PHYSICAL REVIEW C 76, 035203 (2007)

Strange dibaryon resonance in the K NN-nY N system
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Three-body resonances in the K NN system have been studied within a framework of the KNN-7Y N
coupled-channel Faddeev equation. By solving the three-body equation, the energy dependence of the resonant
K N amplitude is fully taken into account. The S-matrix pole has been investigated from the eigenvalue of the
kernel with the analytic continuation of the scattering amplitude on the unphysical Riemann sheet. The K N
interaction is constructed from the leading order term of the chiral Lagrangian using relativistic kinematics. The
A(1405) resonance is dynamically generated in this model, where the K N interaction parameters are fitted to the
data of scattering length. As a result we find a three-body resonance of the strange dibaryon system with binding
energy B ~ 79 MeV and width I' ~ 74 MeV. The energy of the three-body resonance is found to be sensitive to

the model of the / = 0 K N interaction.
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I. INTRODUCTION

The analysis of the kaonic atoms [1] has revealed an
attractive K -nucleus interaction. Although the strength of
the attraction depends on the parametrization of the density
dependence of the optical potential [ 1] and the theoretical study
of the K optical potential suggests a rather shallow potential
[2], there has been a great interest in the possibilities of
K -nucleus bound states in recent years. Akaishi and Yamazaki
[3,4] studied the kaon bound states in light nuclei and found
deeply bound kaonic states, for example, B ~ 100 MeV for
%H. In their study, the kaonic nuclear states were investigated
by using the K optical potential, which is constructed by
folding the g matrix with a trial nuclear density. The potential
model of the K N-7' ¥ interaction is determined to reproduce
the A(1405) and the scattering length. The kaonic nuclear
states are further studied by using a method of antisymmetrized
molecular dynamics [5] using the KN g matrix.

Among the simplest K nucleus state, the K~ pp state,
which has strangeness S = —1, total angular momentum
and parity J” = 07, and isospin I = 1/2 dibaryon state, is
expected to have the largest component of the / = 0 KN. An
experimental signal of the K ~ pp bound state is reported by the
FINUDA Collaboration from the analysis of the invariant mass
distribution of A-p inthe K ~ absorption reaction on nuclei [6].
The reported central value of the binding energy B and the
width " are (B, I') = (115, 67) MeV, which is below the 7 ¥ N
threshold energy. These data may be compared with the
predicted values (B, I') = (48, 61) MeV in Ref. [4]. However,
it has been pointed out that the data can be understood by the
two-nucleon absorption of K ~ in nuclei together with the final
state interaction of the outgoing baryons [7].

In the attractive interaction of kaon in nuclei, the resonance
A(1405) in the s-wave and I = 0 channel K N scattering state
plays an essential role. The energy of the A(1405) is below
the KN threshold and strongly couples with the 7% state.
Although the kaonic nuclear states have been studied so far
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by using the K N g matrix or optical potential, it might be
very important to examine the full dynamical calculation of
K N-m ¥ system by taking into account the energy dependence
of the resonance ¢ matrix and the coupling with the K N-7 ¥
channel explicitly. Such a theoretical study may be possible in
the simplest kaonic nuclei with baryon number B = 2 system.
In this work, we study the strange dibaryon system by taking
into account the three-body dynamics using the K NN-w ¥ N-
7 AN (KNN-7Y N) coupled-channel Faddeev equation with
relativistic and nonrelativistic kinematics.

Methods to investigate resonances in the three-body system
have been developed in the studies of the three-neutron [8,9],
w NN dibaryon [10,11] and ¥ NN hypernuclei [10,12,13].
In this work, we employ a method started by Glockle [8]
and Moller [9] and developed by Matsuyama and Yazaki [10]
and Afnan, Pearce, and Gibson [12,13] to find a pole of the
S matrix in the unphysical energy plane from the eigenvalue
of the kernel of the Faddeev equation. To analytically continue
the scattering amplitude into the unphysical sheet, the path
of the momentum integral must be carefully deformed in the
complex plane to avoid possible singularities.

The most important interaction for the study of the strange
dibaryon system is for the 7 =0 KN states. The internal
structure of the A(1405) has been a long standing issue. The
chiral Lagrangian approach [14-16] can describe well the
low energy K N reaction with the meson-baryon dynamics. A
genuine ¢ picture of the A(1405) coupled with meson-baryon
[17] may not yet be excluded. Though previous studies of
the K NN system used phenomenological models of the K N
potentials, we use s-wave meson-baryon coupled-channel
potentials guided by the lowest order chiral Lagrangian.
With this model, the strength of the potentials and the
relative strength of the potentials among various meson-baryon
channels are not parameters but are determined from the SU(3)
structure of the chiral Lagrangian. In this model, the A (1405)
is an “unstable bound state,” whose pole on the unphysical
sheet will become the bound state of KN when the coupling
between the KN and the 7Y is turned off. We examine a
relativistic model as well as a nonrelativistic model to account
for the relativistic energy of pion in the 7 Y N state.
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We briefly explain our K N N-wY N coupled-channel equa-
tions and the procedure to search for the three-body resonance
in Sec. II. The model of the two-body interactions used in
this work is explained in Sec. III. We then report our results
on the K NN dibaryon resonance in Sec. IV. This work is
the extension of the early version of our analysis reported
in Ref. [18]. Recently Shevchenko ef al. [19] performed a
similar study of the K N N system using the Faddeev equation
starting from the phenomenological K N interaction within a
nonrelativistic framework. The comparison of our results with
theirs will be discussed in Sec. I'V.

