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N interaction: Meson exchanges, inelastic channels, and quasibound state
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Based on a baryon-baryon interaction model with meson exchanges, we investigate the origin of the strong
attraction in the NQ(S,) interaction, which was indicated by recent lattice QCD simulations. The long-range part
of the potential is constructed by the conventional mechanisms, the exchanges of the  meson and of the correlated
two mesons in the scalar-isoscalar channel, denoted by “o” in the literature. The short-range part is represented
by the contact interaction. We find that the meson exchanges do not provide sufficient attraction. This means that
most of the attraction is attributed to the short-range contact interaction. We then evaluate the effect of the coupled
channels to the NQ(*S,) interaction. We find that, while the D-wave mixing of the N2 channel is negligible,
the inelastic AE, &, and A E(1530) channels via the K meson exchange give the attraction of the NQ(*S;)
interaction to the same level with the elastic meson exchanges. Although the elimination of these channels induces
the energy dependence of the single-channel N 2 interaction, this effect is not significant. With the present model
parameters fit to reproduce the scattering length of the HAL QCD result of the nearly physical quark masses, we
obtain the NQ(>S,) quasibound state with its eigenenergy 2611.3 — 0.7 MeV, which corresponds to the binding
energy 0.1 MeV and width 1.5 MeV for the decay to the A E and X E channels. From the analysis of the spatial
structure and the compositeness, the quasibound state is shown to be the molecular state of N 2. We also construct

an equivalent local potential for the NQ(’S,) system which is useful for various applications.

DOI: 10.1103/PhysRevC.98.015205

I. INTRODUCTION

Existence and properties of dibaryons have been one of the
major topics in hadron physics. Here dibaryons stand for states
of baryon number B =2 generated by strong interactions
regardless of their structure: compact hexaquarks, baryon-
baryon, and meson-baryon-baryon molecules, etc. So far, there
is only the single well-established dibaryon state, the deuteron,
which is a proton-neutron molecule [1]. Because various
different mechanisms in strong interactions are expected to
generate dibaryons, the study of dibaryons helps to under-
stand the underlying theory of strong interactions, quantum
chromodynamics (QCD). For instance, compact hexaquarks
are closely related to the mechanism of quark confinement and
correlation of quarks inside hadrons. Hadronic molecules serve
as a valuable clue to investigate the hadron-hadron interactions,
which lead to novel few-body systems bound by hadronic
interactions.

Historically, dibaryons were first discussed in theoretical
studies. In the early stage, dibaryons analogous to the deuteron
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were predicted in Ref. [2] by combining the nucleon (V)
and the A resonance. The H dibaryon was predicted as a
compact hexaquark owing to the strongly attractive color-
magnetic interaction between quarks [3], which stimulated
various experimental searches for such dibaryons (see review
[4]). As an example of the dibaryon with meson-baryon-baryon
structure, the K NN state was predicted [5], motivated by the
strong attraction between the antikaon (K) and nucleon [6]
(see reviews [7,8]). Then, recent remarkable progress in exper-
iments and in lattice QCD simulations enables us to examine
these theoretical predictions on dibaryons. For example, the
WASA-at-COSY collaboration recently reported the d*(2380)
in quantum numbers (J, 1) = (3%, 0) [9-11], which may
correspond to the isoscalar AA bound state predicted in
Ref. [2]. Some hints about the H dibaryon come from lattice
QCD simulations [12-19]. In particular, the baryon-baryon
interaction in the HAL QCD method with nearly physical quark
masses [18,19] implies the existence of a resonance around the
N E threshold. Lattice QCD analyses with the nearly physical
quark masses are further suggesting new dibaryons such as the
S-wave QQ bound state in J¥ = 01 [20]. The J-PARC E15
experiment observed a peak structure which can be interpreted
as a signal of the K NN quasibound state [21,22].

In this study, we focus on yet another dibaryon system, the
N state. This system was predicted to be bound in quark-
model calculations [23-26], and further studies within quark
models are found in Refs. [27,28]. Remarkably, the repulsive
core is expected to be absent in the elastic N2 potential, in
contrast with the nuclear force, because the quark flavors in N
are completely different from those in €2 and hence the Pauli
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TABLE 1. Baryon-baryon channels coupling to N2 and their
threshold energies.

Channel Threshold [MeV]
AE 2434
TE 2511
NQ 2611
A BE(1530) = AE* 2649
2(1385) E = X*E 2703
Y B(1530) = T E* 2727
¥(1385) E(1530) = X*E* 2918

exclusion principle does not work. The absence of the repulsive
core is advantageous to generate a possible dibaryon state in
the N2 system. The N interaction in the °S, channel was
recently obtained in the HAL QCD analyses of the lattice QCD
data, where 257! L ; denotes the state with spin S, L wave, and
total angular momentum J of the N system. Interestingly,
the results of the HAL QCD analyses suggested a strongly
attractive potential in the NQ(°S,) channel without repulsive
core which supports a bound state [29-31]. Although there
are lower-energy baryon-baryon coupled channels AE and
Y E, it is expected that the decay of the NQ(>S,) quasibound
state will be suppressed because couplings to these decay
channels are in D wave (see Table I for baryon-baryon channels
coupling to the N Q2 state). Stimulated by the HAL QCD results,
the N2 interaction was studied in the framework of chiral
perturbation theory [32]. A method to probe this dibaryon with
the correlation between N and 2 in high-energy heavy-ion
collisions was proposed in Ref. [33] as well.

The aim of our study is to understand the origin of the
strong attraction in the N Q(CS,) channel. For this purpose,
we construct a meson exchange model for the N2 interaction.
Combining the long-range meson exchange mechanisms with
the short-range interaction represented by the contact term,
we can pin down the physical origin of the attractive N2
interaction. In addition, by taking into account the coupling to
the relevant baryon-baryon inelastic channels, we can further
discuss the absorption processes and the energy dependence
of the NQ interaction. These effects were assumed to be
small and are neglected in the HAL QCD analyses of the N
interaction. Finally, the attractive N2 interaction implies the
possible existence of nuclei with an €2 baryon. It is practically
useful to construct a local potential equivalent to the full model,
for the application to few-body calculations of €2 nuclei.

This paper is organized as follows: First, in Sec. II we for-
mulate the N 2 interaction including the inelastic contributions
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as well as the elastic channels. Next, we show the expression of
the scattering amplitude and determine the model parameters
so as to reproduce the NQ(’S,) scattering length calculated
in the HAL QCD analyses in Sec. III. We then discuss the
NQ(S,) interaction in Sec. IV by separately evaluating the
elastic and inelastic contributions to the interaction. We also
calculate properties of the on-shell N2 scattering amplitude
and of the N2 quasibound state. In Sec. V we construct
an equivalent local potential which reproduces the NQ(S,)
scattering amplitude. Section VI is devoted to the conclusion
of this study.

II. FORMULATION OF THE N @ INTERACTION

First of all, we formulate the N2 interaction based on the
meson exchanges with effective Lagrangians. This interaction
is then used to obtain the scattering amplitude in Sec. III.

A. Mechanisms

As for the elastic N2 channel, the Okubo—-Zweig—lizuka
(OZI) rule restricts mediating mesons to those containing
both (uii + dd)/~/2 and s5 components. Owing to this fact,
the longest range interaction should be mediated by the n
exchange [Fig. 1(a)]. In addition to n, there is a contribution
from the exchange of the light scalar-isoscalar meson “o,”
which should be, however, treated as the exchange of correlated
two pseudoscalar mesons due to its broad width as shown
in Fig. 1(b). In the vector channel, on the other hand, the
exchange of the light vector mesons is forbidden, because of
their ideal mixing and the OZI rule. The contributions from the
n and correlated two-meson exchanges can be determined by
empirical information as we show below. Further contributions
at short ranges, such as the exchanges of the heavier mesons
and the color magnetic interactions at quark-gluon level, are
treated as a contact term [Fig. 1(c)].

There are several inelastic channels which can couple to
N2 as shown in Table I. Among them, we take into account
the two open channels A E and ¥ E which are responsible for
the absorption processes. We also include one closed-channel
A E*, whose threshold is nearest to the N threshold. We
consider the transition from N2 to these channels through
the K exchange. We expect that, around the N2 threshold,
the transitions between the inelastic channels such as AE —
AE contributes to the N interaction only subdominantly.
Neglecting these contributions, we evaluate the box diagrams
to include the inelastic effects on the N2 interaction as shown
in Fig. 1 (box).

B(qqgs)
N N N — > N
} B(gss) |
Q Q Q ———p—¢—=— ()
(© (box)

FIG. 1. Feynman diagrams for the N2 interaction. The dashed lines represent the pseudoscalar mesons, while the solid and double lines
indicate baryons. Shaded circle denotes the correlation of two mesons, and B(ggs)B(gss) represents AE, £ E, and A E(1530).
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B. Effective Lagrangians

The vertices in Fig. 1 are constructed with the effective La-
grangians, including the pseudoscalar meson P, octet baryon
B, and decuplet baryon D, based on flavor SU(3) symmetry.

