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Abstract: We study the origin of baryon resonances which are dynamically generated in the chiral

unitary approach. We propose a natural renormalization scheme for the dynamical generation of

resonances using the low energy chiral interaction and a general feature of the scattering theory. A

deviation of a phenomenological scattering amplitude from the natural one is interpreted by an ef-

fective pole term interaction of genuine nature which can not be described by the meson-baryon dy-

namics, reminiscent of the CDD pole. Applying the present method to physical meson-baryon scat-

terings, we find that the A(1405) resonance is dominated by a meson-baryon component forming a

KN-73 molecular-like structure, while the N(1535) resonance requires some pole contribution.
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1 Introduction

A great amount of recent research activities in
hadron physics is stimulated by the success of
chiral theory for hadrons. It has turned out that
the range of its applicability is not limited to the
low energy region™ *!, but can be wider as extend-
ed to the first resonance region by unitarizing the
low energy chiral amplitude™ *!. Since the method
is based on the scattering of hadrons, it is suited
for comparison with the experimental data from
which resonance properties are extracted. In this
method, the scattering amplitude is obtained by
solving the Bethe-Salpeter (or Lippmann-Schwing-
er) equation with a suitable hadron interaction,
and therefore, the resulting resonances, if there
are, may naturally be regarded as dynamically gen-
erated resonances.

Historically, the constituent quark model has

* Received date: 16 Sep. 2008; Received date: 28 Sep. 2008;

Document code: A

been also widely used for the description of hadron

resonances as excited states of constituent

U011 The constituent quark model is use-

quarks
ful particularly for the classification of hadrons in
terms of the empirical SU(6) spin-flavor symmetry
and orbital excitations. A large part of observed
hadron states are then identified with the quark
model states. Although the origin of the constitu-
ent quarks are not yet explained by the first princi-
ple of QCD, it reflects at least a part of the nature
of the strong interaction dynamics.

Yet if we look at dynamical properties of had-
rons such as masses, decay properties and so on,
there are cases which can not be explained easily by
the quark model. Strong couplings to two (or
more) hadron states may modify substantially

properties of the quark model states. We expect

this particularly for the case when S-wave channels
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near in energy can couple to the expected state.
Such a coupling can be estimated for the case of a

two-body coupling by
[aaj Carpo (D

where [ and g are the orbital angular momentum
and three momentum of the two-body system, and
p(x) is a transition density. For small ¢ the S-wave
channel has a dominant coupling.

In view of the above two major ingredients of
meson-baryon and quark originated dynamics, in
this report, we discuss the origin of baryon reso-
nances in the following two steps. First we define
the resonance which emerges as a pole of the am-
plitude constructed in the natural renormalization
scheme. This is demonstrated by the chiral unitary
approach based on the meson-baryon dynamics of
chiral symmetry. A possible resonance, if exists,
is then dominated by a molecular-like structure of a
meson and baryon. In the next step, we compare
the phenomenological amplitude with the natural
one. The difference between the two amplitudes
then introduces an effective interaction of a pole
structure which may have an origin not dictated by
the meson-baryon dynamics but instead be conven-
iently described by the quark oriented dynamics.
We apply the analysis to S-wave baryons of J© =
1/27, A(1405) and N(1535), and investigate their
properties. Complete discussions on the materials
of this report are given in our recent publica-

tion''# 141,

2 Natural Renormalization for Dy-
namical Generation

Let us consider a two-body scattering of a
meson and a baryon. The central object we investi-
gate is the scattering amplitude T which is a solu-

tion to the Lippmann-Schwinger(LLS) equation
TWs) =V +VGWAs)H)TWs) . (2)

Here we indicate explicitly the energy (/s) depend-

ence of T and of the two-body propagator G(/s).
The interaction V' can also have energy depend-
ence, which, however, is not shown explicitly
here.

In the chiral unitary approach, the interaction
V is taken as the lowest order chiral interac-

[6.7,9]

tion extracted from the Weinberg-Tomozawa

term of the chiral Lagrangian-*

1
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where f is the pion decay constant, and B and ¢
are the standard SU(3) matrices for baryon octet
and meson octet fields. To the leading order of
non-relativistic expansion, the interaction has the

energy dependence

C [Ws — M) N*Lw , (4)

VWT(«/;) — *2}(2 2f2

where M is the mass of the target baryon, « the
energy of the meson, and C a group theoretical fac-
tor which is given in Ref. [167].

The interactions derived from the chiral La-
grangian are in general contact (delta-function)

type. This introduces a well-known problem of di-

vergence, specifically in the propagator G (s ).
This can be treated either by a cut-off or by a sub-
traction constant (a-parameter). An important
point is that this renormalization procedure intro-
duces an arbitrariness in the construction of the
scattering amplitude T, which can be determined
by a suitable renormalization condition. Usually, a
condition is chosen such that the amplitude repro-
duces experimental data at a certain energy. This
defines a phenomenological amplitude, which will
be discussed later. Here we first propose an alter-
native condition, which we shall call the natural
renormalization scheme.