II. COUPLED-CHANNEL FADDEEV EQUATION AND
RESONANCE POLE

We start from the Alt-Grassberger-Sandhas (AGS) equation
[20] for the three-body scattering problem. The operators U; ;
of the three-body scattering satisfy the AGS equation

Uij=0=87)G;" + Y t.GoUp;. (1)
n#i
Here we label the pair of particles j, k by the spectator particle
i = 1,2, 3. The two-body ¢ matrix #; of particles j, k with the
spectator particle i is given by the solution of the Lippmann-
Schwinger equation

t; = v; +v;Got;. ()

Here Gy = 1/(W — Hy + i€) is the free Green’s function of
the three particles, and W is the total energy of the three-body
system.

When the two-body interactions v; are given in separable
form with the vertex form factor |g;) and the coupling constant
Vi as

vi = |gi)vilgil, 3)
the AGS equation (1) is written in the form
Xij(pi,pjs W)= —=87Z j(pi, pj, W)
+ Z/dﬁnzi,n(ﬁia ﬁn» W)
n#i
X Tn(W)Xn,j(ﬁnv ﬁjv W) (4)
The amplitude X; ; is defined by the matrix element of U; ;
between state vectors Go|p;, g;) as
Xi j(pi, pj» W) = (Pi, 8&ilGoUi jGolpj, &) )

The state vector | p;, g;) represents a plane wave state of the
spectator i and the state vector |g;) of the interacting pair.

The driving term Z; ; of Eq. (4) shown in Fig. 1(a) is given
by the particle exchange mechanism defined as

Zi.j(pi, pj» W) = (pi, &ilGolp;, &) (6)

_ 8"(d1)s)) o

W — Ei(pi) — E;j(p;) — Ex(pr)

Here the momentum of the exchanged particle k(s i, j) is

givenas py = —p; — p;, and g(g;) is the vertex form factor of
the two-body interaction g(g;) = (g;|g;). The energy E;(p;) is
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FIG. 1. Graphical representation of (a) one particle exchange
interaction Z; ;(p;, p;, W) and (b) two-body 7 matrix t;(W). The
relative momentum of the interacting particles is given by g; for
spectator particle i.

given by E;(p;) = m; + ﬁ? /2m; for the nonrelativistic model
and E;(p;) =
momentum is given by g; = (mgp; — m;py)/(m; + my) for
the nonrelativistic model, while we define ¢; = |g;| for the
relativistic model as

\/ ml2 + ﬁlz for the relativistic model. The relative

W2 4+m? —m? :
¢ = (— 7 B ®)
W, = J(E,(5) + Ec(For — B ©)

The two-body ¢ matrix can be solved for the separable
interaction as

ti = g tu(W)(gil. (10)

Here the “isobar” propagator t;, illustrated in Fig. 1(b), is given
as

(W)= |1/ -—/df 5 @)L .
(W) = | 1/, "W EG) - Exnan]
(11)

The two-body ¢ matrix depends on the energy E;(p;) of
the spectator particle. Here Ej; is the energy of the in-
teracting pair given as Ej(p;, §i) = m; + my + p?/(m; +
my) + g?*/w; for the nonrelativistic model, while E j(p;, §;) =
V(E;(@) + Ex(G;))* + p? for the relativistic model. The
reduced mass is defined as p; = m jmy /(m; 4+ my).
Following the standard method of angular momentum
expansion [21], the AGS equation reduces to the following
coupled integral equation by keeping only s-wave states:

Xij(pi,pj» W) =2, j(pi, pj, W)+ Z/dpnpﬁ

X Ki,n(pia Pn> W)Xn,j(pm Pj, W) (12)

Here we used a simplified notation for the kernel K = Zr,
which can be written as
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g*(qi)g(qn)

Kin(pis pus W) = 27 / d(p; - p)

The formulas given above are valid for the spinless and
distinguishable particles without channel coupling among the
Fock-space vectors. In our K N N resonance problem, we have
included the following K NN and m Y N states:

W= Exp) — Expm) — Bt B (1
[

|b) = |Ny, Ya, m3), (15)

€)= Y1, Na, 3, (16)

with ¥; is 3; or A;. After antisymmetrizing the amplitude for
identical particles of nucleons [11], we obtain the following

la) = [Ny, Na, K3), (14)  forms of the coupled AGS equations:
|
Xye ve Zy, ve —Zy v v vy — Ly veTveYs 2Zyvi.dTd.d 0 Xy, v,
XY:7,YK 0 0 0 0 _ZY,{,N*TN*,N* XY,,,YK (17)
Xd.YK Zd,YK Zd.yK Tyg,Yx Zd,YK TYk,Yy 0 0 XdYYK .
XN vy 0 —ZN Y, TV vk LN Y TV Y, 0 0 X e ve

