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Recently, many #orts are being put in studying three-hadron systems madeeebns and baryons and interesting results are
being found. In this talk, | summarize the main features efftrmalism used to study such three hadron systems withgeress

S = -1, 0 within a framework built on the basis of unitary chiral thes and solution of the Faddeev equations. In particular, |
present the results obtained for €N, KKN andKKK systems and their respective coupled channels. In the éisst, ove find
four 's and twoA’s with spin-parityJ” = 1/2*, in the 1500- 1800 MeV region, as two meson-one bary®wave resonances.

In the second case, d&" N* around 1900 MeV is found. For the last one a kaon close to 1429 M formed, which can be
identified withK (1460).

© 2012 Published by Elsevier Ltd.

1. Introduction

In the conventional quark model, hadrons can be classifigd/angroups on the basis of their quark content:
baryons, constituted by three quarks, and mesons, formedduark-antiquark pair. Keeping this idea in mind, it
was just a matter of time to build up thefidirent baryons and mesons observed in nature within quarkelso4ll
one needed was to write all the possible combinations oéthtrarks or quark-antiquark pairs as a function of their
charge and strangeness. Radial and orbital excitatiorfeesktquarks from the ground state tfietient high energy
levels could generate more hadrons having a relativelyt §ifetime, which are called resonances.

However, this picture of the hadron resonances seems twlsnple to understand the properties of thi@estent
states present in nature. For example, the lowest excite f&tund of the nucleon is thé*(1440). However, in a
three-quark model for a baryon, the statg1535) is expected to be the first excitation of the nucleath wradial
excitation of a quark. From the kinematical point of viewstimplies providing an energy of around 600 MeV to one
of the three quarks in the nucleon. This energy i&sient to create, for example, a pion or two pions or an eta meso
Therefore, it is plausible to think that to describe the rtips of states as the ones mentioned above, the interactio
of a pion and an nucleon, or an eta and a nucleon could be mackthan the quark structure of the state.

Therefore, a theory which uses the hadrons as the degreeseafoin instead of quarks can be more useful to
understand the properties of some of the meson and baryonaeses found in nature. This situation is in fact very
much expected when one studies interactions of hadronsiw ad an intermediate energy region. Here, due to the
inherent confinement of the quarks, these can not be coesidsrthe asymptotic states of the theory.

Having this idea in mind, in the last years, non-perturleatimitarity techniques based on chiral Lagrangians have
been applied to the study offtérent meson-baryon and meson-meson systems, for exafiplerz, 7N, KK, etc.,
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and dynamical generation of many baryon and meson resos&iasebeen found. For instaneg1405),A(1520),
N*(1535), etc., in the baryon sector afy§980),a,(980), fo(500), etc., in the meson sector [1| 2, 3, 4].

Since the interaction in such two-body systems is strontjipctive, the addition of one more meson or baryon
could further lead to the generation of new states in whice ¢he interaction of the three hadrons could be determi-
nant in understanding some of the experimental findings.

With the motivation to search for such states and to undeagteeir properties, we have extended the well studied
two-body chiral formalism to three-body systems. Here,mmarize the method developed for the investigation of
three hadron systems as well as the results found for theaireof resonances afmt bound states inKN, KKN,
andKKK systems.

2. Formalism

Arigorous study of three-body systems requires solvindg-deideev equations [5]. In this formalism, thenatrix
of the three-body system is written as sum of three parstidh, T2 andT3, i.e.,

T=T'+T2+ T2 (1)

Each of these partition3;, with i = 1, 2, 3, represents that contribution to the toFainatrix in which particleg and

k, withi # | # k=1,2,3, are the last ones in interacting. Thus, parfitdea spectator in the last interaction. In this
way, the summation of the three partitions in Eq. (1) accetmtthe diferent permutations and combinations of the
sequence of dlierent pair interactions among the three particles. Thed#ipas satisfy the Faddeev equations:

T =t + Q[T+ TY, @)

wheret denotes thé-matrix for that two body subsystem where particle absent ané is the three-body Green’s
function for the system.

The solution of the Faddeev equations in its exact form israbmrsome task, due to which one often resorts
to approximations. While most conventional studies of ¢hlbedy systems use potentials in the momentum space,
usually separable potentials to make the solution of thel€ew equations feasible, we used two partiaieatrices
generated from the solution of the Bethe-Salpeter equatids on-shell factorization form [1] 2]:

t=(@1-Vg V. (3)

In our approach, the kernsf' present in Eq.[{3) is obtained from the lowest order chirajraagian describing the
interaction between the particles agds the two-body loop function, divergent in nature and whighegularized
using a natural cutf®or subtraction constant when using dimensional reguldoizdl,|2]. Equation[(B) is solved in

a coupled channel approach, generating in this wigm@int hadron resonances where the hadron-hadron interacti
is essential for understanding the properties of the sfatesd. It is worth mentioning that the availability of more
precise data in recent times is helping in constraining Hrameters involved in the higher order terms of the chiral
Lagrangians, leading to more precise determination ofrebbées |[4] Bl [7]. The contribution of these higher order
terms in the three-body calculation should be checked iffiuhee.

