body operator. The inclusion of these NLO cor-

TABLE III. Fit parameters and partial widths in MeV for P-wave decays of the ½56; 0þ� baryons. The theoretical errors of the results
from the NLO fit are indicated explicitly; similar errors result for the NLO* fit. Please note that here and in subsequent tables ‘‘Exp’’
refers to ‘‘Experiment.’’


2
dof dof C1 C2 B1

LO 2.2 6 8.8(1.3) � � � � � �
LO� 1.7 5 6.7(0.8) � � � 4.2(3.2)

NLO 0.8 4 8.1(0.9) �8:0ð2:6Þ 2.7(4.6)

NLO� 0.9 4 8.7(1.0) �9:3ð4:3Þ 8.2(3.8)

N1=2ð1440Þ �1=2ð1600Þ �1=2ð1660Þ �3=2ð1600Þ
�N �� �KN �� ��� �KN �� �� ��� �N ��

LO 90 12 0 73 24 0 41 58 6 93 55

LO� 148 13 36 57 19 1.6 32 61 6.5 97 90

NLO 214(49) 65(17) 38(28) 111(25) 95(27) 5(4) 63(14) 88(20) 25(7) 56(44) 131(30)

NLO� 250 45 36 97 66 1.6 55 103 23 51 153

Exp 211(88) 81(35) 34(25) 53(51) � � � 24(20) � � � � � � � � � 61(32) 193(76)
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rections leads to a consistent fit. Since the NLO operator
does not contribute to either Nð1440Þ ! �N or
�ð1600Þ ! �� decays, the change in the C1 coefficient
from the LO to the NLO fit gives the correction to these
decays. The large corrections to the widthsNð1440Þ ! ��
and �ð1600Þ ! �N is where the importance of the NLO
operator is shown. Following the criterion of normalizing
the operators we indicated earlier, the coefficient C2 is
similar in magnitude to C1, and thus one could regard it
as of natural size. The dramatic NLO increase in the width
Nð1440Þ ! �� is due to the increase in C1 to which the
NLO contribution adds up. To be more quantitative, we
compare the contributions by the NLO operator to those of
the LO one, and they are �44%, which is slightly bigger
than the expected 1=3 for a natural size NLO correction.
This seems to leave an open issue on how well the 1=Nc

expansion converges for these decays. The NLO fit does
not describe the decay �ð1600Þ ! �� as well as the LO
one, but it is consistent within the errors. In the NLO* fit
we do not expand the matrix elements. The main effect is to
change the coefficientsC2 and B1, and the reason is that the
NLO operator does not contribute to the decays into K
mesons in the NLO fit, while it does in the NLO* fit.

For the SUð3Þ symmetry breaking we find, for all the fits
in this work, two consistent solutions. In all cases, one of
the solutions has a coefficient, which is unnaturally large,
and we assume that such a solution is unacceptable. The
only way to confirm this assumption is by determining
empirically other widths sensitive to the symmetry break-

ing. In the case of the ½56; 0þ�, the role of the SUð3Þ
breaking operator cannot be established: it is irrelevant in
the NLO fit and relevant in NLO* fit. The reason for this
ambiguity is that only two decay widths are involved, and
both have large error bars. Finally, the fits permit us to give
rough predictions for the unknown channels.

B. Results for the ½56; 2þ� decays
The basis of operators in this case involves the LO G1

operator, the NLO G2 and G3 2-body operators, and the
SUð3Þ breaking GSB operator. In this case, the normaliza-
tion factors are taken to be as follows: (i) for the P-wave

decays �1 ¼ 4=
ffiffiffi
7

p
, �2 ¼ 1, �3 ¼

ffiffiffi
3

p
=2, �SB ¼ 4=

ffiffiffiffiffiffi
21

p
,

and (ii) for F-wave decays �1 ¼ 3=
ffiffiffi
8

p
, �2 ¼ 1=2, �3 ¼ffiffiffiffiffiffiffiffiffiffiffi

3=10
p

, �SB ¼ ffiffiffiffiffiffiffiffi
3=8

p
.