Here, we have suppressed the spin-isospin quantum numbers,
the spectator momentum p;, and the total energy of the
three-body system W in Z, X, and 7t for simplicity. The
concise notation of Y, Y, d, and N* represents the “isobars”
and their decay channels. The decay channels of isobars
Yg,Y,,d, and N* are KN(I=0,1),7X(I =0,1) and
Al =1), NN(I = 1)andr N(I = 1/2,3/2), respectively.
Here, I is the isobar isospin. Those indices uniquely specify
the three-body states of X and Z except for N* showing ZN*
and A N*. Therefore we have a nine-channel coupled equation
of Eq. (17) for the spin singlet, s-wave three-body system.
The explicit form of Eq. (7) when we include spin-isospin is
summarized in the Appendix.

The dominant Fock space component is expected to be
|[KNN), and therefore the most important amplitudes are
Xy, v, and X4y, . They couple to each other through the kaon
exchange Zy, y, and nucleon exchange Zy, ; mechanisms.
Notice, however, that the 7Y N component is also implicitly
included in ty,y, when we solve the two-body KN-7Y
coupled-channel equations. The wY N components, Xy y,
and X y+.y,, couple with the K NN components through the
pion exchange mechanism Z - y, and the w N and 7Y isobars
Ty« N+, Ty, y. The pion exchange mechanism may play an
important role in the width of the resonance. In this work,
we have not included the weak Y N interaction. It was found
in Ref. [19] that the Y N interaction plays a rather minor role
in this strange dibaryon system.

To find the resonance energy of the three-body system
using the AGS equation of Eq. (17), we follow the method
used in Refs. [8-10,12,13]. The AGS equation of Eq. (13) is
a Fredholm-type integral equation with the kernel K = Zr.
Using the eigenvalue 1,(W) and the eigenfunction |¢,(W)) of
the kernel for given energy W,

279 (W) = 1a(W)|¢a(W)), (18)

the scattering amplitude X can be written as

|a(W)) (9a(W)IZ
x= Z 1L—n (W)

At the energy W = W, where 1,(W,) = 1, the amplitude has
a pole, and therefore W), gives the bound state or resonance
energy.

Since a resonance pole appears on the unphysical energy
Riemann sheet, we need analytic continuation of the scat-
tering amplitude. We use here the nonrelativistic model to
explain a method of analytic continuation, which is based on
Refs. [9,10]. At first we examine the singularities of the kernel
of Eq. (13). Above the threshold energy of the three-body
breakup W > m; +m; +my, Z(p;, p,, W) has logarithmic
singularities. The branch points appear at p, = +pz, ,, where

19)

14 It
Pz, = —=pi+ [2m; W — =L pZ, (20)
my nj
) / I
Pz = +—Lpi+ [21; Wy — —Lp?, (21
my n;j
with
N m;nmyj
M= e
0 = mj(m; + my)
Y mimy 4+ my
Wih =W —m; —m; —my.

For given p; > 0, the cuts run from pz to pz, above the
positive real axis of the complex p, plane and from —pz, to
—pz, below the negative real axis as shown in Fig. 2, while
the integration of momentum p,, in Eq. (13) is along the real
positive axis.
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Inp, P

FIG. 2. Singularities of the one particle exchange interaction
Z(pi, pn, W) in the complex p, plane at W = E +ie and the
real p;.

Let us consider the case when W has a negative imaginary
part. For given p; > 0, the cut from p, to pz, moves into the
fourth quadrant across the integration contour of p,,. Assuming
the integrand of Eq. (12) is an analytic function around real
positive p,, one can perform an analytic continuation of the
amplitudes by deforming the integration contour along the
logarithmic singularity as shown in Fig. 3, and then we obtain
amplitudes on the unphysical Riemann sheet.

In principle it might be possible to solve the AGS equation
keeping the momentum variables real and taking into account
the discontinuity across the cut. The moving logarithmic sin-
gularities depending on p; make it difficult to solve the integral
equation. To overcome this problem, we deform the integration
contour of p;, p,, into the fourth quadrant of the complex
momentum plane so that we take into account the contribution
of the cuts. As an example of our KNN-7Y N problem, we
choose the integration contour of p, as shown in the solid
line in Fig. 4. Here we take the energy W = 10 —i35 +
my, + myx, + my MeV, which is below the mass of K NN and
above the 7Y N. The shaded region in Fig. 4 shows the cuts
of Z for the pion exchange mechanism. The cuts become
“forbidden regions” because the position of the cuts depends
on p;, which runs the same integration contour as p,. In our

Inp, P

FIG. 3. Integration contour C and the singularity of Z at W =
E —iI"/2 and real value of p;.
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FIG. 4. Logarithmic singularities of the 7 exchange mechanism
Z(pis pn, Z) at Wy, = 10 — i35 MeV in the complex p, plane. C is
the integration contour of p, and p;.

numerical calculation, we studied all the forbidden regions
for 7, N, and K exchange mechanism and determined the
integration contour. With the integration contour C in Fig. 4,
we choose the physical sheet of K NN.