Once thet matrices are obtained by solving EfQl (3), we can proceedli@ $6q. [2). The Faddeev equations
are integral equations and thenatrices which enter in the equations aféghell. The interesting point of using
chiral amplitudes for solving Ed.}(2) is that they can betsptio two terms: one which is called on-shell, since it is
calculated as a function of the Mandelstam variabéth the external particles on their mass shell, and otfteslzell
which goes ag? — n?, with g the momentum anch the mass of the particle, and which vanishes when the externa
particles are on-shell. We found that when the chiral amgétis inserted in EqL{2) a cancellation occurs between
the contribution arising from thefldshell part of these amplitudes and three hadron contauisteriginating from
the chiral Lagrangians. This cancellation is exact andyaical in the SU(3) limit as shown in the case ®fvave
interactions in Refs [8,9, 10]. We have further checked wtzen the condition of the SU(3) limit is removed, the
sum of the contributions coming from thé&'shell part of the two-body matrices and three hadron contact terms,
which constitutes the sources of three-body forces, tuhtodoe very small as compared to the one obtained from the
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on-shell part. Thus one can consider only the on-shell tayli-matrices and ignore the three-body forces coming
from the chiral Lagrangians. This gives rise to the use oflbel amplitudes in the solution of the Faddeev equations,
which in terms of these on-shell two-botgnatrices read as

T = tiglt + (1[G T) + GTY. (4)
In Eq. @)d! = G is the three-body Green function of the system @ a loop function involving three-hadron

propagators (for more details, see Refs| [8, 9, 10]). Thel€ad partitions of Eq[{2) are related to fh,% partitions
through:

T = 163K - K) + Tr,
Tr= ). > T, (5)

wherek (R{) is the momentum of the particiaén the initial (final) state.

The two-bodyt matrices and functions entering in EqL{4) depend on the invariant masé#te corresponding
subsystemss;, and the total energy of the systes, In this way, theT'Fg amplitudes are calculated as a function
of sand the invariant mass of one of the pairs, for example therelaéed to particles 2 and 3,3, since the other
kinematic variables can be obtained as a function of thesevasiables|[8, /S, 10].

After solving Eq. [(%) for a certain system, since we work ia dharge basis, we project the resulting amplitudes in
an isospin base in which the states are labelled by the satspin of the three-body systemand the isospin related
to one of the subsystemls,, and search for peaks in the squared amplitude which carebéfied with resonances.

3. Results

3.1. TherKN system and coupled channels.

One of the successes of unitary chiral dynamics is the regtazh of theA(1405)So; (J° = 1/27) properties,
which has been found to get dynamically generated (with apale structure![2]) from th&N interaction and
its coupled channels. If another pseudoscalar meson idaddéis system, ir5-wave, it results into states with
spin-parityJ” = 1/2*. The lightest pseudoscalar meson which can be added isdhe he resulting three-body
system would posses a mas4d570 MeV. This is exactly the region where th&21 hyperon resonances are poorly
understood [11]. The poor status of these low-lyig —1 states is evident from the following facts: a) The spin-
parity assignment for many of these states is unknown, feirg%(1480),%(1560), etc., b) the partial-wave analysis
and production experiments have been often archived depana the PDG listings, e.g., fa€(1620),%(1670), c)
othertimes, e.g., in case A{1600), it is stated that existence of two resonances, srethiérgy region, is quite possible
[11]. This situation lead us to question if some of these [yaanderstood states could be understood as three-hadron
resonances. In such a case, it would b@dlilt to investigate them considering only two hadron dedagnoels,
which would result in poor information related to these reswes. In fact, some of them, likg1600),%(1660),
decay to three-body final states with large branching rdtigs13], implying that some of the wave functions of the
1/2* resonances in th® = —1 sector have an appreciable two-mesons and one baryoribetiatn, like 7KN, 772,
anA, andrK=.