The experimentally established states in the ½56; 2þ� to
be used in the analysis are the following ones. In the octets:
(i) J ¼ 3=2: Nð1720Þ ( � � � �) and �ð1890Þ ( � � � �);
(ii) J ¼ 5=2: Nð1680Þ ( � � � �), �ð1820Þ ( � � � �), and
�ð1915Þ ( � � � �). In the decuplets: (i) J ¼ 1=2: �ð1910Þ
( � � � �); (ii) J ¼ 3=2: �ð1920Þ ( � � � ); (iii) J ¼ 5=2:
�ð1905Þ ( � � � �); (iv) J ¼ 7=2: �ð1950Þ ( � � � �) and
�10ð2030Þ ( � � � �).
Let us discuss the results for the P- and F-wave decays

separately, which are respectively displayed in Tables IV
and V.
(i) P-wave decays: All states with J < 7=2 have a

P-wave decay channel. At LO, there is only one

TABLE IV. Fit parameters and partial widths in MeV for P-wave decays of the ½56; 2þ� baryons.

2
dof dof C1 C2 C3 B1

LO 1.6 6 2.8(0.4) � � � � � � � � �
LO� 0.7 5 2.2(0.3) � � � � � � �1:2ð1:6Þ
NLO 0.9 3 1.9(0.2) 0.2(1.2) 0.4(2.8) �4:2ð2:2Þ
NLO� 1.2 3 2.2(0.3) 0.2(1.0) 0.5(2.3) �1:3ð1:6Þ

N3=2ð1720Þ �3=2ð1890Þ N5=2ð1680Þ �5=2ð1820Þ �5=2ð1915Þ
�N �N K� K� �� �KN �� �� K� ��� �� ��� �K� ���

LO 21 0 0 0 1.7 0 19 0 0 1.8 8.1 7.7 0 2.2

LO� 36 1 0.1 3 2 38 16 4 0.3 1.6 9.2 6.6 9.6 2.5

NLO 27(6) 2.4(2) 0.2(0.1) 2.9(2) 2.5(3) 38(21) 16(4) 9.8(6) 1(0.6) 1.8(3) 10(5) 6.1(3) 7.2(4) 1.8(1)

NLO� 36 1 0.1 2.9 2.4 38 16 4 0.3 2 8.1 6 8.8 2.2

Exp 34(16) � � � � � � 18(17) � � � 36(22) 8.5(6.4) � � � � � � � � � 13(5.3) � � � � � � � � �

�1=2ð1910Þ �3=2ð1920Þ �5=2ð1905Þ
�N K� �� �� K�� �N K� �� �� K�� �� �� K��

LO 31 0 3.5 0 0 17 0 13 0 0 14.5 0 0

LO� 35 13 6 0.4 0 19 8.6 23 2.2 0.8 26 1.7 0.1

NLO 45(25) 9.9(6) 5.7(8) 1(0.6) 0 22(13) 6.5(4) 19(15) 5.2(3) 0.6(0.3) 18(11) 4(3) 0.1(0.03)

NLO� 41 15 9 0.6 0.1 18 8.3 28 2.5 0.9 22 1.5 0.1

Exp 52(20) � � � � � � � � � � � � 28(19) � � � � � � � � � � � � � � � � � � � � �
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operator and the fit is consistent as previously ob-
served [10], giving 
2

dof 	 1:6. The main inconsis-

tency appears in the decay �ð1890Þ ! ��, and this
problem gets improved but not solved at NLO. We
also show a LO* fit as described earlier. This fit gives
further improvement over the LO one, and shows
the SUð3Þ breaking operator to be insignificant.
Since, at LO*, one already has a very good descrip-
tion, one expects the NLO corrections to be small,
which is indeed the case. As it occurs for the
½56; 0þ�, the breaking of SUð3Þ cannot be accurately
determined because there are only two widths with
large error bars which are affected. We note some
differences between the NLO and NLO* fits: in the
former case the SUð3Þ breaking is rather large, while
in the latter it is marginally relevant. Thus, the 1=Nc
expansion works particularly well in P-wave decays,
but the SUð3Þ breaking cannot be clearly determined.