The singularities of the isobar propagator (W) arises from
the three-body Green’s function in the integrand of 7. The poles
are at g, = % /244, Wi — 12 p. Since s = (pz, + pz,)/2.
we can analytically continue it into the same unphysical sheet
as the case in Z as long as we keep the same deformed contour
as the one used in Z. Another singularity we have to worry
about is that due to the two-body resonance. Since our K N- ¥
system has the two-body resonance A(1405), the cut starts
from the two-body resonance energy in the complex energy
plane. To examine this, we write the approximate energy
dependence of the 7 as

T (W) ~ 5 . (22)

Here py and m y are the momentum and mass of the spectator
nucleon. The reduced mass of the spectator nucleon with the
isobar pair KN or 7 X is denoted as ny, and E - is the pole
energy of A(1405). At W = 2’:7—2"1; + Ez+« + my with py on the
contour C in Fig. 5(b), the two-body ¢ matrix has a singularity,
which is plotted as a solid line in Fig. 5(a). We illustrate the
typical trajectories of the three-body resonance pole W = W,
as curves A and B in Fig. 5. If the pole trajectories A and

ImW w m Pn [Py

B e U*\C ‘/
.) el =

A
i
K E.r,"l- My

(a) (b)

FIG. 5. Singularities due to the three-body resonance and the
A(1405) in (a) the complex energy plane and (b) the momentum
plane.
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B intercept the two-body N A(1405) cut, then the analytic
continuation to the N A(1405) unphysical energy sheet must
be examined. The same situation from the py plane is shown
in Fig. 5(b). The momentum p* corresponding to the energy
W, of the three-body resonance is determined by

If p* intercepts contour C, we have to take care of the analytic
continuation of the N A(1405) energy sheet. As will be seen
in Sec. IV, the trajectories of the three-body resonance in our
calculation follow line A of Fig. 5(a) and do not intercept the
singularity of the two-body resonance.

III. MODEL OF THE TWO-BODY INTERACTIONS

We take into account the KN interactions in J7 =
1/27,1 =0 and I =1 states; the 7 N interactions in J" =
1/27,1 = 1/2 and 3/2 states; and the NN interaction in
I =0,'S, state. Our s-wave meson-baryon interaction is
guided by the leading order effective chiral Lagrangian for the
octet baryon {5 and the pseudoscalar meson ¢ fields given as

Lin = 550y 119, 0,61, V). (24)

The meson-baryon potential derived from the chiral

Lagrangian can be written as

1
(2m)38F2
mg + my

* JAE () E(p)

Here p and p’ are the momentum of the meson in the initial
state  and the final state 8. The strength of the potential at
zero momentum is not an arbitrary constant but is determined
by the pion decay constant F;. The relative strength between
the meson-baryon states is controlled by the constants Cg
which are basically determined by the SU(3) flavor structure
of the chiral Lagrangian. The parameter of our model is the
cutoff A of the phenomenologically introduced vertex function
8a(P) = Ay /(P* + AL )

The most important interaction for the study of the KN N
system is the / =0 KN interaction. We describe the KN
interaction by the coupled-channel model of the KN and
7 % states. The constants Cg, for this channel are given as
CI?N—I?N = 6, C[EN_T[): = —«/6_, and Cﬂz—ﬂz = 8. The cutoff
A is determined by fitting the scattering length aE\? =
—1.70 4+ i0.68 fm of Ref. [22]. The values of A are around
1 GeV and are given as model (a) in Tables I and II for
the nonrelativistic and the relativistic models. In general, the
form factors of the relativistic models are hard compared
with those of the nonrelativistic models because of the weak
relativistic kinetic energy. We found a resonance pole at
W = 1420 — i30 MeV for the nonrelativistic and relativistic
models. The relativistic kinematics might be important in
describing the mY channel because of the small pion mass.
We choose this model (a) as a standard parameter of the KN
interaction.

(ﬁ/a 18|VBM|ﬁ7 a) = _Cﬁ,a

8s(PNgu(P). (25)
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TABLE 1. Cutoff parameters, scattering lengths, and resonance
poles of the relativistic models of the / = 0, K N-7 % interaction.

Model KN X Scattering Resonance
(MeV) (MeV) length (fm) energy (MeV)
(a) 1095 1450 —1.70 +i0.68 1419.8 —i29.4
(b) 1105 1550 —1.60 +i0.68 1422.2 —i33.7
(c) 1085 1350 —1.80 +i0.68 1418.5 —i25.0
(d) 1120 1340 —1.70 +i0.59 1414.6 —i29.4
(e) 1070 1540 —1.70 +i0.78 1424.3 —i28.3
6] 1160 1100 —1.72 +i0.44 1405.8 —i25.2