The P BB coupling is governed by the chiral Lagrangian:

F
L=———(By"ys[0,®,B

D
— ——(By"y5{0, . B}), 1
ﬁf<y)/5{u 1 ()

with the pseudoscalar meson and octet baryon fields @ and B,
respectively, whose explicit forms are

%no+%n ot K+
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The meson decay constant f is chosen at their physical
values [34]: fr =92.1MeV, fx =12f;, and f, =1.3f;.
The parameters D = 0.795 and F = 0.465 are fixed by the
weak decays of the octet baryons.

The Lagrangian for the P B D coupling is

,C:—fPBD

(A, - 0"®)B+H.c), )

T

where m., is the pion mass and the product (A - @) represents
(A @)y = €ijaDispy Py, (5)
with the decuplet baryon field A:
1

A =AY A = ﬁAJr,
e . (6)
A = ﬁA , Ay = AT,
for A(1232),
Az = LEH, Az = LE*O, Apz = LE*_, @)
N 7 N
for ¥ (1385),
Az = ! EY, Ay = ! E*, (€))
V3 V3
for E(1530), and
Az = Q7 )]

for 7. The form of A, is completely symmetric under
permutations of indices a, b, and ¢ =1, 2, 3. The cou-
pling constant fppp is fixed as fppp = 1.8 so as to re-
produce semiquantitatively the decay widths of the decu-
plet baryons: with fpgp = 1.8, we obtain I'rg232»2y =
63 MGV, FE(1385)—>71A =33 MeV, FE(I385)—>712 =5 MeV,and
I'zas300»7g = 14 MeV.

Similarly, the Lagrangian for the P D D coupling is

£ =L @y 00,0), (10)

T

where the product (A - A) represents
(A N)ap = AjjpAija. (1)

The coupling constant fppp is fixed from the nucleon axial

charge based on the nonrelativistic SU(6) quark model [35]:
8a . fx feop 5.3
2 V2m, 62

where g4 = D + F = 1.26. From this analysis, we obtain

frop = 9gamz /(532 f) = 2.09.

Finally, we employ a spin-independent form for the contact
B DB D Lagrangian

L = c(QQ)(pp + iin), (13)

12)

with a coupling constant ¢ as a model parameter. In general
there is a spin-dependent contact B D B D term as in Ref. [32],
which generates difference between interactions of the J ¥ =
2% and 17" channels. However, the term in Eq. (13) is sufficient
in this study because we focus only on the J” = 2% channel.

In the following we construct the N interaction by
using these effective Lagrangians, together with the empirical
information of the two-meson correlation.

C. n exchange

The n exchange term, which is denoted Va, can be straight-
forwardly formulated according to Fig. 1(a). From the effective
Lagrangians, we can express Va in terms of the helicity
eigenstates as
_ 2V2(D = 3F) feppmyma F(q)’

3 fymx q* + m?

X VSMN(p3 )"N)IZQ/L(_p/v )‘f/Q))/SMg(_pv)"Q)v (14)

VA ﬁN(p/ﬁ)\';\/)

where p and p’ are the center-of-mass relative momenta in
the initial and final states, respectively, ¢ = |p — p’| is the
momentum transfer, m,, is the n mass, and uy and ug are the
N and 2 spinors, respectively (see Appendix B). The spinors
depend on the helicity A as well as the momentum p. We
introduced a form factor F(q) of a monopole type:

2
A2+q2’

with cutoff A. In the calculation of V, we used the relations

F(g) = 5)

an(ply — Py)Ysun = 2myiiNysuy, (16)

iou(Py — Po)ysie = 2maiiq . Ysiey, a7

where my and mg, are the N and €2 masses, respectively.

D. Correlated two-meson exchange

To formulate the correlated two-meson exchange term Vg,
we need some consideration. In this study we start with
a general form of the interaction constructed as a linear
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combination of the so-called kinematic covariants OY) and
0% [36,37]:

a v

V=Y Va@itn(p', an)OMun(p, dn)

x it (—p', A)O ub(—p, Aa),

apuy

(18)

where the coefficients V, are Lorentz-invariant amplitudes as
functions of the Mandelstam variable ¢ and a specifies types
of (O, O ). The kinematic covariants are built up from
the Dirac matrices and the momenta in such a way that their
bilinear spinor representations are Lorentz invariant. Then,
because the correlated two mesons in Fig. 1 are in the scalar
channel, we have only two independent types of (OV), Oﬁ)l}),
for which we take

a=S:0{"=1, 0§, = gu. (19)
a=2M: 0 =1, O = q’;;’”, (20)
Q

where g* is the four-momentum transfer. Therefore, making
the three-dimensional reduction and introducing a phenomeno-
logical form factor, we can express Vg as

Ve = F(q)*an(p', Xy)un(p, An)
X [Vs(l)ﬁﬂu(—P/y AQug(—p, Ag)

¥ sz(t)qan” il (—p' . Kuly(—p. Am] Q1)
Q

where t = —|p — p'|*> and g* = (0, p — p’). We use the
monopole-type form factor in Eq. (15) with the same cutoff A.

Now our task is to evaluate the coefficients Vs and Vyy,
which govern the interaction strength. They are calculated with
the dispersion relation for the scattering amplitude, as done in,
e.g., Refs. [36,37]. In the NQ2 — N reaction, Vs om(?) as
a function of ¢ is analytic except for some resonance poles
and branch cuts along the real 7 line: the unitarity cut running
from 4m2 to oo and the left-hand cuts. Therefore, neglecting
the latter one, which is irrelevant to the correlated two-meson
exchange, we may consider the dispersion relation in a general
form

ImVs om(t')

S (22)

1 [k
Vet = [ ar

T Jam2
where we introduced a cutoff 7. instead of infinity. Equa-
tion (22) means that, to calculate the N interaction with
the correlated two-meson exchange taking place in the region

N . M M3 . Q
~,&~ /’—
B :@ B,
P A Ny _
N M, M, Q

FIG. 2. Feynman diagram for the NN — Q£ reaction. Particles
in the intermediate states are listed in Table II. Shaded circle denotes
the correlation of two mesons.

TABLE II. Particles in the intermediate states of the diagram in
Fig. 2.

) M, M, B, M, M,
N T T Q n n
N n n E K K
A b4 b4 =* K K
A K K
z K K
=* K K

t < 0, we may consider the same amplitude but in t > 4m2,
which can be achieved in the NN — Q€ reaction as shown
in Fig. 2.

In this study we formulate the NN — QS scattering ampli-
tude by considering the intermediate states listed in Table II.
The scattering amplitude of the two pseudoscalar mesons in
the scalar channel, denoted by the shaded circle in Fig. 2, is
calculated in the so-called chiral unitary approach [38—41]. The
details of the formulation and calculation of the NN — QQ
scattering amplitude are given in Appendix D.

We fix the cutoff 7, = (1.2 GeV)?, which is the upper bound-
ary of the fit range of our 77 -K K -5 scattering amplitude in
the chiral unitary approach to the experimental rw (J =0, [ =
0) phase shift (Appendix F). The resulting Vs 2y in the region
t < 0 are shown in Fig. 3.

E. Contact term

The contact term V is straightforwardly constructed as

Ve =—cF(@)an(p', Xy)un(p, ry)

X g u(—p', AQug(—p, Ao). (23)
We here introduced the form factor F(g) as in the n and corre-
lated two-meson exchanges. The unknown coupling constant
c is to be determined by the lattice QCD data as described in
Sec. 111

60
a=S

a=2M

-=-- /

06 04
t [ GeV?]

-1 -0.8 -0.2 0

FIG. 3. Lorentz invariant amplitudes Vs and V,y calculated with
the dispersion relation as functions of the Mandelstam variable 7.

015205-4



NQ INTERACTION: MESON EXCHANGES, ...

PHYSICAL REVIEW C 98, 015205 (2018)

TABLE III. Channels for the NQ
coupled-channels scattering.

1 NQECSy)
2 AE CD»)
3 AE ('D,)
4 T2 (CDy)
5 T2 ('Dy)
6 AZ* (CS)

F. Projection to partial waves and coupling to inelastic channels

The interaction terms above are constructed in terms of the
helicity eigenstates in momentum space as

V =V(p', A3, Aa, p, A1, A2), (24)

where p and p’ are the relative momenta in the center-of-
mass frame in the initial and final states, respectively, and A, is
the helicity for the ath baryon in the baryon-baryon scattering
BB, — B3B4. Now these interaction terms are projected to
partial waves according to the method in Appendix C. As a
result, the expression of the interaction reduces to

V= Va(p/v P), (25)

with p© = |p”| and « = (J, P, L', S', L, S), where J, P,
LO, and S are total angular momentum, parity, spin, and
orbital angular momentum of the two-body system in the initial
(final) state, respectively.

In this study we focus on the N2 interaction in its S wave
with J¥ = 2% (°S, channel) where the attractive interaction
is reported by the HAL QCD collaboration. Let us discuss
contributions from the inelastic channels AE, X &, and A E*.
Here we consider these channels with minimal orbital angular
momenta; namely, D, D, and S waves for the AE, ¥ E, and
A E* channels, respectively. We note that, for J P =27 there
are two D-wave states with different spins *D, and ! D,) in
each of the AE and ¥ E channels. In summary, we take into
account the channels listed in Table III.

