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Abstract

The nature of the\(1405) is discussed based on the unitarised coupled-clsayp@roach with
chiral dynamics (chiral unitary model). This approach déss theKN scattering cross sec-
tions and theA(1405) spectra phenomenologically very well. With thiscssful description
of A(1405), it is found that the\(1405) is composed by two resonance states havifigrdnt
coupling nature to the meson-baryon states. As a consegutiecresonance position in thE
invariant mass spectrum depends on the initial channeleoA{i405) production. To observe
the A(1405) initiated by theKN channel K-d — A(1405n is one of the most favorable reac-
tions. Hadronic molecule states with kaons are also distlisg emphasizing an important role
of A(1405) as a quasibound statelall
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1. Introduction

The nature of theA(1405) resonance is an important issue particularly to rstdedK-
nucleus interactions. Being located just below the thriesbhbKN, the A(1405) is a key reso-
nance for the study of subthreshold kaons in nuclei. Duedal#tay of the\(1405) torX, for
the structure of the (1405), bothwX andKN dynamics are essential. Thi€1405) has been a
historical example of a dynamically generated resonanoeison-baryon coupled-channels dy-
namics withS = —1 [1]. Modern treatments based on chiral dynamics with aampiramework,
reproduce well the observed spectrum of th@405) together with cross sections Kf p to
various channels [2] B, 4, 5,16,/ 7,8, 9]. This method is basdti® chiral perturbation theory of
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an dfective theory of QCD at low energies giving fundamentalriatéon of meson and baryon,
and scattering theory, such as tR¢D method, to guarantee unitarity on the scattering ampli-
tudes. Analyticity of the scattering amplitude is also esisély important to obtain subthreshold
amplitudes and to investigate resonance properties indhmplex energy plane. The obtained
amplitude reproduces the meson-baryon scattering welpamddesA (1405) as a dynamically
generated resonancesrwave meson-baryon scattering.

On the success of the theoretical description ofAk®405), it it worth noting the following
facts; 1) the available experimental data to constrainrétexal descriptions of the scattering
amplitude withS = —1 around theA(1405) energies are tH€N scattering and kaonic hydrogen
data. Thus, the present theoretical description lacksrérpatal information ofX — 7%, which
may be important to studi in few-body nuclear systems. 2) the famaugl405) spectrum
given in Ref. [10] is ar~X* invariant mass observed in ti&(1660) — A(1405)y* decay.
Therefore, the initial channel to produs€1405) is not clear. As seen below, since (@ 405)
spectrum shape depends on the production channel, it snegly important to control the initial
channel experimentally and to investigate the productiectmanism theoretically for the good
understanding of the nature a{1405).

2. Thestructure of A(1405)

In this section, we explain the findings about the natura (#f405) obtained by the chiral
unitary approach.

2.1. Double pole nature of(1405)

Resonances are expressed as poles of the scattering atejpithe complex energy plane. In
the chiral unitary approach for the meson-baryon systereldped by Ref. [4,/5], the scattering
amplitude is obtained in an analytic form, so that one caityeasrform analytic continuation of
the scattering amplitude to the complex energy plane. In [Rgft was found that the\(1405)
seen in therX invariant mass spectra consists of two resonance poletetbed theA(1405)
energies, and these two state haviedént coupling properties to the meson-baryon states;sone i
located at 1396 661 MeV (pole 1) with a larger width having strong coupling to #i#estate, ant
the other pole is at higher energy 14266i (pole 2) MeV with a narrower width and dominantly
couples to theKN state. Because these two states closely appear with the Jadshs, one
cannot observe these states separately imthavariant mass spectra (See Hig. 1(b)). What
we can see is a single peak structure provided by the in&réerof these two states, that is the
A(1405) spectrum observed in experiments.