The K N scattering lengths are not very well constrained
from the data. The ranges of the KN scattering lengths
are studied within the chiral unitary model in Ref. [23]. In
this work, we simply examined models with the scattering
length a%:]\? = (—1.70 £ 0.10) 4+ i(0.68 = 0.10) fm in order
to examine the sensitivity of the energy of the three-body
resonance on the input model of the two-body interaction.
The cutoff A’s for those models are given as models (b)—(e)
of Tables I and II. The values of the resonance energy are
about 1415 ~ 1425 MeV, and the width 50 ~ 70 MeV, which
are close to the values of the chiral model in Ref. [16].
One can notice that there is a correlation between the real
(imaginary) part of the pole energy of the A(1405) and the
imaginary (real) part of the scattering length. Those resonance
energies are slightly larger than the pole energy reported in
Ref. [24]. Therefore as a last model, model (f) reproduces
the deeper resonance energy 1406 —i25 MeV of Ref. [24].
The scattering length of this model is —1.72 +i0.44 fm,
which is, however, somewhat different from the value —1.54 +
i0.74 fm in Ref. [24].

The I =1 KN interaction is described by the
K N-m2-7 A coupled-channel model. The coupling constants
Cﬁ,tx are CKN—KN = 27 CKN—HE = _2’ CKN—JIA = _“/61
Crsayx =4, and Crsrp = Crpaea = 0. The cutoff A’s are
determined to fit the imaginary part of the scattering length
of Ref. [22], which are given as model (A) in Tables III
and IV for the nonrelativistic and relativistic models. The real
part of the scattering length of those models is larger than
al=l =0.37+i0.60 fm of Ref. [22]. The K~ p scattering
length predicted from model (aA), which is model (a) for
I = 0 and model (A) for I = 1 interactions, is between the
central values of the two kaonic hydrogen data [25-27].
To study the sensitivity of the models of the / =1 KN

TABLE II. Same as Table I, but for the nonrelativistic models.

Model KN TE Scattering Resonance
(MeV) (MeV) length (fm) energy (MeV)
(a) 946 988 —1.70 +i0.68  1420.1 —i30.1
(b) 954 1035 —1.60 +i0.68  1422.4 —i34.7
(c) 940 944 —1.80+i0.68  1418.7 —i26.0
(d) 968 933 —1.70 +i0.58  1414.3 —i30.5
(e) 927 1031 —1.70 +i0.78  1424.7 —i29.0
(63) 1000 800 —1.72+i0.43  1404.8 —i25.5
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FIG. 6. Total cross section of (a) K~"p — K~ p, () K"p > 77X, (c) K p—>n"2%, (d) K p— n°%° and (e) K~ p — 7°A

reactions in the relativistic model. Data are from Refs. [29-33].

interaction to the resonance energy of the K~ pp system,
we constructed model (B) given in Tables III and IV. A
similar model of KN interaction is developed to study K ~d
scattering [28]. The range of the vertex form factor found in
in Ref. [28], which is a monopole form factor with 880 MeV
cutoff mass, is comparable to ours.

The total cross sections of K~ p reactions predicted from
our models (aA), (aB), and (fA) are shown in Fig. 6 together
with the data [29-33]. The models (aA) and (aB) describe well
the K~ p — K~ p [Fig. 6(a)], K~ p — X~ [Fig. 6(b)],
and K~ p — 7~ X7 [Fig. 6(c)] reactions, where both I =0
and I = 1 interactions contribute to the cross section. The
models of / = 0 and / = 1 can be tested from K~ p — 7°%0
[Fig. 6(d)] and K~ p — m°A [Fig. 6(e)] reactions, where
models (a) and (A)/(B) describe the cross sections well. The
model (fA) tends to give smaller cross sections. It is noticed,
however, as we will see, that the resonance energy of the K~ pp
system is more sensitive to the / = 0 K N interaction and less
sensitive to I = 1 interactions, while both / =0 and I =1
interactions are equally important in describing the K~ p cross
sections and kaonic hydrogen data.

TABLE III. Cutoff parameters, scattering lengths of the rela-
tivistic models of the I = 1, K N-7Y interaction.

The form of the s-wave w N interactions is taken as
Eq. (25). The constant Cy g is 4 for I = 1/2 and -2 for I =
3/2 states. The parameters of the potentials are determined by
fitting the scattering length and the low energy phase shifts. For
the I = 1/2 state, the strength of the potential is modified as
ACg,o by introducing a phenomenological factor A to describe
the data of the scattering length (0.1788 4= 0.0050)m; 1134]
and the phase shifts [35]. The fitted parameters A and A are
shown in Table V together with the scattering length calculated
using the models. The models describe well the Sy phase shifts
up to 1.2 GeV as shown in Fig. 7.

For the I = 3/2 N scattering, the w N potential is con-
structed so as to reproduce the scattering length (—0.0927 +
0.0093)111;1 [34] and the S3; partial wave phase shifts data.
Here we introduced a modified dipole form factor as

4

=2
m X(1+ap )

g(p) = (26)
The parameters of the model are A and a for the form factor
and the strength parameter A. The obtained parameters are
summarized in Table VI. The relativistic model can describe

well the phase shifts up to 1.2 GeV as shown in Fig. 7; however,

TABLE IV. Same as Table III, but for the nonrelativistic models.