For the natural renomalization, we introduce
the following two requirements:

(1) the full scattering amplitude satisfies the

low energy theorem at a certain low energyys = p:
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T =V —>GG) =0, (5

since the interaction V is derived from the chiral
Lagrangian;
(2) the two-body propagator satisfies the ine-
quality
GGWs) <0 (6)

below the threshold of the meson-baryon scatter-

ing, s<<m + My, where m and M+ are the mas-
ses of the meson and baryon, respectively.
The first requirement is to ensure the consis-

tency of the amplitude with the low energy theo-
rem at «E:,u. The LS-equation then determines

they/s dependence of the amplitude TG/s) at all s.
There is still an arbitrariness in the choice of x. In
the spirit of the chiral perturbation theory, Eq. (5)
should hold for small momenta of light Nambu-

Golstone bosons. In the interaction of the form

(4), this corresponds to+/s & My. Therefore, we
consider it reasonable to set x = Mr.

The requirement (2) is a consistency with fa-
miliar problems in quantum mechanics, where a fi-
nite range potential V(x) is given and the L.S-equa-
tion can be solved without the divergence problem.
In general the propagator can be formally written

as

1
GWs) ~ > —— (7
R

where E, are intermediate energies of the two-body

channel. Since E,™> m + My, GG/s) << 0 forys <
m + M. Here we have implicitly assumed that
there are not isolated poles, and consequently the

sum over E, is smoothly performed.

Now let us look at the propagator G (Js) in
more detail. In the dimensional regularization
scheme, after subtracting the divergent terms and
introducing a subtraction constant a, it can be
written analytically as
2M " +m2 — M5+

7772
(4r)* Zs : -

n 2
M5

GWs, a)=

% [InCs — (M% —m?®) + 24sq) +

s
In(s 4+ (M& — m?) + 2+/sq) —
In(— s+ (M4 —m?®) + 2sq) —
In(—s— (M& —m®) +2Js¢)]) » (&
where on the left hand side, the a dependence is
shown explicitly. The resulting real part of GQ/s ,

a) is plotted in Fig. 1 as a function of /s for the

case of kaon and nucleon scattering, m =495 MeV

and M; =940 MeV. Below the threshold«/s = m
+ My, there is no imaginary part, while the kink

10
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Fig. 1 The real part of the propagator GG/s) as a function of

Vs

at the thresholdys =m + M indicates the appear-

ance of the imaginary part at and above the thresh-

old. Different curves in Fig. 1 correspond to G(/s ,

a)'s with different values of a. As shown explicit-

ly in the figure, the real part of GGJs, a) function

is a monotonically decreasing function in the region
of M <\/s <<m -+ M;. This behavior guarantees
that if we impose G(Js =My, a) =0, then GQ/[s,

a) becomes negative in the region M;<&/s <m+
M. This condition determines the natural ampli-

tude T with the natural subtraction constant . »
Anareral = — {+ @ X
2M5
[In(m? +m/m? — 4M%) +
In(2M% — m* + m/m* — AME ) —
In(—m?* +m/m> — 4M% ) —
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3  Phenomenological Amplitude and

an Effective Pole Interaction

If the amplitude constructed in the natural
renormalization scheme develops a pole in the reso-
nance region, its structure is dominated by a mo-
lecular-like component of a meson and baryon. we
consider it as a dynamically generated resonance.
Its properties, however, do not necessarily agree
with experimental data. In this case, to reproduce
the data we need to fix phenomenologically the a
parameter, which is in general different from the
natural one, Qe 7 Q- Lhe difference Aa =
@pheno — Anawral 18 an indication that the resonance has
a component which can not be described by the
meson-baryon dynamics of chiral symmetry but
rather has an origin of quark dynamics nature.
This is similar to the CDD pole in the N/D con-
struction™ 18,

The difference Aa can now be translated into
an additional term of pole structure in the interac-
tion V. This is seen by rewriting the formal solu-

tion to the T-matrix as

T(fs) = 1 :
V;]lT - G(«/: ’ apheno)
GWs s dppens) =GO s s apuu) + ZM"‘Z Aa (10)
(4

and by introducing the effective interaction through

> 2M
Vfl — Vfl T‘ s
v G
or
VeV + G W = MO (1)
Zf «/; - MCH
where the effective mass M, is given by
. _16x* f*
Ma =M= o0 e (1

From this equation we observe: (i) as anticipated
the new pole term is added for a finite Aa, (ii) the

strength of the pole term is inversely proportional

to Aa, and (iii) the pole term is of higher order

with respect to the chiral expansion ~O((Js —
M:)?). From the property (2), if the natural
renormalization scheme can produce the properties
of a physical resonance, Aa is small and My is
large, which means that the role of the pole term is

irrelevant.