The evaluation of the inelastic contributions proceeds as
follows: We first calculate a coupled-channel partial-wave
projected interaction of the process j(p) — 1(p), Vi;(p’, p)
where the channel index j runs from 1 to 6 as listed in Table III.
Owing to the time-reversal invariance of the strong interaction,
we have a relation Vy;(p’, p) = V;1(p, p’). The transition to
the inelastic channels is driven by the K exchange as described
in Sec. Il G. We then evaluate the box diagram in Sec. II H to ob-
tain the effective single-channel N2 interaction in channel 1.!

G. K exchange for transition interaction

The transition to inelastic channels with the K exchange as
shown in Fig. 1 (box) can be formulated in a similar manner
to the case of the 1 exchange. Here, for simplicity we make
an approximation that the time component of the momentum

'The NQ(C D,) and N QC D) channels couple to this sector through
the tensor force in the 7 exchange. We estimate this effectin Sec. IV A
and show that their contributions are small.

transfer is zero, ¢° & 0, and hence ¢* ~ (0, p — p’). This can
be guaranteed by the mass degeneracy in the SU(6) spin-flavor
symmetry. Then, the transition terms are constructed as

_(D+3F)fppp(my +ma) F(g)*

Viaoas =
NQ—A 23 fxmy q> +m%
< iin(p'. Ky)ysun(p. An)
x iiz(=p', Ae)quitg(—p. he), (26)
V = V3(D — F)fpgp(my +msz) F(g)*
NQ—>TE = — 3 Flay
men q +mK
Xitz(p', A5)ysun(p. Ay)
X iig(—p', Mg)quie(—p, Aa), @7
\% I _(D+3F)fPDD(mN +mp)mg +mg)
e 6 fxmz
F@* .,
X ————Ur(p’, A p)ysun(p, An)
C]2+m%{ AP 5 Ap)YSUN(D s AN
X figeu(=p', Mg )ysug(—p. Aa), 28)

with ¢ = |q| = |p — p’|. We adopt the same form factor
F(g) with the other diagrams. Performing the partial-wave
projection in Appendix C, we obtain V;;(p’, p).

H. Inelastic contributions in box diagrams

As we explained in Sec. I A, we consider the transition
of the NQ to the inelastic channels by the K exchange but
neglect the transition between the inelastic channels such as
AE — AE. In this case, the inelastic channels contribute to
the NQ(S,) interaction only through the box diagrams in
Fig. 1 (box). We can express this by using the partial-wave
projected interaction in the previous section:

<dp” . Viy(p', p")Vii(p”, p)
v, ) E; ,’ — 72 J 2 J 4
bOX(j)( )4 P) /O 27_[217 E — gj(p//) + i0

(29)
with j = 2-6. The on-shell energy &; is

Ep) = Jp?+mi+ [+ m (30)

with m; and m/J being masses of particles in channel j:
(mo, mb) = (my, mg), (mg, mg) = (mp, mg-), etc. We note
that the interaction Viox(;)(E; p’, p) depends on the center-of-
mass energy E. For areal energy E > m; + m;, the interaction
Voox()(E; p’, p) becomes complex according to the infinites-
imal quantity 4+i0 in the denominator. The imaginary part of
the box interaction Vi, ;) represents the absorption of the N2
system into the channel ;.

III. SCATTERING AMPLITUDE AND
PARAMETER FIXING

The NQ(°S,) interaction we have formulated is composed
of

V(E; p', p) =Vap', p)+ Va(p', p)+ Vc(p', p)

6
+ Y Voox(H(E; P, p). 31
j=2
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Here VA, VB, Vc denote the contributions from the n exchange,
correlated two-meson exchange, and contact terms projected
to the °S, channel, respectively. The box contribution Viey(j)
was defined in Eq. (29).

One of the most important quantities calculated with this
interaction is the 7 matrix of the NQ(°S,) scattering. In the
present formulation, the 7' matrix of the NQ(*S;) scattering
is a solution of the Lippmann—Schwinger equation in a single
channel as follows:

"

’ / oodp "2
T(E; p,p)=V(E; P, p)+ 272 P
0 T

V(E; p', p")T(E; p", p)

, 32
E —Enalp’) +10 42
where Eyq is the on-shell energy for the NQ system,

Evap = P +my+ [P 4my (33

The energy E in Eq. (32) can be analytically continued
to the complex plane. When we calculate the on-shell T
matrix T,, for the N Q(S S,) scattering above the threshold,
the infinitesimal quantity 40 in the denominator specifies
the boundary condition and gives the imaginary part of the
T matrix, which results in

Kon(k)
1+ Kon(k) x ip(k)/2°
with the relative momentum k&, on-shell K matrix K.,, and

phase space p(k). The K matrix is calculated with the integral
equation

Ton(k) = (34)

, o0 d "
K@uﬂm=kuum+P/ Lo
0 27T
. V(E; p'. PK(E; P, p)
E — Ena(p")

where P stands for the principal value of the integral, and the
on-shell part is

. (3%

Kon(k) = K(Ena(k); k, k). (36)
The phase space p(k) is defined as
k /(K2 +m3) (K2 + m3,)
p(k) = ;\/ (37

Ena(k)

From the on-shell 7" matrix, we can extract the threshold
parameters for the N2 scattering in nonrelativistic quantum
mechanics such as the scattering length a and effective range
reir. In the present notation, the NQ(>S,) scattering amplitude
in nonrelativistic quantum mechanics, fs, is expressed as

1+ md) (2 +md)
2 Enalk)

Jstk) = — Ton(k).

(38)

We can expand the inverse of the scattering amplitude, fs(k)™',
with respect to the relative momentum k as

-1 1 1 2 4
fstk)y~™ = - ik + Ereffk + O(k"), (39

where the scattering length a and effective range r¢ enter as the
coefficients of the zeroth- and second-order terms, respectively.
Therefore, we can calculate them from the behavior of the
scattering amplitude at the threshold:

a=—fsk=0), (40)
d2 -1
rm=[ag} : (41)
k=0

We note that the scattering length and effective range are in
general complex if the interaction V has imaginary part as the
absorption into open channels.

Next, we would like to fix the model parameters in our
potential: cutoff A and coupling constant for the contact term
c. Among the two parameters, the cutoff A can be fixed to
be a typical hadron scale. In the present study we take the
value A = 1.0 GeV. For the coupling constant ¢, on the other
hand, we need information on the NQ(°S,) interaction. We
employ the recent HAL QCD result on the scattering length
from lattice QCD simulations with the nearly physical quark
masses [30], in which the NQ(° S,) system is found to be bound
with very small binding energy and the system is almost in the
unitary limit. In Ref. [30], they reported that the scattering
length is 7.4 £ 1.6 fm at the time range t+ = 11 of the lattice
simulations.” We reproduce this value by using our model but
with hadron masses adjusted to the lattice simulations.

For the hadron masses in the lattice QCD simulations,
we adopt m!¥ = 964 MeV and ml3' = 1712 MeV taken from
Ref. [20], m" = 1123 MeV, m'¥ = 1204 MeV, and m'd' =
1332 MeV from Ref. [19], and m'gi = 1580 MeV from Fig. 1
of Ref. [43]. They are used to calculate the on-shell energies
&;, which enter in the denominators of the 7 matrix and box
interactions, while we assume that the interaction (31) remains
unchanged. In addition, to simulate the contributions from the
AE and X E channels in finite volume in our framework, we
take the real part of the box interaction Vio(j). Then, the
scattering length is calculated as in Eq. (40) together with
Eqs. (34)-(38) but with masses being m'¥ and m{' instead
of my and mgq, respectively.

In this condition, we obtain the scattering length a =
7.4 fm with the coupling constant ¢ = —22.1 GeV 2. In the
following, we adopt this value of the coupling constant ¢ =
—22.1 GeV~2 together with the cutoff A = 1.0 GeV. We note
that, if we keep the hadron masses in the lattice simulations
but turn on the imaginary part of the box interaction, we obtain
the scattering length @ = 4.1 — 3.1 fm.

IV. PROPERTIES OF THE N © INTERACTION

Now that we have fixed parameters in our model, we discuss
the properties of the NQ(’S,) interaction. In the following, we

2We would like to thank T. Iritani and HAL QCD collaboration for
providing us with the numerical value of the scattering length [42].
The HAL QCD collaboration provides a real-valued scattering length
because of NQ(*S,) single-channel analysis. We also note that the
scattering length in our notation [see Eq. (39)] has the opposite sign
with respect to that in HAL QCD.
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FIG. 4. The elastic contributions to the NQ(S,) interactions
Va(p, p), Vs(p, p), Vc(p, p) as functions of momentum p.

use the physical hadron masses in the isospin-symmetric limit
summarized in Appendix A.