Model KN (MeV) ¥ (MeV) nmA (MeV)  Scattering Model KN (MeV) ¥ (MeV) nwA (MeV) Scattering
length (fm) length (fm)

(A) 1100 850 1250 0.68 4+ i0.60 (A) 920 960 640 0.724+1i0.59

B) 950 800 1250 0.65 +i0.46 (B) 800 940 660 0.68 +:0.45
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FIG. 7. Phase shift of the 7 N
scattering for (a) Sy; and (b) S3;
partial waves. Data are from Ref.
[35].
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the nonrelativistic model starts to deviate from the data at
around 1.1 GeV.

We used a Yamaguchi-type separable interaction for the
nucleon-nucleon potential. To take into account the long range
attractive interaction and the short range repulsion of the
two-nucleon interaction, we used a two-term separable po-
tential,

(P'IVeg|p) = Crgr(P)gr(P) — Caga(pHga(p). (27)

Here Cy (C4,) is the coupling strength of the repulsive (attrac-
tive) potential. gzr(p) [ga(p)] is the form factor, whose form is
given as gr(p) = Az/(p* + AR) [8a(P) = AL /(P + A,
where A is a cutoff of the nucleon-nucleon potential. The
adjustable parameters in our nucleon-nucleon potential are
determined by fits to the data of the 'S, phase shifts [36].
The best-fit parameters are summarized in Table VII. The low
energy phase shifts of the 'S, state is shown in Fig. 8.

IV. RESULTS AND DISCUSSION

The dibaryon resonance with J* =07,S=—-1,1 =1/2
is studied using a formalism of the Faddeev equation as
explained in Sec. II. We assume all the angular momen-
tum to be in an s-wave state and the spin singlet state
Sgp = 0 for the two-baryon states. We have included the
dominant KNN, 7 XN, and w AN Fock-space components,
whose isospin wave functions are K ® [NNli=ilizij2, [7 ®
[EN1i=1/2.3/2]1=1/2, and [ ® [AN]1;=1/2]1=1/2. An approxi-
mation within this model is that the weak Y N interaction is
not included.

Let us start to examine the three-body resonance energy
by taking into account only the KN interactions v?]\?_’}g N
neglecting the wY N Fock space. In this case, the bound state
pole is expected to lie on the physical Riemann sheet below
my + 2my if the KN attraction is strong enough. Therefore

TABLE V. Parameters and scattering lengths for the relativistic
and nonrelativistic models of the / = 1/2, = N interaction.

1
1080 1100 1120 1140 1160 1180 1200

Ecm, (MeV)
(b)

it is not necessary to use the analytic continuation of the
amplitude with the deformed contour discussed in Sec. II, so
we simply use the integral over the momentum p; in the real
axis. The results are shown in Fig. 9 marked by a and a’ for
the relativistic and nonrelativistic models, respectively. Here
we use the standard parameters (aA) of the KN interaction
with nonrelativistic and relativistic kinematics. The binding
energies are about 18 MeV. The K N interaction included in T
and Z is strong enough to bind the K NN system, where the
I = 0 K N interaction plays a dominant role. We then take into
account the N N interaction. Then the binding energy increases
farther to 25.1 MeV (22.8 MeV) shown as b (b") for relativistic
(nonrelativistic) model. Notice that if we neglect the repulsive
component of the NN interaction, we obtain a much more
deeply bound state.

In the next step, we gradually include the 7 Y N interactions,
while the pion-exchange Z diagram is not yet included. To
do this, we multiply by factor x the coupling constants C, g
of the KN-nY and wY-nY interactions as xC, . When the
parameter is zero, x = 0, the 7Y is disconnected from KN:
and when it takes the value 1, x = 1, we recover the full
model. By varying the parameter x from O to 1, we can follow
the trajectory of the resonance pole from the bound state pole.
Now the K N N bound state decays into the 77 Y N channel, and
the bound state pole moves into the unphysical sheet. Since
the K NN bound state was found above the 7 ¥ N threshold,
the resonance pole may be on the 7Y N unphysical and K N N
physical Riemann sheet, which we discussed in Sec. II. The
results of the pole trajectories are shown by the solid and
dashed curves in Fig. 9 corresponding to the relativistic and
the nonrelativistic models. Increasing the coupling tothe 7 Y N
channel causes the width as well as the binding energy of the
resonance to increase. For larger binding energy Re(Wyoe —
Wiyn) < —60 MeV, the width starts to decrease because of

TABLE VI. Parameters and scattering lengths for the relativistic
and nonrelativistic model of the I = 3/2, = N interaction.

Model A A MeV)  a (fm)? Scattering
Model A AT (MeV) Scattering length length
Relativistic 0.90 800 0.175m;! Relativistic 2.7 618 0.50 —0.095m "
Nonrelativistic 0.85 800 0.177m;"! Nonrelativistic 3.0 628 0.30 —0.101m!
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TABLE VII. Our parameters of the relativistic and nonrelativistic
models for NN scattering.

Model Ar (MeV) A, (MeV) Cxr Cy
(MeV fm?)  (MeV fm?)