We have included predictions for the decay rates into �
mesons. Although these widths are suppressed, starting
at Oð1=N2

cÞ, it is interesting to have an idea of their
magnitude. The fact that no such decays for states assigned

to 56-plets are experimentally observed is a strong indica-
tion of the correctness of such assignments. For 70-plet

baryons, the�modes are not suppressed and start atOðN0
cÞ

[9].
(i) F-wave decays: All states with J > 1=2 have

F-wave decays. Here, the LO results are problematic
as shown by its 
2

dof ¼ 3:7. This is a one-parameter

fit to 12 data. The main issue is that the widths for
Nð1680Þ ! �N and �ð1905Þ ! �N resulting from

the fit are too small. The situation for these decays at
LO is substantially worse than in the case of the
analysis in SUð4Þ [10]. This is due to the � and �
decays that are included in the fits of the present
work. The LO* fit, for which we use the experimen-
tal errors, is substantially better. This is because not
expanding the matrix elements leads to an important
enhancement of the rates Nð1680Þ ! �N and
�ð1905Þ ! �N. We note that these channels are
the main source of the large 
2 at LO. Clearly, the
NLO corrections must be important. The NLO fit has
a minor problem of consistency with the bound

TABLE V. Fit parameters and partial widths in MeV for F-wave decays of the ½56; 2þ� baryons.

2
dof dof C1 C2 C3 B1

LO 3.7 11 0.44(0.03) � � � � � � � � �
LO� 3.4 10 0.41(0.02) � � � � � � �0:20ð0:07Þ
NLO 0.7 6 0.52(0.02) �0:76ð0:10Þ 0.42(0.18) 0.26(0.08)

NLO� 0.83 7 0.51(0.02) �0:32ð0:06Þ 0.40(0.13) �0:11ð0:07Þ

N3=2ð1720Þ �3=2ð1890Þ �3=2ð1920Þ N5=2ð1680Þ �5=2ð1820Þ
�� ��� �� �� K�� �N �� �N K� �KN K� �� �� ���

LO 4.5 5.6 8.7 0 0 22 1.1 0 0 0 0 12 0 1

LO� 8 7 22 0.3 0 55 1.8 0.2 0.1 42 0 14 0.6 1.3

NLO 27(3) 22(3) 59(13) 0.1(0.04) 0 84(6) 6(0.8) 0.1(0.03) 0 12(3) 0 29(2) 0.2(0.1) 4(0.6)

NLO� 13 12 77 0.8 0 83 2.8 0.3 0.1 52 0 21 0.7 2

Exp � � � � � � � � � � � � � � � 88(8) � � � � � � � � � 48(7) � � � 9(3) � � � � � �

�5=2ð1915Þ �5=2ð1905Þ
�KN �� �� K� �� �K� ��� �N �� �� K� K��

LO 0 18 0 0 15 0 0.6 13 0 12 0 0

LO� 3.6 29 1 0.5 18 2 1 20 0.2 30 0.7 0

NLO 3(0.7) 44(3) 0.4(0.1) 0.1(0.03) 36(3) 0.4(0.1) 2(0.4) 45(11) 0.1(0.02) 58(7) 0.1(0.03) 0

NLO� 4.4 43 1.1 0.7 27 2.6 1.6 44 0.3 65 1.2 0

Exp 12(7) � � � � � � � � � � � � � � � � � � 40(13) � � � � � � � � � � � �

�7=2ð1950Þ �7=2ð2030Þ
�N �� �� K� K�� �KN �� �� ��� �K� �� K�� K�

LO 72 0 18 0 0 0 41 14 11 0 0 0 0

LO� 115 0.6 45 6 0 43 50 22 18 16 8 0 1.8

NLO 123(21) 0.2(0.1) 48(9) 0.9(0.2) 0 36(8) 35(8) 12(3) 17(4) 3(0.8) 3(1) 0 0.5(0.1)

NLO� 92 0.4 36 4.5 0 31 40 18 14 11 8 0 1.2

Exp 114(25) � � � � � � � � � � � � 35(7) 35(7) 13(5) 18(9) � � � � � � � � � � � �

ANALYSIS OF 56-PLET POSITIVE PARITY BARYON . . . PHYSICAL REVIEW D 80, 074027 (2009)