A. Elastic contributions

First we investigate properties of the NQ(>S,) interaction
in the elastic N 2 channel, i.e., the terms VA(p’, p), Ve(p', p),
Ve(p', p)in Eq. (31). We note that the terms V4, Vg, V¢ has no
dependence on the energy E. The contributions VA(p' = p, p),
Ve(p’' = p, p), Ve(p’ = p, p) are plotted in Fig. 4 as functions
of the momentum p. As one can see from the figure, the
contact term Vc is strongly attractive and gives a dominant
contribution. Other two terms, V, and Vg, give moderate
attraction on top of the contact term. This finding of the weak
n and “o” exchanges is consistent with the calculation based
on a quark model in Ref. [28]. The n exchange interaction
Va is weak because the n NN coupling constant is small. The
correlated two-meson exchange interaction Vj is also weak.
This is in contrast to the NN case, in which the broad “o
meson” plays an important role to generate N N attraction in
the intermediate range region. The weakness of the correlated
two-meson exchange in the N 2 system is because the broad “o
meson” cannot couple to the €2 via the 7 state [see Eq. (E11)].
Another resonance in the scalar-isoscalar channel, f,(980), has
been considered to be a K K molecular state [44—46] and hence
it can couple both to N and 2. However, this contribution turns
out to be also small, presumably because the heavier meson ex-
change acts only in the short-range (high-momentum) region.

To estimate the strength of the attraction, we calculate the
volume integral of the interaction in the momentum space:

/0 dp V(p, p). (42)

The numerical results of the volume integrals of Va, Vg, V¢
are listed in the second, third, and fourth rows in Table IV,
respectively. We can see that the contact term (C) is about
ten times more attractive than the n or correlated two-meson
exchange. In other words, the lattice QCD scattering length
[30] requires such attractive component represented by the

TABLE IV. Volume integral (42) of the N2 interaction from
each contribution in units of GeV~!. The energy is fixed as E =
2550 MeV,my +mg = 2611.4 MeV, and 2650 MeV. Contributions
from inelastic channels are evaluated as the box terms.

Contribution 2550 MeV my + mgq 2650 MeV
A —1.11 —1.11 —1.11

B -2.22 -2.22 -2.22

C —13.21 —13.21 —13.21
NQCD,) —0.08 —0.10 —0.12 — 0.01
NQECD,) —0.03 —0.03 —0.04 — 0.00i
AECD,) —1.41-055i —132—-094i —1.19—1.13;
AE('D,) —-0.92-0.37i —0.86—0.62i —0.78 —0.75i
SECD,) —0.24—0.02i —028-0.090 —0.28—0.15i
S2('D,) —0.16—0.01i —0.18—0.06i —0.18 —0.10i
AZ*CSy) —0.53 —0.67 —0.97 — 0.05i
Total —19.89 — 0.95i —19.97 — 1.72i —20.08 —2.18i

contact term, in addition to the conventional meson exchanges
at long distance.

In addition to the S wave, we examine the D-wave NQ
contribution as well because the n exchange term V, can mix
the S- and D-wave states owing to the tensor-force coupling,
which is essential in the NN system through the 7 exchange.
We note that there are two D-wave states with different spins
in the J¥ = 27 state, NQ( D,) and NQCD,), to which we
assign the channels j = 7 and 8, respectively. We calculate
the D-wave contribution to the § wave in the NQ system
through the box diagrams with the intermediate state being
the NQ(C D) and NQ2(® D) channels:

8 oo " / 4 4
/ dp "2 Vlj(p , P )le(P s P)
VoEs pop =Y | 55 .
p(E; P, p) j=7f0 272” TE = Ena(p’) +i0

(43)

For the interaction V;; (j = 7 and 8) in the numerator of the
integrand, we consider only the N2 channel, VA + Vg + V¢,
projected to the S and D waves in the initial and final states,
respectively. We note that the effective interaction V), depends
on the energy owing to the reduction of the D-wave channels.

The D-wave contribution to the S-wave interaction
Vb(E; p, p)isplottedin Fig. 5 as a function of the momentum
p. We fix the energy in the effective interaction as E =
my +mgq =2611.4 MeV, 2550 MeV, and 2650 MeV. Note
that the box term provides an imaginary part of the interaction
above the threshold (E = 2650 MeV). Comparing the result in
Fig. 5 with those in Fig. 4, we find that the D-wave contribution
(~—0.4 GeV~?2 at p =0 GeV) is very tiny with respect to
the S-wave contact term (~—22 GeV~2 at p =0 GeV) and
hence the D-wave contribution in the S-wave interaction is
negligible. We can understand this behavior by the weak n N N
coupling compared with the # NN coupling. We also find
that the energy dependence of the D-wave contribution in the
S-wave interaction is not significant.

To quantify the smallness of the D-wave contribution, we
calculate the volume integral (42) of Vp, as listed in the fifth and
sixth rows in Table IV. The volume integral from the D-wave
contribution is only ~1% of the contact-term contribution.
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FIG. 5. The D-wave contribution to the NS2(’S,) interaction
Vp(E; p, p)asafunction of momentum p. The energy in the effective
interaction is fixed as E = my + mgq, 2550 MeV, and 2650 MeV.
Because the energy is above the N threshold, the contribution at
E = 2650 MeV has an imaginary part.

Based on these results, in the following discussions we
neglect the N QCD,) and NQ(C D,) channels.

B. Inelastic contributions

Next we investigate the effects of the inelastic channels to
the NQ(C S,) interaction.

The contributions Vipox(j(E; p' = p, p) are plotted in
Fig. 6 as functions of the momentum p. Here we show the
sum of the D, and ' D, contributions in the AZ and T &
channels, for simplicity. The energy is fixed at threshold
E = my + mg, thus the interaction which involves open A &
or X & channel in the intermediate state has an imaginary
part. From the real part of the interaction, we observe that
the AE, X E, and AE* channels assist the attraction of the

O o orEee T e e———————
.1 L
g2
>
S-4r
g o
N Re.AZ(’D,+'D)) ——
® Im. AZ(°D,+'D,)  ----
Re.32(°D,+'D,) —-—-
! 7 lln.ZE(3D2+lD2) .......
r” AE* ——
-7 . ‘
0 02 0.4 0.6 08 1
p [ GeV ]

FIG. 6. The inelastic contributions to the NQ(’S,) interaction
Voox()(E; p, p) as functions of momentum p. The energy in the
effective interaction is fixed as £ = my + mgq. In the figure A E and
3 E indicates the sum of *D, and ' D, contributions, respectively.

NQ(S,) interaction. Among them, the A E channel gives the
strongest attraction, which is comparable to the correlated
two-meson exchange Vg (see Fig. 4). Even with the smaller
energy denominator, the interaction of the intermediate X &
channel is suppressed compared with the AE case by the
smaller KN coupling: (D 4+ 3F)/2+/3 2 0.63 for the
KNA coupling, and +/3(D — F)/220.29 for the KNX
coupling. The intermediate A E* channel becomes significant
only at higher momentum p 2 0.6 GeV. As for the imaginary
part of the interaction, the intermediate A E term gives larger
contribution than the ¥ Z one, which indicates the NQ(S,)
system mainly decays to the A E channel.

We calculate the volume integral (42) from the inelastic con-
tributions, and the results are listed from the seventh to eleventh
rows in Table IV. We can see that the AE channel gives
the strongest attraction and absorption among the inelastic
channels. The sum of the real parts of the volume integrals from
the AEC D,) and A E(! D,) contributions is similar magnitude
to the volume integral from the correlated two-meson exchange
(—2.22 GeV~!). The imaginary part grows as the energy E
increases because a larger phase space can be utilized for a
higher energy E. We can also understand from Table IV that
the energy dependence of the box interaction is not significant.
Indeed, when we vary the energy from E = my + mg to
2550 or 2650 MeV, the shift of the volume integral in each
contribution is only <1% of the total amount of the volume
integral listed in the last row of Table IV.

C. On-shell N@(° S,) scattering amplitude

We then calculate the on-shell NQ(S,) scattering ampli-
tude above the N2 threshold and extract the scattering length
and effective range.

The N scattering amplitude fs(k) as a function of the rel-
ative momentum k is obtained by the formula (38). Because the
inverse of the scattering amplitude fs(k)~! is useful to extract
the scattering length and effective range, we show the result of
the inverse of the scattering amplitude fs(k)~' in Fig. 7 (solid
and dash-dotted lines). Because the N 2 interaction is complex
reflecting the absorption into open channels, AE and X &,
fs(k)~! is complex even at the threshold k = 0 GeV, which
leads to a complex scattering length. The real part of fs(k)™!
is negative at the threshold, which implies the existence of
an N quasibound state below the threshold, and it increases
almost quadratically. In the same energy region, the imaginary
part of fs(k)~! almost linearly decreases as a function of k
like —ik. Because the energy dependence of fs(k)~' at low
energy is dictated by —ik + regk?/2 as shown Eq. (39), Fig. 7
indicates the imaginary part of the effective range is small. By
using the formulas (40) and (41), we can calculate the scattering
length a and effective range r., respectively. In our model we
obtaina = 5.3 — 4.3i fm and rer = 0.74 + 0.04i fm. We find
that the real part of the effective range roughly corresponds to
the length scale of the N €2 interaction, and the imaginary part
is small, as expected. The magnitude of the scattering length is
evidently larger than the interaction range, indicating that the
N scattering is close to the unitary limit. With these threshold
parameters, the effective range expansion (39) reproduces the
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FIG. 7. Inverse of scattering amplitude fg ', In addition to fs_'
calculated from the T matrix, we also plot fg ! from the equivalent
local N2 potential (see Sec. V). We note that the two lines of the
imaginary parts almost overlap each other.

inverse of the scattering amplitude fg ! fairly well in the energy
range of Fig. 7.