Relativistic 1144 333 5.33 5.61

Nonrelativistic 1215 352 5.05 5.84

the decreasing phase space for the decay into the 7 X N state.
The pole position is at —82 — i29 MeV (—91 — 28i) for the
relativistic (nonrelativistic) model shown as ¢(¢”). It is noticed
that the numerical method used to follow the pole trajectories
helps us determine whether we encounter singularities or not.
As an example, the pole of the three-body resonance is shown
by the solid line in Fig. 10 for 0 < x < 1. The pole of the
A(1405) is also shown by the dashed curve. The trajectory of
the KN N resonance is similar to case A in Fig. 5, and the
integration contour does not intercept the singularity arising
from the two-body resonance A(1405).

Finally, we include the 7w exchange mechanism in Z and
w N two-body scattering terms in 7, which adds another
mechanism for the decay of the KNN into 7Y N and
is important for the width of the three-body resonance.
The final results of the KNN-7YN resonance poles are
denoted by d and d’ in Fig. 9. This mechanism increases
the width of the three-body resonance by about 14 MeV,
while the effect on the real part is small. The cancellation
between the attractive [ = 1/2 w N interaction and the
repulsive [/ =3/2 mN interaction may lead to small
effects on the real part of the resonance energy. The
effects of the w AN channel are small and increase the
binding energy and half-width at most by 1 MeV. The pole
position of the three-body resonance is W =M —il'/2 =
2my +mg —79.3 —i37.1 MeV (Qmy+mg —92.2 —
i35.4 MeV) for the relativistic (nonrelativistic) model, shown
asd and d’.

The model dependence of our results on the three-body
resonance is summarized in Tables VIII and IX. The KN N-
7Y N resonance pole is located on the K NN physical and
Y N unphysical sheet with the binding energy B ~ 60—
95 MeV and the width I' ~ 45-80 MeV, using relativistic
models. All of our models predict resonance energies above

TABLE VIIL Pole energy (Wyo. —mg — 2my) of the three-
body resonance using relativistic models. The listed pole energies
in MeV can be related to binding energy B and the width I' as
Wpole —mg — 2mN =—B— lr/2

PHYSICAL REVIEW C 76, 035203 (2007)

TABLE IX. Same as Table VIII, but for the nonrelativistic models.

Model (A) Model (B)
(a) —922 —i354 —92.3 —i35.6
(b) —101.6 — i20.7 —101.6 — i20.7
(©) —72.7 —i53.9 —72.5—i54.9
(d) —83.0 —i33.3 —83.0 —i33.6
() —98.1 —i33.2 —98.2 —i33.3
® —66.5 — i24.4 —66.3 —i24.4

Model (A) Model (B)
(a) —79.3 —i37.1 —79.3 —i37.3
(b) —933 —i27.4 —93.3—i27.6
©) —57.2—i38.6 —56.9 — i38.6
(d) —72.4 —i31.7 —72.2—i31.9
(e) —87.1 —i40.8 —87.1 —i41.0
() —63.3—i22.2 —63.2—i22.3

the 7 XN threshold. The relatively large model dependence
of our results is due to the uncertainty in the models of
the I =0, KN-7X interaction. Comparing the results of
model (A) with model (B), we can see the three-body pole
position is almost independent of the parameters of the I = 1,
K N-7Y interaction. By varying the real (imaginary) part of
the fitted scattering length by +0.1 fm, the binding energy
of the three-body resonance is affected by ~ £14(8) MeV.
Following another way to construct the model, the parameters
of model (f) are fitted to the pole energy of A(1405). This
model predicts the scattering length —1.72 + i0.44 fm. The
energy of the three-body resonance is found tobe B = 63 MeV
with arather small width, I' = 44 MeV, compared with models
(a)—(e), which can already be seen in the small imaginary part
of the scattering length in model (f).

Let us briefly compare our results with those of the other
theoretical studies of the K~ pp resonance, which use a
nonrelativistic approach. Our resonance has a deeper binding
energy and a similar width compared with those in Ref. [4].
However, it is not straightforward to compare our results
with the pole energy of Ref. [4] because of the differences
in the methods used to obtain the three-body resonance
energy and the model for the KN interaction. Their KN
potential is stronger and has a shorter range than ours. Recently
Shevchenko, Gal, and Mares [19] studied K ~ pp system using
the nonrelativistic coupled-channel Faddeev equation. Though
the details of their method is not described in Ref. [19], it
seems their approach is quite similar to our present study.
They employed a phenomenological K N potential model and
reported B ~ 55-70 MeV and I' ~ 95-110 MeV. Their result
is consistent with our results of the nonrelativistic model.
Specially our result using model (c) gives a quite similar
resonance energy and width.