Motivated by this, to search for possible three-body statesstarted by taking all the combinations of a pseu-
doscalar meson of the BU(3) octet and a baryon of th¢ 2" octet which couple t& = —1 with any charge. To this
system we add a pion and obtain twenty-two coupled chanritiswet charge zerot®Kp, 29K °n, 797050, 707+5,
7%=, 700N, 720, 719A, 2K+ E, 2OKOZ0, 7K n, 7+ 2%, X0, it A, mtnE, atKOET, n‘?op, a %%,
antX0, At A, npxt, i KTEC,

In Fig[d, we show a plot of the squar@®&-matrix, calculated within the formalism explained in thesyious
section, corresponding to theX channel for total isospih= 1 with two pions in isospin,, = 2. We see two peaks;
one atv/s = 1656 MeV with~ 30 MeV of width and another a{/s = 1630 MeV with 39 MeV of width. We identify
the former peak with the well establishB{L660—- 1100/2) [11] and predict &(1630). AX* state with mass around
1630 MeV and)” = 1/2* is not listed by the Particle Data Group (PDG), however, theifigs of Refs.[[14, 15] hint
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Figure 1. TwoX resonances in ther= amplitude inl = 1, |, = 2 configuration. In the figure/sis the total energy of the system, ar3 is the
invariant mass of theX subsystem .

towards its existence. Itis interesting to notice thatihis found appear for dierent values of theX invariant mass,
v/S23, around 1430 and 1410 MeV, respectively. The observatidheseX* resonances in a particular experiment
could be dificult, since the massflierence between these states is smaller than their respeatiths. However, the
fact that they are generated fofférent values ofy/S,3 should be helpful in identifying them in a Dalitz plot invahg
the variablesys and /3.

In addition, we found some moiandA resonances. We summarize our findings in Table 1. As can lg see
we are able to generate all the low-lying2t A andX resonances listed by the PDG in the energy region 1500-1800
MeV as two mesons one baryon states.

Here we have limited the discussionsgavave interactions, however, it should be mentioned thaudysof
the 7KN system includingo-wave interactions has been done in Ref| [16], wher¢2a X resonance of molecular
structure is predicted with a mass of 1570 MeV.

3.2. The KKN system

TheKKN system was studied in Ref. [17] usinfjextive potentials to describe the interaction between itfierd
ent subsystems. As a resuliNawith | = 1/2 andJP=1/2* was found around 1910 MeV when tK&\ pair forms the
A(1405) and, simultaneously, theK pair is resonating as(980). The hadron-hadron distances found in Ref. [17]
for the KKN state are of about 2 fm, which is as large as typical nuclamieon distance in nuclei.

To confirm or revoke the findings in Ref. [17], we solved thedkegl equations for th€KN system and coupled
channels|[18, 19]. In Fid.]2 we show the contour plots cowasdjng to the three-dimensional plots of the squared
three-bodyTr matrix forl = 1/2, I = O (upper panel) ant = 1/2, Iz, = 1 (lower panel) plotted as functions of
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I' (PDG) | Peak position (this work]) T (this work)
(MeV) (MeV) (MeV)

Isospin= 1

¥(1560) | 10- 100 1590 70

¥(1620) | 10- 100 1630 39

¥(1660) | 40 - 200 1656 30

%(1770) | 60 - 100 1790 2
Isospin= 0

A(1600) | 50 - 250 1568, 1700 60, 136

A(1810) | 50 - 250 1740 20

Table 1. A comparison of the resonances found in our work thighstates listed by the PDG.

1450

1440

1435

1430 -
1425 +

1420 -

1000 |-
995 |-
990 |-
985
980 |-
975
970 |-
965

V%(Kbar (MeV)

L | | | | | | | | | | |
1880 1890 1900 1910 1920 1930 1940
Vs (MeV)

Figure 2. Contour plots of the three-body squared amplitlig for the N* resonance in th& KN system as functions of the total three-body
energy, s, and the invariant mass of theN subsystem wit, = 0 (upper panel) or the invariant mass of & subsystem withy, = 1
(lower panel).

the total energy of the three-body systeqfs, and theKN invariant mass,/Sy, and theKK invariant mMass,/Stx»
respectively. As can be seen in the upper panel, a peak imjtiazesd amplitude is obtained arouR@ ~ 1922 MeV
when theKN subsystem in isospin zero has an invariant mass close toMl4®28In the lower panel, the peak shows
up when the invariant mass of theK subsystem is around 987 MeV. Thus, it can be concluded thatrasonance
with JP = 1/2* is formed in theK KN system when th& (1405) is generated in tH€N subsystem and tha(980)
state is formed in th&K subsystem, in agreement with the findings of Ref. [17].
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A N* state with these characteristics is not catalogued in the [Al]. However, there is a peak in the — K*A
reaction at around 1920 MeV, clearly visible in the integdatross section and also at all angles from forward to
backward|[20, 21, 22] which could correspond to this stadesiegested in Ref. [23].

3.3. The KKK system

Another interesting system to study is the one formed by taons and an anti-kaon. In theK system the
f0(980) andag(980) are dynamically generated and if the attraction betwbe twoKK pairs is strong enough to
overcome the repulsion between the kaons, a bound staté lbedibrmed.