The reason that there exist two poles aroundAk#®405) energies is that there are two at-
tractive channels wits = —1 andl = 0 in swave at these energies [N andxX. These two
attractive channels provide the two resonance states.als@sfound in a recent work [11] that
the A(1405) can be described essentially by two coupled chamfigddN andzX rather than a
complete SU(3) configuration by four channefs\, 7Z, nA andKE with | = 0. In addition,
without the channel couplings betwe&iN andzX, one has a bound state in tKeN channel
below theKN threshold and a resonance in tfe channel above theX threshold. These two
states appear very close to the original states obtaineslipled channels. Therefore, the essen-
tial ingredients ofA(1405) is theKN bound state andX resonant correlation. This is the reason
for the double pole structure af(1405) and the dierent coupling nature of the two states.
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Figure 1: 7% invariant mass spectra with= 0 in arbitrary units|[[7]. (a): chiral unitary model calcutat of the zx
invariant mass spectra €N — X (solid line) andrX — 7% (dashed line). The histogram denotes an experimental
data given in Refl[10]. (b) and (c): simple model calculas®f therX invariant mass spectra initiated BY andKN,
respectively, in which the scattering amplitudes are givgtwo Breit-Wigner terms. The dashed (dotted) line denotes
the spectrum only with pole 1 (pole 2) term, while the solittlshows the spectrum calculated by coherent sum of pole
1 and 2. The Breit-Wigner parameters are determined by tinal cmitary model. For the details, see Ref. [7].

2.2. Channel dependence/®fl405)spectrum

The presence of the two poles havingfelient coupling properties results in initial channel
dependence of th&(1405) peak position in theX invariant spectrum. In Fifl 1(a), we show the
¥ invariant mass spectra with= 0 initiated by two dfferent channel& N andxzX [7]. The fig-
ure shows that tha (1405) peak is seen in theffrent energies; For theX initiated spectrum,
the resonance peak appears at around 1405 MeV, whereaskiNthe #X channel, the peak
position is located higher at around 1420 MeV instead of 1¥@Y. This is because, for the
% channel, both of the lower and higher poles contribute tspgeetrum, while thé&KN system
selectively couples to the higher pole, as seen in Eigs.drftd)1(c), where we show decompo-
sition of theA(1405) spectrum into each pole contribution. The decontiposis performed by
the model calculation in which the amplitudes are given bgiBWigner terms for pole 1 and 2
together with the resonance parameters, such as mass,amdtbouplings, determined by the
chiral unitary modell[7]. In this way, the resonance positio thezX invariant mass depends
on the channels to produce thg1405). Particularly, the finding that th&(1405) resonance
appears at 1420 MeV in th¢N initiated channel is important for kaon-nucleus systerimges
the resonance appearing in & channel is the one relevant for the kaon-nucleon interactio

One of the experimental confirmation of the double pole reatditheA(1405) is to compare
the A(1405) spectra in dierent channels. Especially, as we already discussed atoe®f the
important consequences is that the resonance in the spediitiated by theKN channel appears
at 1420 MeV. Therefore, it is interesting to see the resoaaosition in theA (1405) production
initiated by KN. However, direct productioKN — A(1405) is kinematically forbidden, since
the A(1405) resonance appears belowkt¢ threshold. This fact leads us to indirect productions
of A(1405). But, in the indirect production, it is necessaryneistigate the\ (1405) production
mechanism theoretically to recognize the initial chanonétse A(1405) production.

2.3. A(1405)observed irKN channel

Here we discuss th&~ induced production ofA(1405) with a deuteron targeK~d —
A(1405), proposed in Ref.| [12], to see thg1405) in theKN channel. In this reaction, the
final neutron takes energy out from the initial kaon. The picEti A(1405) decays intarZ
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Figure 2: Diagrams for the calculation of thed — nZn reaction. The right three are the Feynman diagrams for our
calculation.T1 andT; denote the scattering amplitudes N — KN andKN — #%, respectively.

with | = 0 as shown in Fid.12, and th&(1405) is identified by theX invariant mass spectra.
The relevant contribution for th&(1405) production in this reaction is given by three diagsam
shown in Fig[2. The amplitud€; andT, denotes-wave scattering amplitudes 8N — KN
andKN — nZ, respectively, and th&(1405) resonance is involved in the amplitude Thus, it

is important noting that, in this reaction, tA§1405) is produced selectively by thkeN channel.
This is because the strangeness is brought into the systéne liyitial kaon.