D. N quasibound state

Finally, by using the full N Q(CS,) interaction (31) and
solving the Lippmann—Schwinger equation (32), we search
for a pole of the NQ(*S,) quasibound state, indicated by the
scattering length. As a result of the numerical calculation,
we find a pole of the N QCS,) quasibound state at Epge =
2611.3 — 0.7i MeV in the complex energy plane below the
N threshold (2611.4 MeV). The pole exists in the first
Riemann sheet of the N2 channel and in the second Riemann
sheets of the AE and X E channels. The pole position corre-
sponds to the binding energy 0.1 MeV and width 1.5 MeV.

In general, when one takes into account the imaginary part
of the potential to represent absorption into open channels,
the binding energy of a bound state in quantum mechanics
decreases. In particular, a shallow bound state may disappear
above the threshold. In the present case, the pole position of the
NQ(S,) bound state would be 2611.0 MeV if the imaginary
part of the interaction coming from the box terms were absent.
The imaginary part of the N2 interaction reduces the binding
energy of the N2 bound state from 0.3 to 0.1 MeV. Therefore,
we confirm that the absorptive effect by the AE and X &
channels indeed acts repulsively, but the N Q(*S,) quasibound
state stays below the threshold.

The N2 system is an isospin doublet, and there are two
components, p2~ and nQ2~. In addition to the strong inter-
action, in the pQ2~ system, the attractive Coulomb interaction
between p and 2~ will assist the binding more. This point
will be discussed at the end of this subsection with the wave
function of the quasibound state.

To investigate the properties of the NQ(°S,) quasibound
state, we calculate its wave function from the residue of the
T matrix at the pole position, according to the approach in
Ref. [47]. The off-shell T matrix contains the pole in the

following expression:

_v(@)rp)

T(E; p',p) =
E — Epole

+ (regular at E = Epg).  (44)
The function y(p) is related to the radial part of the N2
quasibound-state wave function in momentum space as

Vary(p)
Epole - gNQ(p) ’

An important point to be noted is that the wave function
Rya(p)is already normalized when extracted from the residue
of the T matrix, as the Lippmann—Schwinger equation (32) is
inhomogeneous integral equation.

From the wave function Ryq(p) in momentum space we
can calculate the wave function in coordinate space in a
straightforward way:

Rya(p) = (45)

a3 .
v = / (2n’;3e'P"RNQ(p>Yoo

Yoo

o
=5 / dp psin (pr)Rya(p), (46)
T°r Jo

where Y9 = 1/+/47 is the spherical harmonics. The norm of
this wave function is expressed as

Xne = / Py = / drPya(),  (47)
0

where we define the “density distribution” Pyq(7):
Pyo(r) =4[y ()] 48)

We note the absence of the complex conjugate in Eqs. (44),
(47), and (48), due to the unstable nature of the quasibound
state. As a consequence, the wave functions Ryq(p), ¥ (r), the
density distribution Pyq(r), and the norm X yq are in general
complex.

The norm X yq from the T matrix is called compositeness
[45,48,49] and quantitatively evaluates the importance of the
N degrees of freedom for the quasibound state in the
employed model. The compositeness X y¢ is unity for a purely
N state, but it deviates from unity when the interaction
depends on the energy E as a consequence of the effective
reduction of the inelastic channels. In the present formulation,
the quasibound state can have A E, ¥ E, and A E* components
whose contributions are evaluated with [50,51]

1 o0 o0 ,
X;=— 5/ dpszNQ(p)/ dp' p"*Rya(p")
167T 0 0
x %(Epole; P, p). (49)

As a result, we obtain Xyq = 1.00 4+ 0.00i within three
significant figures while we find that the others X5z, Xz,
and X z+ are consistent with zero in this order. The result
indicates that the quasibound state obtained in the present
model is indeed composed of the N2 channel.

Besides, using the weak-binding relation derived by Wein-
berg [1], the compositeness of a shallow bound state can be
determined only by the observable quantities, the scattering
length and the eigenenergy. The relation extended to the

015205-9



TAKAYASU SEKIHARA, YUKI KAMIYA, AND TETSUO HYODO

PHYSICAL REVIEW C 98, 015205 (2018)

0.25

Re. part from T*matrix
from local ———-
Im. part from T'matrix —-—- |

from local

0 5 10 15 20 25

-0.05

FIG. 8. Real and imaginary parts of the density distribution Pyq
for the NQ(*S,) quasibound state as functions of radial coordinate r.
In addition to Pygq calculated from the 7" matrix, we also plot Pyq
from the equivalent local N Q2 potential (see Sec. V).

quasibound state with the finite decay width is given as [52,53]
Ryyp

wb 3
2XNo 0(—)4—0(‘% ):|, (50)

— R| Z2Ne
¢ [1+Xﬁ‘;z+ R
(51)

R=1/y/-2uE,, [=1/\2uow,

where X %?z is the compositeness for the N channel,
E, = Epole —my —mg = —0.1 —0.7i MeV is the
eigenenergy of the bound state measured from the NQ
threshold energy, u = mymgq/(my + mg) is the reduced
mass, Ry, is the typical length scale of the interaction, and
o = 37.7 MeV denotes the difference between the threshold
energy of the N channel and that of the nearest channel,
A B*. We estimate Ry, with the  meson exchange interaction
as Ryp =1/m, ~ 0.4 fm. We find that |R,/R| ~ 0.1 and
|I/R|> ~ 0.0 are much smaller than unity, which justifies
neglecting the second and third terms in Eq. (50) to calculate
the compositeness of the N2 quasibound state. Neglecting
these correction terms and using the value of the scattering
length @ = 5.3 —4.3i fm derived in the previous section,
we obtain X}:}% = 1.140.1i. With this complex Xﬁ?z,
the real-valued compositeness, which is interpreted as the
probability [52,53], is calculated as X% = 1.0. This result
indicates the dominance of the N €2 composite component, in
agreement with the above calculation using the wave function.

We then plot the density distribution Pyq(r) in coordinate
space (48) in Fig. 8 (solid and dash-dotted lines). Because a
certain amount of density exists beyond r = 10 fm, the N
quasibound state is a spatially extended system owing to the
tiny binding energy from the N threshold. The average of
the “distance” between N2 is 1/ (r?2) = 3.8 — 3.1i fm, where
we define (r?) as

r’y = f ” dr r*Pya(r). (52)

0

Although the “distance” is complex due to the resonance
nature, its absolute value largely exceeds the typical size of

baryons of 0.8 fm. Meanwhile, as explained in Ref. [51], the
dumping of the wave function outside the potential range is re-
lated to the standard expectation value of the average distance:

Jo dr r?Pya(r)|
Jo-dr Pya(r)]

The result is ((rg,,,))"/* = 6.5 fm, which indicates dumping
of the wave function to a very large distance compared with
the typical hadron scale owing to the tiny binding energy.

We also estimate the shift of the binding energy by the
Coulomb interaction in the pQ2~ quasibound state. We cal-
culate the shift of the bound-state eigenenergy, A Ecoulomb, i
a perturbation:

(rgump> = (53)

*© o
A Ecotons = fo dr(==)Pral) (54
where o & 1/137 is the fine-structure constant. The result is
AEcouiomb = —0.9 — 0.4i MeV. Therefore, we conclude that
both the binding energy and decay width will respectively shift
~+1 MeV by the Coulomb interaction for the pQ2~ bound
state.

V. EQUIVALENT LOCAL N2 POTENTIAL

The existence of the N2 quasibound state below the
threshold implies possible €2 nuclei, generated by the
attractive N €2 interaction. In addition, such possible €2 nuclei
would shift eigenenergies of 2~ atoms, Coulombic bound
states of 2~ and nuclei. To study the few-body system of
€2 in nuclei, it is useful to have a local N2 potential in the
Schrodinger equation for which several established techniques
to perform rigorous few-body calculations are available. On
the other hand, because the momentum-space N €2 interaction
in the present formulation (31) is a function not only of the
momentum transfer |p — p’| but also of the momenta p and p’
individually, it is in general nonlocal. In addition, the scattering
equation (32) is formulated with semirelativistic kinematics
for baryons. Here we construct a local potential which
equivalently reproduces the NQ2(°S,) scattering amplitude in
this study. We first determine the local potential through the
matching with the interaction (31), and then check whether
the low-energy observables are properly reproduced.