= R . =

e

1/ | | o |
1440 1460 1480 1500

V5 (MeV)

SN
1420

2 — —
Figure 3. Contour plots of the three-body squared ampli*ﬁd# for the KKK — KKK transition with totall = 1/2 as functions of the total

three-body energyy/s, and the invariant mass of theK subsystem witho3 = 0 (upper panel) or the invariant mass of #& subsystem with
l23 = 1 (lower panel).

With this idea in mind, we perform a Faddeev calculation @& KKK, Kzr and Kz systems treating them as
coupled channels. In Figl 3, we show the contour plots astatio| Tg|? for the proces& KK — KKK in the cases
I =1/2, 13 =l =0 (upper panel) anti= 1/2, 153 = 1 (lower panel). First of all, we see in both panels of Eig. 3 a
peak structure at an energy around3~ 1488 MeV (withmy = 496 MeV the kaon mass) which appears when the
invariant masses of the respectk& subsystems have a value arounmk2i.e., their threshold values. If we only
considereKzr andKzy as coupled channels, the signal at 1488 MeV is not presens, Twe conclude that the peak
which shows up at 1488 MeV corresponds then to the openirtpahiree-bodK KK threshold. Apart from this, we
find a peak aty's ~ 1420 MeV and a width of 50 MeV when+/S;3 ~ 983 MeV for the casé,; = 0, as shown in
the upper panel of Fi§] 3. As can be seen in the lower panebof¥r-ithis resonance state also shows up for a value of
\VS23 ~ 950 MeV and+/s ~ 1420 MeV whenl,3 = 1. Thus, a state at 1420 MeV shows up when the invariant mass
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of the KK pair with isospin zero is close to a value of 983 MeV, implythgn that thefo(980) resonance is formed in
the subsystem. However, when tK& is projected orlys = 1, the invariant mass for tH€K pair has a value around
950 MeV. This value is not exactly in the region where #€80) gets dynamically generated, but it is also not very
far away, and the attraction present in the system helpsinifg a three-body bound state. In fact, a recent study of
the two body systerK fp(980) shows the generation of a kaon around 1460 MeV [24].

Following Ref. [17], we have also studied tK&KK system using féective potentials to describe the interaction
between the pairs of the system. TKK interaction strengths were determined to have a quasibstatelwith mass
980 MeV and width 60 MeV in isospin 0 and isospin 1, which cepend to thefp(980) andag(980) resonances,
respectively. This means that the attractii interactions have the same strengths for Hgth= 0 andlg, = 1.

The strength of the repulsiw€K interaction inlkx = 1 was fixed to reproduce the scattering lengithc: = —0.14,
which has been obtained from a lattice QCD calculation [#bthe potential model, the three-body wave function is
also obtained. With the wave function we can investigatespiaeial structure of the three-body quasibound state. We
obtain the root mean squared radius of €K quasibound state to be 1.6 fm. This value is similar to thefoned

for the KKN system|[17], which was 1.7 fm. The averadgeK distance and the distance betweenkHe cluster and

K are calculated and found to be 2.8 fm and 1.7 fm, respectiVély distance of the repulsiK is also very similar

to the corresponding result for tieN distance in th&K KN system.

The kaonic state obtained within the two methods can prgidadlassociated to th€(1460) listed by the PDG
[11] (which is omitted from the summary table) and observedir partial wave analysis. However, the poor
experimental information available in this energy regionkaonic states suggests that more experiments are needed
to confirm the existence of this state. We get as a result dlgpasd state of th&(KK system with 21 MeV binding
energy and 110 MeV width. This state appears for an energyasito the one of the resonance obtained in the
Faddeev calculation. It is interesting to notice that altjiothe two methods are veryfidirent, the energy position
of the quasiboun& KK state does not ffier very much. Note, however, that in the potential model wsedonsider
only the singleK KK channel and do not take into account the possible modifitatidghe two-body interaction in
the presence of the third particle. In such simple calomtatior weakly bound systems, the resulting binding energy
and width correspond to the sum of the binding energies adthe/of the two-body subsystenfs(980) anday(980)
in the present case, as discussed in Ref. [17].

4. Summary

In this talk | have presented an approach for solving the Eaddquations based on unitarized chiral theories, due
to which a cancellation between thé shell part of the two body scattering matrices and three omahyact terms
stemming from the same theory is found. As a consequencéaht&o bodyt matrices can be used as input to
the Faddeev equations. Within this formalism, | have shdvenrésults found in three systems and their respective
coupled channels, obtaining the generation of severahegstes. It is thus interesting to continue with such studies
of three hadron systems.
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