Diagram 1 of Fig[ P2 expresses thg1405) production in the impulse approximation. Dia-
grams 2 and 3 are for two-step processes Witexchange. For the energetic incidéat with
several hundreds Me® momentum in the lab. frame, the contribution of diagramidefd pro-
duction) is expected to be very small, since @ 405) is produced by a farfiashell nucleon
and the deuteron wavefunction has tiny component of suckckeon. In contrast to the direct
production, in the double scattering diagrams, the largegnof the incidenK™ is carried away
by the final neutron and the exchanged kaon can have a suitadigy to create the(1405) col-
liding with the other nucleon in the deuteron. Double scattediagrams with pion exchanges
hardly contribute to th& (1405) production, since andr are emitted separately from tiig and
T, amplitudes. Such diagrams may give smooth backgroundg irBtinvariant mass spectra.

We show, in Figl.B, the*X~ invariant-mass spectrum in arbitrary units at 800 Meiicident
K~ momentum and compare our theoretical calculation with #peemental data. The data are
taken from the bubble chamber experimenKatmomenta between 686 and 844 Me\13].

In the analysis of the experiment, the resonance contdbwtias determined by fitting a rela-
tivistic Breit-Wigner distributions and a smooth backgndwparametrized as a sum of Legendre
polynomials to the data. We show, in Hig. 3, the resonancegfound) contributions for the ex-
perimental data which are obtained by subtracting the brackgl contributions from the actual
data points given in the paper. The solid line denotes owr#tieal calculation with the scat-
tering amplituded; andT; obtained by chiral unitary approach. The spectrum shaperodt

in this calculation agrees with that of the experimentaleobation. Especially it is very inter-
esting to see that the peak position, which comes from\ifi&05) production, appears around
M,z = 1420 MeV instead of 1405 MeV. This is one of the strongestavigs that the resonance
position of theA(1405) depends on the initial channel of meson and baryahsapports the
double pole nature of th&(1405), in which the higher state sitting in 1420 MeV strongduples
to theKN channel.

The bump structure seen arouklids = 1400 MeV in data is related to thewave contribu-
tions coming from the&*(1385) production [12, 14], which were not taken into acddarthe
present calculation. In Ref. [12], an estimation of a pdssitfluence of th&(1385) resonance
on theA(1405) spectrum appearing around 1420 MeV was discussedltylating thex(1385)
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Figure 3: n¥ invariant mass spectra & d — #*=nin arbitrary units at 800 Me)¢ incidentK~ momentum. The
solid line denotes the present calculation. The data aentfélom the bubble chamber experimentkat momenta
between 686 and 844 Mg¥given in Ref.|[13]. A possible inference of tB¢1385) resonance to the(1405) spectrum

of K7d — #*X~n at 800 MeVc incidentK~ momentum. The(1385) spectrum (dashed line) is calculated by the
Breit-Wigner amplitude. The dash-dotted lines denotesiaoherent sum of th&(1405) andx(1385) spectrum.

spectrum in the Breit-Wigner formulation with the mass 1885V and the width 37 MeV and
the phase space fact@@||Bnl. Summing up the spectra of thg1405) andx(1385) incoher-
ently, they find that the peak structure at 1420 MeV is itigcied by th&(1385) contribution as
seen in FiglB (dash-dotted line). In this estimation, theyehadjusted the height of th€1385)
spectrum so as to reproduce the observed bump structuracad@90 MeV. A further quan-
titative calculation of the£(1385) spectrum by taking into account of thél385) production
mechanism in the present reaction with tr@vave contributions following Ref| [15], will be
coming soon([14].

2.4. Model dependence of pole positions and significang& gtattering data

The higher pole located at around 1420 MeV is essentiallyNaquasibound state and
strongly couples t&KN. It has been pointed out in Ref. [11] that the position of tighhr pole
has less model dependence amontedeént calculations based on coupled-channels approach
with chiral dynamics, while these calculations prediiatient positions for the lower pole which
couples torX strongly (see Fig. 8 in Ret.[11]). This is because, in thesde@hcalculations<™ p
scattering data are used to fix the model parameters anddpenties of theKN interaction are
well constrained by exciting data. It was also pointed owt @tifferent approach [16] that a pole
appears at around 1420 MeV in tk& scattering amplitude which reproduces K scattering
lengths. Contrarily, we have few data availablef&r— X scattering so far.