70 T T
60 [
50
40

T T
Rel. model
Non-rel. model - - - -
Nijim93 &

3 (deg)
w
o

N
N
=N
AN
A7
2

%
YW
L
L,
2
%
2

««««

0 50 100 150 200 250 300
TLab (MeV)

FIG. 8. Phase shifts of NN scattering for the 'S state. The phase
shifts calculated from the model of Ref. [36] are shown in triangles.
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FIG. 9. Pole trajectories of the K N N-7 Y N scattering amplitude
for the J* =0~ and I = 1/2 state. Filled circles (filled triangles)
show the results of the relativistic (nonrelativistic) model (aA) for
different steps in the analysis, as explained in the text. Here Wxyy =
meg + 2m N-

In summary, we have studied the existence and properties of
a strange dibaryon resonance using the K N N-7 Y N coupled-
channel Faddeev equation. By solving the three-body equation,
the energy dependence of the resonant K N amplitude is fully
taken into account. The resonance pole has been investigated
from the eigenvalue of the kernel with the analytic continuation
of the scattering amplitude on the unphysical Riemann sheet.
The model of the KN-7Y interaction is constructed from
the leading order term of the chiral Lagrangian and takes
into account the relativistic kinematics. The KN interaction
parameters are fitted to the scattering length given by Martin
[22]. We found a resonance pole at B ~ 79 MeV and I' ~
74 MeV in the relativistic model (aA). However, as the KN
interaction is not very well constrained by the data, we studied
a possible range of the resonance energies by considering
different parameter sets of the KN-mY interaction. The
binding energy and the full width can be in the range of
B ~ 60-95 MeV and I ~ 45-80 MeV when computed in
the relativistic model. To connect the resonance found in this
work to the experimental signal, further theoretical studies on
the production mechanism and further decay of the resonance
especially to the A-p channel are necessary.

10 T

T T T
5L Non-rel. Model(aA) .
0 A(1405) pole - - - -
— /
3 S5 F / T
§ 0k i 4
= 1
35T ' 7
=z 20 ll h
£ 251 N b
\
-30 * T
-35 T
_40 1 1 1 1 1
-100 -80 -60 -40 -20 0
Re[W po1e-Wigun] (MeV)

FIG. 10. Pole trajectories of the three-body resonance and
A(1405) using the nonrelativistic model (aA).
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APPENDIX

The spin-isospin recoupling coefficient of the particle
exchange interaction Z is briefly explained. The coefficient
given in Eq. (1.181) of Ref. [21] can be simplified for
s-wave states. The three-body state with total spin and isospin
(Stot> Ttor), which couples with the baryon “isobar” with spin
and isospin (S, 7) and the spectator baryon Bj s, 1), IS given as

ILLM53cs,.15) @ Bjcs;.iplis.ny ® Bics.inlswnton)- (AL
Here baryon i, j represents particle 1 or 2, and the meson is
always assigned as the third particle. The wave function of the
three-body state, which couples with the dibaryon isobar and
the spectator meson M3, is given as

ILB1s.1) ® Basy mylis.iy ® Masy ilisioto)- (A2)
Then Eq. (7) is extended to include spin-isospin degrees of
freedom. The particle exchange interaction for the spectators
[, m,the isobars f’, f with spin-isospin (S’, I’) and (S, I), and
the exchanged particle n can be expressed as

Zl,f’(S/,I’),m,f(S,l)(PI7 Pm W)
= Ry, (s, 1,m, £(S.1) / d(pr - Pn)

y 21 g rs.1(q)8 £(5.1(Gm)
W — Ei(p1) — En(pm) — Eo(P1 + Dm)’

(A3)

where f represents isobar Yk, Y, d, and N*.

Ry st 1ym, fes,1 18 given by the overlap of the initial
and final spin-isospin wave functions. For the meson (M3)
exchange mechanism, R; s/ 1, j, r(s,1) 18 given as

Ri pis.y.jps.n = ([[IMaesy.n) @ Bjcs;.1hls .1
® Bis;. 1S hoo [[M3(55.13)
® Bics,.1nlis.y ® Bjcs;.1p](su 1)

= (= 1)STS =SS W (S, S5, S Sj3 S, ST)

X \/(25 + DQ2S + D(—=DIH bl
x W, I, L, 151, 1)

x /I + DQ2I" + 1).

For the baryon (B;) exchange mechanism, R; /(s )3, r¢s,1) 18
given as

(A4)
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Ri ps,1),3,£(5.1)
= ([[M3(s55.15) ® Bjs;.1plis.1) ® Bics 1)) (S L)

X [[Bies, 1) @ Bagsy, i)lis,1) @ M3y, 1)l (S, L))

— (_1)53+S—S|o1+’3+1—11m

X W(S3, S}, Stots Si3 S, $)V/(28' + D(2S + 1)

x W(Is, I, Lo 131, Dy 21" + DRI+ 1)

X (51',25]‘,1 + 31‘,15j,2(—1)Si+s’_s+1i+1'i_1) . (A5

PHYSICAL REVIEW C 76, 035203 (2007)

When we antisymmetrize the AGS equation, the last factor
in the bracket in Eq. (AS) projects the antisymmetric two-
nucleon states. This can be explicitly seen by comparing
the exchange of nucleon 2 Zj y,(s'.1/),3.4(s,1) and nucleon 1
Z1.v¢(s. 13,45, 1) interactions. Using Eq. (A5), those interac-
tions are related as

Riyes.imzas.n = (D Ryyos maas.n, (A6)
which leads to Eq. (17) as

Xyeve =0 = (=D5NZy, ataaXaye +--. (A7)
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