074027-7



�F-waveðNð1680Þ ! ��Þ< 2:6 MeV, violating the
bound by a relatively small amount. The main prob-
lem is that the decays �ð1820Þ ! �KN and �� can-
not be simultaneously fitted. The NLO fit gives
�ð�ð1820Þ ! �KNÞ< �ð�ð1820Þ ! ��Þ, which is
opposite to the empirical ordering. We find that by
eliminating both channels as inputs to the NLO
the 
2 is acceptable. The discrepancy is in part
resolved in the fit NLO*, for which the inconsistency
remains in the decay �ð1820Þ ! ��. We have,
therefore, carried out the NLO* fit without that
channel. Since there are no �� baryons in the mass
proximity of �ð1820Þ with which it could mix, the
inconsistency should be resolved either by higher
order terms in the 1=Nc expansion, which would
be indication of poor convergence of the expansion
for that channel, or by a better empirical value of
the width, whose measurement dates back to the
1970s. The SUð3Þ breaking effects are determined
by three input widths, and turn out to be within the
expectations. Note that the experimental errors for
the F-wave widths are significantly smaller than
for the P waves, and thus the predictions for the
unknown widths should be better than for the
P-wave decays.

IV. CONCLUSIONS

This work implemented the 1=Nc expansion for the
decays of positive parity 56-plet baryons, and analyzed
the empirically known partial decay widths to Oð1=NcÞ
and first order in SUð3Þ symmetry breaking. As it had been
well established in previous work within SUð4Þ, the decays
of the ½56; 0þ� baryons are poorly described at LO, requir-
ing NLO corrections by a 2-body operator, which are
almost 50% of the contributions from the LO operator at
the level of the amplitude. These large corrections are
signaling the special nature of this multiplet. We note
that large NLO corrections are also necessary in the de-
scription of the helicity amplitudes of this multiplet [12].
These facts are indicative of a poorly converging 1=Nc

expansion in the ½56; 0þ� baryons. On the other hand, the
decays of the ½56; 2þ� baryons are well described, showing,
for both P- and F-wave decays, natural size contributions
by the NLO operators. We have noticed that for a consid-
erable number of matrix elements better fits result if they
are not expanded in 1=Nc, in particular, in the case of the F
waves. For this reason, we included fits LO* and NLO* to
see that effect.

One point to note is that, in general, the empirical widths
have rather large error bars, considerably larger than
the 10%, which would allow for an accurate determination
of the NLO effects. This impacts on the predictions one
can deduce from the present analysis; in the case of the
½56; 0þ� decays, the predictions should be taken with cau-
tion. In the case of the ½56; 2þ� decays, the predictions

for P-wave widths are within errors of the order of 50%,
while for the F waves they are accurate at the 20% level,
upon having eliminated the problematic channel
�ð1820Þ ! ��.
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APPENDIX: SUð3Þ ISOSCALAR FACTORS

This appendix gives the isoscalar factors, which appear
in the matrix elements needed in this work, which corre-
spond to the emission of mesons belonging to an octet of
SUð3Þ. They are given for the irreducible representations of
SUð3Þ as needed in this work for generic Nc. The repre-
sentations are given in terms of the two labels defining the
Young tableau, namely ðp; qÞ, where pþ 2q ¼ Nc. The
isoscalar factors needed for the decays into the octet of
mesons are denoted by

ðp; qÞ ð1; 1Þ ðp0; q0Þ
Y1I1 Y2I2 YI

 !
�

: (A1)

Here, ðp0; q0Þ is the representation of the final ground state
baryon and ðp; qÞ of the initial excited baryon. For baryons,
the correspondences between multiplets for generic oddNc

and Nc ¼ 3 are as follows: ðp ¼ 1; q ¼ Nc�1
2 Þ ! 8, and

ðp ¼ 3; q ¼ Nc�3
2 Þ ! 10. Table VI displays these corre-

spondences explicitly.

TABLE VI. Representation correspondences for arbitrary odd
Nc.

8 Baryons 10 Baryons Mesons

ðp; qÞ ¼ ð1; Nc�1
2 Þ ðp; qÞ ¼ ð3; Nc�3

2 Þ ðp; qÞ ¼ ð1; 1Þ
State ðY; IÞ State ðY; IÞ State ðY; IÞ
N ðNc

3 ; 12Þ � ðNc

3 ; 32Þ � (0, 1)

� ðNc�3
3 ; 1Þ �� ðNc�3

3 ; 1Þ � (0, 0)

� ðNc�3
3 ; 0Þ �� ðNc�6

3 ; 12Þ K ð1; 12Þ
� ðNc�6

3 ; 12Þ � ðNc�9
3 ; 0Þ �K ð�1; 12Þ
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In the following, Tables VII, VIII, IX, and X display the isoscalar factors as needed for the calculations carried out in this
work.