4 A(1405) and N(1535)

In this section, we briefly discuss the applica-
tion of the previous section to the physical reso-
nances of A(1405) and N(1535). There are very
intensive discussions on A (1405) in relation with
its two pole nature as generated by the meson-bar-
yon dynamics in the chiral unitary approach™* 2!,
The confirmation of such a structure is extremely
important not only to the understanding of hadron
dynamics but also to kaon nuclear interactions
which has a wide range of applications including
hyper nuclear physics and high density matter.
The nucleon resonance N(1535) is also an interest-
ing object, particularly due to its relevance to
chiral nature of baryons'? ',

In order to analyze these states, we need to

consider coupled channel effects of various meson-
baryon pairs, EN, n2. A for A(1405), KE, and

xN. KS. KA. N for N(1535). In Refs. [12. 25,
26 ], full coupled channel analysis was performed.
Here we discuss only some important results.
Shown in Table 1 are the subtraction con-
stants for various channels; the values in the two
rows are those phenomenologically fitted values
and those determined in the natural renormaliza-
tion scheme. From the table we observe that for
A(1405), the two kinds of subtraction constants
are similar, while those for N(1535) are not so.
As a consequence, we conclude that A (1405) is
largely dominated by the dynamically generated
components governed by the chiral dynamics,
while N(1535) requires a significant amount of a

genuine component although the strength of the
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dynamically generated part is also important. Con-
cerning the effective pole interaction, the effective
mass M, takes a value around 7 GeV for A(1405)
while 1. 6 GeV for N(1535). These values also in-
dicate the irrelevance of the genuine resonance
component for A (1405), while it has some rele-

vance for N(1535).

Table 1  Natural values and phenomenological values for the

subtraction constants with the regularization scale p=M;

S=—1 KN n3 A KE
Qpheno. i —1.042 —0.7228 —1.107 —1.194
Anatural. i —1.150 —0.6995 —1.212 —1.138
S =0 N nN KA K3,
QApheno. i 1.5090 —0.2920 1. 454 —2.813
Anatural. i —0.3976 —1.2390 —1.143 —1.138

It is interesting to investigate various coupling
properties of the resonances. In Ref.[12], meson-
baryon couplings of the resonances N (1535) and
A(1405) were investigated. In Ref. [27], photon
couplings were also studied for N(1535). It turned
out that for N(1535), the coupling properties were
well describe by the meson-baryon component of
the resonance wave function in a way consistent
with experimental data. Meson-baryon couplings
were also extracted for the genuine components,
which turned out to be very much different from
the observed ones!'™. Therefore, though the
N(1535) wave function contains genuine compo-
nents substantially, it plays only minor role for

coupling properties of the resonance.

5 Conclusions

The recent research activities based on the
chiral theory with its extensive application to reso-
nance dynamics have strongly suggested that some
resonances could have a molecular-like structure of
ground state hadrons. Recent experimental data in
the heavy flavor sector including charm quarks also

suggest such a structure. The confirmation of that

structure as well as of exotic states will provide
further development of hadron physics, as it would
require a reconsideration of our conventional un-
derstanding of hadrons based on the constituent
quark model. From the theory side, it had been
rather unclear how we could differentiate the mo-
lecular-like structure from the genuine quark domi-
nated structure. In this report, we have shown our
proposal for how to differentiate the one from the
other. To establish the framework in a reliable
manner, it is important to have a good theory for
hadron interactions, which is indeed the case with
the chiral theory.

Within the framework of the chiral unitary ap-
proach, we have proposed a natural renormaliza-
tion scheme, where dynamically generated reso-
nance are defined without explicitly referring to a
genuine component of the resonance. This has
been performed by imposing theoretical require-
ments which are consistent with the low energy
theorems and some basic properties of scattering
amplitudes. When the scattering amplitude is fit-
ted to reproduce experimental data, the resulting
phenomenological amplitude can be constructed by
introducing a pole term interaction in addition to
the low energy interaction ( Weinberg-Tomozawa
term).

The application of the present framework sug-
gests that the two resonances for A (1405) are
dominated by the meson-baryon dynamics and the
genuine component is almost negligible. Contrari-
ly, N(1535) requires both the meson-baryon origi-
nated component and the genuine one. What is in-
teresting here is that the coupling properties are
mostly described by the meson-baryon component.

The present method can be applicable to vari-
ous resonance states. It would be interesting to
study systematically the structure of resonances for

further understanding of hadron dynamics.
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