We consider a local potential in the S-wave Schrodinger
equation

1 a

2ur dr?
where r is the relative coordinate of the N2 system and the
reduced mass is defined as u = mymg /(my + mg). Note that
the mass energy is included in the Hamiltonian in order to be
consistent with the definition of E in this paper. To parametrize
Viocal (), we introduce an analytic potential in momentum

space as a superposition of nine Yukawa terms with different
exchanged mass m,,:

r+my+mq+ Vlocal(r)]lﬂ(r) = Ey(r), (55)

9 2
~ Cy A?
Viocal(q) = E q2 T m2 <A2 n q2> s

n=1

(56)
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where g is the momentum transfer, A is a cutoff, and C, are the strength parameters of the local potential. This local potential in

coordinate space is expressed as

d3q 1 <
Vioca(r) = / (27_[)3 e T Viocal(q) = m HX:I: Cn(

2 _ 2
A* —m;

A* N A% —m2)r +2A
> [emﬂ _ r;A)r e | (57)

To determine the strength parameters C,,, we project the momentum-space potential to the S wave as

1 ! -
Var(p', p) = 3 / d c0s 0 Viecal(v/ p* — 2pp’ cos 6 + p'?)
—1

1< A2
—— SYeof[—-—"")In
4pp’ — A% —m?

(p+p) +mﬁ} _ln[(erp/)2 +A2}

(p—p)+m: (p—p)*+ A2
A2 — m? A2 — m?
+ /2n 2 /2n 2}' (58)
(p+p)y+As (p—pH)+A

The S-wave Lippmann—Schwinger equation to obtain the T
matrix Tng, corresponding to the Schrodinger equation (55),
is expressed as

oo dp//
TR(E: p'. p) = Var(p'. p) +/ ;0"
0 2
Var(P', PV InR(E; p”, p)
E — Er(p”) +i0

where the nonrelativistic on-shell energy is Eng(p) = my +
mq + p?/(2u). We determine C, by the matching of
Var(p', p)with V(E; p’, p)inEq. (31) at the threshold energy
E=my+mg as

V(E=my+mg; p', p)= f()f(pHVar(P', p),  (60)

with a factor to compensate the difference of the kinematics,

f(p)E\/gNQ(p)_mN —ma 1)

. (39

P2/

With the factors f(p)f(p’), Eq. (59) coincides with the
Lippmann—Schwinger equation (32) at the threshold.

We set the cutoff as the same value with V(E; p’, p) in
Eqg. (31), A = 1 GeV, and the mass parameters are chosen to
be m, = n x (100 MeV) to cover the relevant ranges of the
N interaction. Then, we fit the coefficients C, to satisfy the
condition (60). With nine terms in Eq. (56), we can reproduce
each component of NQ(’S,) interaction in Eq. (31) fairly well
in the whole p-p’ plane. As a result of the best fit, we obtain
the parameters C, listed in Table V.

Now we check that the local potential Viye,(r) well
reproduces properties of the NQ(S,) scattering amplitude
around the threshold energy. Because we neglect the energy
dependence of the potential, the local potential cannot
be extrapolated to the energy region far away from the
threshold. In the following, we examine the eigenenergy of
the N2 quasibound state and the low-energy scattering with
momentum k£ < 0.2 GeV.

First, we solve the Schrodinger equation (55) with the
local potential and obtain a quasibound state with eigenenergy
E =2611.4 —0.7i MeV, which reproduces the pole position
of the 7' matrix in Eq. (32) to an accuracy of 0.1 MeV. From

(

the wave function of the quasibound state, we calculate the
density distribution Pyg as in Eq. (48) and normalize it by
the condition Xyo = 1 in Eq. (47). The real and imaginary
parts of the resulting density distribution are plotted in Fig. 8
by the dashed and dotted lines, respectively. We can see that
the density distribution from the local potential is very similar
to that from the 7 matrix. We also calculate the “distance”
between N, which results in /(r2) = 2.8 — 4.5i fm and
((rgmnp))l/2 = 7.4 fmin the prescriptions of Egs. (52) and (53),
respectively. These values are in fair agreement with those from
the 7" matrix as well.

Letus switch on the Coulomb potential Veoyiomp (1) = —a/7
for the pQ2~ system. In the calculation of the energy shift in
a perturbation of Eq. (54), we would obtain a similar result as
in the previous section, because of the similarity of the density
distributions Pyg. Instead of such a perturbative calculation,
we can easily perform the full calculation in the present case
by solving the Schrodinger equation (55) with Viouiomb +
Viocal- As a result of the full calculation, the eigenenergy
moves to 2610.5 — 1.0i MeV, where the binding energy and
decay width shift +0.9 MeV and 4-0.6 MeV, respectively. The
increase of the binding energy is a natural consequence of
the attractive Coulomb interaction. The Coulomb attraction
induces the shrinkage of the wave function of the N2 system,
which leads to the increase of the decay width due to the
enlarged overlap of two particles. The result of the shift of
the eigenenergy indicates that the perturbative calculation of
Eq. (54) gives a good estimation.

Second, we calculate the S-wave scattering amplitude f(k)
from the asymptotic behavior of the wave function ¥ (r)
at energy E with the local potential Vigca(r). The resulting
fs(k)~! is plotted in Fig. 7 as the dashed and dotted lines.
We find that f5(k)~! nicely reproduces the result from the T
matrix, which means that the local potential Vi, is accurate
enough to describe the NQ(°S,) scattering near the threshold
k < 0.2 GeV. With fs(k)~' from the local potential Vigca(r),
we evaluate the scattering length and effective range as
a =15.2—15.0i fm and re = 0.78 4 0.06i fm, in fair agree-
ment with those from the 7 matrix. Note that the value
of the scattering length is sensitive to the small modifica-
tion of the system, reflecting the divergence in the unitary
limit.
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TABLE V. Parameters C, for an equivalent local N2 interaction. Other quantities in Eq. (56) are fixed as A =1 GeV and m, =n x
(100 MeV).

n A B C box AECD, +'D,)  box TECD, +'D,) box AE* Total

1 0.02 0.06 0.07 —0.04 4+ 0.00i —0.01 + 0.00i 0.04 0.14 + 0.00i
2 —237 —6.21 —6.48 4.67 —0.19i 0.93 4+ 0.05i —4.30 —13.76 — 0.14i
3 57.03 160.19 131.39 —121.94 4+ 5.34i —24.01 — 1.24i 104.15 306.81 4 4.10i
4 —556.75 —1680.33  —1021.60 1304.16 — 59.70i 251.48 + 12.83i —1026.45 —2729.49 — 46.87i
5 2699.73 8765.95 3548.93  —6980.93 + 287.70i —1313.42 — 62.87i 5024.22 11744.48 + 224.83i
6 —705295 —24755.80 —5159.25 20223.50 — 534.01i 3719.98 4+ 167.01i  —13263.90  —26288.42 —367.01i
7 10055.50 38369.80 66740  —31881.20 +69.44i  —5772.02 — 262.54i 19118.60 30558.08 — 193.09i
8  —7304.99  —30596.40 5175.64  25509.10 + 685.14i 4577.55 4+ 227.55i  —14091.70  —16730.80 + 912.69i
9 2096.47 977640  —3446.89  —8069.25 — 460.13i —1442.98 — 81.38i 4138.10 3051.85 — 541.51i

We show in Fig. 9 the equivalent local NQ2(’S,) potential in
coordinate space Vioa(r) together with the contribution from
the contact term V. From the figure, we confirm that the strong
attraction in the NQ(S,) interaction originates from the con-
tactterm V¢ while other contributions give moderate attraction.
The interaction range in Fig. 9 is consistent with the effective
range ~0.7 fm obtained from the scattering amplitude fs.

VI. CONCLUSION

In this study we have investigated the NQ(°S,) interaction
based on a baryon-baryon interaction model with meson
exchanges. The long-range part has been composed of the
conventional mechanisms: exchanges of n and “o’,” i.e., cor-
related two mesons in the scalar-isoscalar channel. The short-
range part has been represented by the contact interaction. In
addition, we have taken into account inelastic channels A E,
¥ 8, and A E(1530) which couple to the NQCS») system via
K exchange. The inclusion of the open channels, AE and X E,
is important to describe the absorption effects in the physical
N system. The unknown strength of the contact interaction
was determined by fitting the scattering length of the HAL
QCD result at the nearly physical quark masses.
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Vlocal [ MeV ]

/ L
0.8

-400 |
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C —_
-600 . . . . . . .
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FIG. 9. Equivalent local N2 potential in coordinate space
Viocal(r). The contribution from the contact term V¢ is also shown
for comparison. The inset represents an enlarged figure.

The constructed N Q(S S,) interaction was used to calculate
the observable quantities at the physical point, including the
absorption effects. For the NQ(°S,) scattering, we have ob-
tained the scattering lengtha = 5.3 — 4.3/ fm and the effective
range ref = 0.74 + 0.04i fm. The larger magnitude of the
scattering length than the effective range indicates that the N Q2
interaction is close to the unitary limit, and the positive real part
indicates the existence of a shallow quasibound state below the
threshold. Indeed, in searching for the pole of the scattering
amplitude, we have found that the N QCSy) quasibound state
is generated with its eigenenergy 2611.3 — 0.7i MeV, which
corresponds to the binding energy 0.1 MeV and the width
1.5MeV. When the imaginary part of the interaction is
switched off, we obtain a bound state at 2611.0 MeV. Thus,
the imaginary part primarily induces the decay width, and
slightly reduces the binding energy. The main decay mode is
A B, owing to the larger K N A coupling than K N ¥ coupling.
For the pQ2~ bound state, the attractive Coulomb interaction
further adds a shift of ~41 MeV both to the binding energy
and decay width. The spatial size of the N Q2 bound state will
largely exceed the typical size of baryons.