TABLE VIII. Isoscalar factors for 10 ! 10 decays. The listed values should be multiplied by f1 ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
45þNcðNcþ6Þ

p and f2 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5ðNc�3ÞðNcþ5Þ

ðNcþ1ÞðNcþ9Þð45þNcðNcþ6ÞÞ
q

to obtain the actual isoscalar factors for � ¼ 1 and � ¼ 2, respectively.

� ��
�� �� K�� �K� ��� ��� K��

� ¼ 1 Nc 3
ffiffiffi
5

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ðNc þ 5Þp

� 3
ffiffiffiffiffiffiffiffiffi
Ncþ5

p
2

Nc � 3 2
ffiffiffi
6

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6ðNc þ 3Þp

� ¼ 2 3 � Ncþ6ffiffi
5

p 3�Ncffiffiffiffiffiffiffiffiffiffiffiffiffi
3ðNcþ5Þ

p Nc�3

2
ffiffiffiffiffiffiffiffiffi
Ncþ5

p 4ðNcþ3Þ
Ncþ5 � N2

cþ10Ncþ33ffiffi
6

p ðNcþ5Þ
3�Nc

Ncþ5

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðNcþ3Þ

3

q

�� �
�K�� ��� ��� K� �K�� ��

� ¼ 1 �2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nc þ 3

p
Nc � 6 3 3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nc þ 1

p �3
ffiffiffiffiffiffiffiffiffi
Ncþ1
2

q
Nc � 9

� ¼ 2
2ðNc�3Þ

ffiffiffiffiffiffiffiffiffi
Ncþ3

p
3ðNcþ5Þ

5Ncþ9
Ncþ5 � N2

cþ9Ncþ36
3ðNcþ5Þ

ð3�NcÞ
ffiffiffiffiffiffiffiffiffi
Ncþ1

p
Ncþ5

Nc�3
Ncþ5

ffiffiffiffiffiffiffiffiffi
Ncþ1
2

q
6ðNcþ1Þ
Ncþ5

TABLE IX. Isoscalar factors for 8 ! 10 decays. The listed values should be multiplied by

f ¼
ffiffi
2

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNcþ1ÞðNcþ5Þ

p to obtain the actual isoscalar factors.

N �
�� K�� ��� K��

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNc�1ÞðNcþ5Þ

2

q
�2

ffiffiffiffiffiffiffiffiffi
Nc�1
3

q �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNcþ3ÞðNc�1Þ

3

q
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ðNc � 1Þp

� �
�K� ��� ��� K�� ��� ��� �K�� K�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Nc þ 5
p

2 Ncþ1ffiffi
6

p
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðNcþ3Þ

3

q
2 2Nc

3
2
ffiffiffiffiffiffiffiffiffi
Ncþ3

p
3

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nc þ 1

p

TABLE VII. Isoscalar factors for 8 ! 8 decays. The listed values should be multiplied by f1 ¼ 1
ðNcþ3Þ and f2 ¼ 1

ðNcþ3Þ
ffiffiffiffiffiffiffiffiffiffiffiffiðNc�1Þ
ðNcþ7Þ

q
to

obtain the actual isoscalar factors for � ¼ 1 and � ¼ 2, respectively.

N �
�N �N K� K� �KN �� �� K�

� ¼ 1 Nc 3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ðNc � 1Þp ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3ðNc þ 3Þp
�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
3ðNcþ3Þ

2

q
0 Nc � 3 3

ffiffiffiffiffiffiffiffiffi
Nc�1
2

q
� ¼ 2 3 �ðNc þ 6Þ Ncþ15ffiffiffiffiffiffiffiffiffiffiffiffiffi

3ðNc�1Þ
p � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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TABLE X. Isoscalar factors for 10 ! 8 decays. The listed values should be multiplied by f ¼
ððNc þ 7ÞðNc � 1ÞÞ�1=2 to obtain the actual isoscalar factors.
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