The lack of therX scattering data makes the properties of the lower pole lessaled in
theoretical calculations. Any information of th& scattering is desired to fix further the nature
of the A(1405). For instance, the threshold properties offiscattering, such as the scattering
length and &ective range, could give suitable constraint [17]. In TdBleve show values of
the n¥ scattering length with = 0 calculated using various chiral coupled-channels models
The values of the scattering length are substantially degretron the models, which predict also
different pole positions of the lower pole.

A more interesting question is whether the pole insthés really a resonance or not. The chi-
ral unitary approach predicts that thE strong correlation forms a resonance state found above
thenX threshold. Yet we do not have the experimental confirmatfdherX resonance pole. If
the #X interaction were unexpectedly strong enough, there coust arX virtual state below
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model BNW [8] ORB [5] HNJH [6] BMN[9] | virtual state
as [fm] 0.517 0.789 0.692 0.770 ~5
7z [MeV] | 1388-39 1389-64i 1400-76i 1440-76i | 1325(V)

Table 1: Model calculations of the= 0 7X scattering lengths,s using various chiral coupled-channels models. (For
the detail, see Ref. [17]}; denotes the pole position of the lower resonance. The rayitshows the value of thex
scattering length calculated under the assumption thed the virtual state around 10 MeV below thEe threshold.

the #¥ threshold in stead of the resonance state. In this case\({h05) would be consisted
of one single pole. Alternatively, for thewave interaction, energy-independent potentials can
provide only virtual states. Thus, in case that the eneepeddence of theX interaction would

be weak in therX threshold energies, thek attraction could provide a virtual state. This sort
of meson-baryon amplitude is studied in Ref./[16]. The qoasbf either resonance or virtual
state in therX correlation can be answered by the magnitude ofithhecattering length. If the
virtual state exists close to the threshold, the scattdength is in order of 5 fm, while, as we
already saw, for the resonance case, the scattering lengtbund 0.5 fm, which is one order of
magnitude small.

Understanding theX — #X scattering properties is important not only for th€1405)
structure but also foK in few- body systems, such &NN [18,19,.16, 20]. As discussed in
Ref. [21] for theKKN system, ifK few-body states are weakly bound, tieand nucleons are
the essential constituents, am@ndX can be regarded as nonactive degrees of freedom. Thus,
the coupled channelsfect of 7 can be incorporated into thefective KN interaction as done
in Ref. [11], and the few-body bound state is essentiallyiotetd in the single channel problem.
However, since thes threshold is located 100 MeV below the threshold of K, if the K
few-body systems turn out to be bound with a large bindinggnénclusion of therX coupled
channel &ect to theoretical calculations are unavoidable [22], dedd in-vacuumrX — 71X
scattering data are necessary as a fundamental input.

2.5. A(1405)as meson-baryon quasibound state

The third consequence of the chiral unitary model is thgt405) is almost purely a quasi-
bound state of the meson and baryon, and quark componentsiateless important. A recent
analysis|[23] have shown that, although in the chiral ugitggproach only the dynamics of me-
son and baryon is considered, the formulation implicitiyolves some other components than
the meson and baryon considered in the model space of thevrark. The work|[23] also
discussed how to exclude the implicit components in théaledescription of scattering ampli-
tudes, and compared the pole positions of A{@405) in the theoretical amplitude with those
of the scattering amplitude obtained phenomenologicalgs to reproduce the observigd\
scattering. They find that these two descriptions providg similar pole positions of\(1405)
and conclude that th&(1405) is predominantly described by the meson-baryon coraipt.