We have discussed how the different mechanisms contribute
to the N Q interaction. It turns out that the attraction dominantly
originates from the contact term. Other contributions, the n
exchange, correlated two-meson exchange, and box terms with
inelastic channels in the intermediate states, give moderate
attraction. Because we have considered all conventional mech-
anisms at the hadronic level, the discussion at the quark-gluon
level would be necessary to clarify the origin of the N2
attraction. Although the elimination of the inelastic channels
induces the energy dependence of the single-channel N
interaction, the energy dependence has been found to be less
than 1% in the energy region 50 MeV above and below
the threshold. We have found that the contribution from the
D-wave N states to the NQ(°S,) interaction is negligible as
well. These results justify constructing a single-channel N2
potential in § wave in the HAL QCD analysis [30,31].

We have constructed an equivalent local N (° S,) potential,
which will be useful to applications to few-body systems, such
as possible 2 nuclei generated by the attractive N €2 interaction.
To avoid the S-wave decays which would bring a large decay
width, it is essential to align the spins of €2 and nucleons
to the same direction so that the N2 system couples to the
AE and £ E decay modes only in D wave. In this sense,
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the Q-deuteron bound state with J* = 5/2% will be the most
plausible candidate of the €2 nuclei.

Finally, we remark on the possibility of the experimental
investigation of the N € interaction and the quasibound state.
Because the NQ2 system has strangeness S = —3, practical
candidate is the production in heavy-ion collisions [54,55].
Thanks to the small decay width, the N2 quasibound state
should be observed as a narrow peak in the invariant mass
spectrum of the AE system near the N2 threshold. In fact,
the production yield of the N2 bound state is estimated in
Ref. [56] to be of the order of 1073 per central collision at
RHIC and LHC, assuming the binding energy of the N
system as 19 MeV. If the binding energy is much smaller, as
we find in this paper, the production yield should be enhanced.
Another tool, as discussed in Ref. [33], is the pQ2~ two-body
correlation which reflects the low-energy interaction of the
p2~ system. Because we have shown that the imaginary part
of the scattering length has the same magnitude as the real part,
the coupling to the open channels should be taken into account
to study the realistic pQ2~ correlation function.
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APPENDIX A: MASSES AND WIDTHS OF HADRONS

In this study we use isospin symmetric masses for
hadrons [34]: m, = 138.0 MeV, mg = 495.6 MeV, and
my, = 5479 MeV for mesons, my = 938.9 MeV, m, =
1115.7 MeV, my = 1193.2 MeV, and mg = 1318.3 MeV for
octet baryons, and m = 1210.0 MeV, myx- = 1384.6 MeV,
mg+ = 1533.4 MeV, and mgq = 1672.5 MeV for decuplet
baryons. In addition, the widths of the decuplet baryons are
I'a =100.0 MeV, I's: = 37.1 MeV, and 'z« = 9.5 MeV.

APPENDIX B: CONVENTIONS

In this Appendix we summarize our conventions of baryons
used in this study.

Throughout this study the metric in four-dimensional
Minkowski space is g"¥ = g,,, = diag(1,—1,—1,—1), and the
Einstein summation convention is used. The Dirac matrices y*
satisfy

{y", v}y =2g"". (B1)

In the present study we choose the standard representation for
the Dirac matrices:

o) (L D)

with the Pauli matrices o, and
. 0 1
v =iy’yly?y’ = (1 0>. (B3)

The Dirac spinors for a positive-energy solution are ex-
pressed as u(p, s) with its three-momentum p and helicity A,
and its normalization is

ﬁ(p, )\,)M(p, )\.) = B)JA, (B4)

where it = uy?. We employ the following explicit form of the
Dirac spinors

E(p)+M X,
A= —— o , B5
u(p, 2) = M (E(p)f—M Xx) (B5)

where M is the mass of the particle, p = |p|, and E(p) =
(p*> + M?)!/2. The two-component spinor ; is chosen to be
helicity eigenstates

B e /2 cos (0/2)
X172 =\ o2 in 6/2) )

B (—e"‘f’/2 sin(9/2)>
X2 =\ 4io2 cos.(0)2) )

where 6 and ¢ are the polar and azimuthal angles of the
momentum p, respectively. In fact, x; satisfies

(B6)

lo-p 1
3 X+1/2 = :I:EX:N:I/Z- (B7)

Owing to this relation, one can simplify the spinors in Eq. (BS)

as
E )4 +M
V (2])1/[ X}\.

u(p,r) = — . (B8)
VT 220

The Dirac spinors for a negative-energy solution is then
calculated as v(p, A) = iy2u*(p, 1), or explicitly

[ E(p)—M
- —(12);4 X—x

v(p,2) = \/mn , (B9)
“om “MX-n
which is normalized as
0(p, M)v(p, 1) = =8 (B10)
The Dirac spinors satisfy the following relations:
(p —Mu(p,2) =0, (p+ M)uv(p, 1) =0, (B11)
and
+ M
X utp. i(p. 1) = UL
p— (B12)
D vp o(p, 1) = S

A
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with p* = (E(p), p) and p = p,y*.

Next, e*(p, 1) denotes the polarization vectors for the spin
1 particle of three-momentum p, helicity A, and mass M. The
vectors are chosen to be helicity eigenstates:

+1
e*(p,+1) = —(0,—cospcosOd L+ ising,
p ﬁ( ® ¢
—sin¢ cos6 Ficos ¢, sinb),
E(P)( p . L
eMp,0)= —— ,Ccos ¢ sin@, sin ¢ sinéd, cosb |.
d M \E(p)

(B13)

These are obtained by boosting the helicity eigenstates at the
rest frame of the particle ¢#(0, A) = (0, ¢,) with the three-
vector ¢&;

b = (—%,—%, o), &= (0,0, 1),
()
ARG R
to the direction of the z axis to have a momentum p and then
rotate to the direction of (6, ¢), where the momentum is p =

(pcos¢sinf, psingsin6, p cosd). The polarization vectors
are normalized as

(B14)

eM(P, )"/)e;(ps )") = _81’)»7 (Bls)
and satisfy the following relations:
pleu(p,r) =0, (B16)
.Y}
Y pe () = =g + L h- (BID)
A

Finally, the Rarita—Schwinger spinors for the spin-% parti-
cle, u*(p, A), are constructed from the Dirac spinors u(p, 1)
in Eq. (B8) and polarization vectors e*(p, 1) in Eq. (B13) as

W (p. A=Y (11/221 A2]3/20)e"(p, hu(p, 12).

AyAa

(B18)

with the Clebsch—Gordan coefficients (j; jomim,|J M).
More explicitly, the Rarita—Schwinger spinors are

u"(3/2) = e*(Nu(1/2),
ut(1/2) = \/ge"(o)u(l/Z) + \/ge“(l)u(—lﬂ),

; 1 2
w(=1/2) = [ e (= Du(1/2) + |/ 5" Ou(=1/2).

u*(=3/2) = e*(—Du(—1/2), (B19)

where we omitted the argument p for the Dirac spinors
and polarization vectors. The Rarita—Schwinger spinors are
normalized as

I/-tﬂ(pv )"/)u/L(p7 )‘*) = _8)\.,)\.7 (BZO)

and satisfy the following relations:

(p —Mu,(p,2) =0, (B21)

p“uu(P» )") = 0’ V“uu(P, )") = 0

In addition, in the rest frame of the particle, the Rarita—
Schwinger spinors satisfy #°(0, 1) = 0 and

.. i gk
3wl (0, 1l o, )»):(25”/ 3 —i€ipor/3 O). (B23)
A

(B22)

0 0

In a similar manner, we can construct the Rarita—Schwinger
spinors for the antiparticle v*(p, 1) as

vi(p, 1) = Z(l 1/2 %1 2213/2 1) (p, A)v(p, 22),

Mo
(B24)

which satisfy the following normalization and relations:
v (p, M)vu(p. A) = 85, (B25)
(p+Muvu(p.») =0, (B26)
plou(p, ) =0, y"v.(p,2)=0. (B27)

APPENDIX C: PARTIAL-WAVE PROJECTION
OF INTERACTIONS

In this Appendix we show formulas of the pro-
jection of baryon-baryon interactions to general partial
waves. Here the baryon-baryon scatterings are denoted
by Bi(py, A1) Ba(ph, 2) = Bi(ph, A3)Ba(pl , As), where the
momenta p; (a = 1,2, 3, and 4) satisfy p|' + py = p{ + p}
and X, is the helicity of the baryon B,. Since we consider
scatterings in the center-of-mass frame, we can write the three-
momenta as p = p, = —p, and p’ = p; = —p,. Without
loss of generality, we can choose the coordinates such that

p=1(0,0,p), p' = (p'sing,0, p’'cosh), (CD

with the scattering angle 6. The mass of the baryon B, is
expressed as m,.