Owing to the meson-baryon quasibound structure Af405) has a dierent nature than
typical baryon resonances which may have largely threekgc@mponents. For instance, as
a theoretical analysis, the behavior with the number of rso(t;) of the A(1405) has been
discussed in Refi_[24], and it has been found thatNfhibehavior of the decay widths isftérent
from the general counting rule forggqstate. Another example is the size of thEl405). In
Ref. [25], the electromagnetic mean squared radii ofAB405) were calculated. They found
that the electric radius of th#(1405) is about three times larger than that of the neutrbrs i§
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a consequence of the small binding energy €180 MeV), in which the constituent kaon in the
A(1405) is an almost real particle surrounding around théemunc

3. A(1405) in few-body systems

The A(1405) can be an building-block & nuclear few-body systems, since one of the pole
in the A(1405) is a quasibound state KiN. It is quite interesting that the\(1405) can be
reproduced by nonrelativisitic potential models for #id system|[18, 11]. This is because the
binding energy (10~ 30 MeV) is not so large in comparison with typical hadron gyescale.

(In other words, the kaon kinetic energy in ti&l bound system is much smaller than the kaon
mass). Thus, if the few-body systems also have not so larghrg energies, the single channel
potential model is one of the reasonable approached foretbeik few-body systems, as done in
Refs. [18) 20] forkK NN. This picture will be broken down if the binding energy is aogle that
the other channels become active. In such a case, the caladels ffects should be properly
treated in theoretical calculations, as done in Refs. [EDfdr KNN. .

Here we would like to present other kaonic few-body systdfhaN andKKN systems with
| = 1/2 andJP = 1/2*. In Ref. [21], these systems were investigated in a nonveltt three-
body potential model under the assumption thatAl§£405) resonance and the scalar mesons,
f0(980),a0(980), are reproduced as quasibound statédBndKK, respectively. Theféective
two-body interactions are described by complex-valuedtions representing the open chan-
nels, @A, nX) for KN and @, ) for KK. They found a quasibound state of &N system
around 1910 MeV below all of the meson-baryon decay thresbiérgies of the\ (1405)+ K,
f0(980)+ N andag(980)+ N states, which means that the obtained bound state is sigdtesh
breaking up to the subsystems. This quasibound state wasaiéirmed later by a more sophis-
ticated calculation using a relativistic Faddeev apprdaéh For theKKN system, the binding
energy from the\(1405)+ K threshold was found to be as small as a few MeV due to the strong
repulsionKK with | =1 [21]. B _

For the structure of thEKN system, it was found that théN andKK subsystems are dom-
inated byl = 0 andl = 1, respectively, and that these subsystems have very sipndaerties
with those in the isolated two-particle systems. This leadise picture that th&K KN system can
be interpreted as coexistence staté (405) andig(980) clusters, anH{ is a constituent of both
A(1405) andap(980) at the same time, as seen in KN sysytem|[2/7, 20]. Consequently, the
binding energy and width of th€KN state is almost the sum of those/Arf1405) andag(980).

It is also found that the inter-hadron distances in k€N state are larger than 2 fm, which is
comparable to typical nucleon-nucleon distances in nud&ierefore, theK KN system more
spatially extends than typical baryons described by quarttets. These features are caused by
weak binding of the three hadrons, for which il repulsion plays an essential role.

The finding that the\(1405) keeps its properties in few-body systems motivdiasgicture
that theA(1405) resonance can be a doorway stat& aibsorption to nuclear systems |[28].
Especially the coupling strengths of th€1405) toKN andzX are important parameters to
understand the non-mesonic transitid(8405N — YN (Y = A or Z), which may be dominant
processes of the nonmesori@bsorption in nuclei.

4. Conclusion

The A(1405) is the “gift” of the meson-baryon dynamics. Due to $treng attractions in
the KN andnX channels, there exists two resonance poles around {h€05) energies. One
7



is essentially &N quasibound state just below theN threshold, the other is 8% resonance
having a wide width and strong couping to ttestate. The interference of these two states forms
a single resonance peak in theinvariant mass spectra. Therefore #ieinvariant mass spectra
depend on the initial channel for thg(1405) production. The\(1405) produced by th&N
channel can be observed Kyd — A(1405n. For better understanding of tig1405) structure
andK nuclear few-body systems, any experimental informatiothefr — #X scattering are
desired, especially theX scattering length can fix the lower pole positiodfl405).KKN can

be another example of th€ nuclear few-body systems. It is found that tK&KN quasi-bound
system is interpreted as coexistence stat&(@#05) anday(980) clusters an is a constituent

of both A(1405) anday(980) at the same time.
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