We calculate the partial-wave matrix elements of the in-
teraction V,, by following the Jacob—Wick formulation [57],
where o specifies the quantum numbers of the system (see
below). First, according to Feynman diagrams, we calcu-
late the interactions in terms of the helicity eigenstates as
V(p', A3, A4, P, A1, A2), whose explicit forms are shown in
the main part of this manuscript. Then, the interactions are
projected to the total angular momentum J as

Vj(p/’ )"3’ )"4’ P, )"lv )"2)

k(p',p) ' ;
= 5 /_ldcosé)dkl_hh_h(é)

X V(p', k3, A4y P, A1, A2),

(€2

where d,{fm is the Wigner d matrix and the factor «(p’, p) is
defined as

Niinon3ng

K= \/ E1(p)Ex(p)E3(p)Ea(p")’

(€3
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with E,(p) = (p* + m?2)!/2. The factor k was introduced so as
to satisfy the optical theorem with the correct coefficients.

Finally, the interaction used for the Lippmann—Schwinger
equation (32) is obtained as

2L + DL +1
Vo(p', p) = Z i 2J1£1 )

A1,A2,A3,A4

X (j3 jars — alS' SI)(L'S"0S.|J S7)

x (ji ja k1 — A2lSS (L SOS.|J S.)

x VI(p', A3, ha, po A1, ), (C4)

where j, is the spin of the baryon B,, L”, and S© are the
orbital angular momentum and spin in the initial (final) state,
respectively, S; = A — Ay, and S = A3 — A4.

Note that the orbital angular momentum L and spin S may
take different values in the initial and final states as long as the
total angular momentum J and parity® P = (—1)* of the sys-
tem are conserved. An important example is the mixing of the
S- and D-wave components for the N2 system. In this sense,
the quantum number is specified as ¢ = (J, P, L', §’, L, S).

APPENDIX D: CORRELATED TWO-MESON EXCHANGE

In this Appendix we summarize our formulation of the
correlated two-meson exchange, for which we concentrate on
the exchange of the scalar-isoscalar channel (J ©, I) = (0, 0).
The contribution of the correlated two-meson exchange was
expressed as Vs om in Eq. (21). According to the dispersion
relation (22), to calculate the correlated two-meson exchange
taking place in the region ¢ < 0, we may consider the same
amplitude but in ¢ > 4m2, which can be achieved in the
NN — QS reaction as shown in Fig. 2.

Let us formulate the NN — Q£ reaction in Fig. 2. We fix
the nucleon momenta pyy = (v/2/2, p) and p% = (v/1/2,—p)
with p = (0,0, p), and the Q momenta ph = W1/2,p)
and pg = (\/1/2,—p)) with p’ = (p’sin6, 0, p’ cos §) and the
scattering angle 6. Because we concentrate on the scalar
channel, the scattering amplitude of the NN — Q£ reaction
can be evaluated as the matrix element of the corresponding
T matrix 77/=°, which contains Vs.om according to crossing
symmetry:

(QQP', ra, )T/ INN(p, Ay, A))
= SiyrgOnarg X ON(=p, AN)un(p, An)

X [Vs(f)b_tlé(l’/, rovau(—p', Ag)

PP
il (p' ra)vd(—p, )\Q)i|»

+ Vom(1) (DD

2
me

where P* = pi + p% = (J/1, 0) and the constraints Ay = Ay
and Lo = Ag are necessary to construct J = 0. Here we note

3Note that all baryons in this study have positive parity.

some relations for the spinors:

On(—p, 1/ un(p, £1/2) = -2, (D2)
my
il (p', £3/2)vg , (—p', £3/2) = %, (D3)

in 4 /2
TP £1/ 2, (—p £1/2) = - <1+ P )

3mg mg,
(D4)

PMPV Ly v ’ _
m_qu(P , £3/2vg(=p, £3/2) =0, (D5)

Q
PPy, . 2ip'3t

2 MQ(p ) il/z)UQ(_p ) il/z) = - 5 (D6)
mg 3myg,

where double-sign corresponds.

To calculate Vs oy in the region ¢ < 0 via the dispersion
relation (22), we need ImVs o\(#)int > 4m?2. For this purpose,
we first recall the unitarity of the S matrix: ST = 1. Expressing
this relation in terms of the T matrix of the NN — QQ
reaction in the scalar channel, we have

HQQT'Z°INN) — i(QQT'=CT|NN)
= pa@(t = mi N(QQUT'=" n) (n| T/=|N ),
(D7)

where we omitted the parameters (p’, Ao, Ag) for the QQ
state and (p, Ay, Ay) for the N N state. On the right-hand side,
n=nn,KK, n7, . .. denote possible physical channels, 7
is its threshold, and p,(?) is its phase space. In particular,

Nps |t — 4m>
ppp(t) = 8””,/—”, (D8)
T t

forn = PP = nw, KK, nn, with the mass of the pseudoscalar
meson mp and the symmetry factor for identical particles:
Nyz = Ny, =1/2 and Ngg = 1. Therefore, by using the
relationin Eq. (D1) and (A|7T|B) = (B|T|A)*, we can rewrite
(D7) as

8)\1\/ )\.NSA.Q Ao X l_)N(_pa )"N)MN(pv )\'N)
x [—2ImVs(l)ftl§(P/, ro)vau(—p', ko)

PMPV =

—2ImVom(7) iio(p', r)vo(—p', )»sz)}

2
mg

= Z POt — m ) (| T'=01QQ)* (n|T'=°|NN). (DY)

This is a general formula to calculate ImVs o\m(#) in the region
t > 4m?. In the equation the magnitudes of the momenta of N
and €, p(t) and p'(t), respectively, take their on-shell values

Py =5 —mh PO =7 —mh

Note that the unitarity relat_ion (D?) is defined above the
kinematic threshold of the NN — QS reaction, i.e.,t > 4m§2.

(D10)
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However, one can perform the analytic continuation into the
pseudophysical region t < 4m%, where p/(t) [and p(t) in
t < 4m3 ] is pure imaginary.

In general, n in Eq. (D9) should run all possible physical
channels, but it is well known that the scalar-isoscalar channel
in the region 4m2 <t < 1 GeV? is dominated by the contri-
butions from the dynamics of mw and coupled channels of
two pseudoscalar mesons. Therefore, below we restrict the
summation in Eq. (D9) to the physical w7, K K, and 17 states.

Now our task is to calculate the scattering amplitudes of the
NN — PP and QQ — PP (PP = nw, KK, nn) reactions
in the scalar-isoscalar channel. Here, to simplify the evaluation
of the NQ interaction from the NN — QQ amplitude, NN is
in the particle basis, i.e., NN = pp or nii, while the PPisin
the isospin basis with I = 0:

(k) = —%W(k)n(—k) + 7O (—k)
(k) (—k)), (D11)
_ 1 _
KK(k) = ——|Kt()K~(=k) + KK (=k)),
KR () = =5 K Q0K+ KGR ()
(D12)
) = Indon(—k)), (D13)

where k is the relative momentum of mesons. We explicitly
write the off-shell amplitudes of the NN — PP and Q€2 —
P P reactions as

Tyy—pp(t,k, p, Ay) = (PPU)T'=°INN(p, Ay, kn)),
(D14)

Taa ppt. k, p's ko) = (PPR)T'=°1QQ(p, Ao, Aa)).
(D15)

Helicities are constrained as Ay = Ay and Ao = Ag SO as to
construct J = 0. Because of this S-wave nature, the left-hand-
side depends only on the magnitude of the momenta. Owing to
the parity invariance of the underlying strong interaction, the
amplitudes Ty y_, pp and Ton_, p5 have relations

Tyyoppt, ko p,An) = Ty pp(t k, p,—Ay), (D16)

TQQ%PP(Z" k7 [7/, )‘-Q) = TQQ*)PP(Z" k7 plv_)"Q)° (D17)

Therefore, while Ty y_, p5 does not depend on Ay, Too_, pp
has two independent components of Ao = 3/2 and 1/2. Note
that momenta p, p’, and k are independent of ¢ in the off-shell
amplitudes. One can easily obtain the on-shell amplitudes of
the NN — PP and QQ — P P reactions by putting on-shell
momenta of the baryons ¢(¢) and ¢'(¢) in Eq. (D10) and

! 2
k(t) = Rk
respectively.

The NN, QQ — P P amplitudes are calculated according
to the diagram in Fig. 10. To this end, we label the two meson
channels 7, KK, and nn as Jj = 1,2, and 3, respectively, and
we project the Born term, i.e., the first term in Fig. 10, into the

(D18)

——-- - ——o.
R 4
A + \ g
v EN
——0-- - ——0"

FIG. 10. Diagrammatic equation for the NN — PP and QQ —
P P scattering amplitudes. Solid and dashed lines represent baryons
and mesons, respectively. Shaded circle denotes the correlation of two
mesons.

scalar channel as

1! N _
ViV k. p) = 5 / d cos O (jUO)IVINN(p, dn, An)),
—1

(D19)
i l : 1y %, A /
VO k, p'hg) = 5/ d cos B} ()| VIQSP', g Ao,
-1

(D20)

where 6" is the angle between p) and k. The explicit forms of
the matrix elements of V are shown in Appendix E. Next, we
evaluate the diagram in Fig. 10 according to the prescription
by Blankenbecler—Sugar [58] as

k/2
272

3 00
Ty 6k p) = VUK, )+ 3N, f dK’
=1 0

"0V K, p)

X eoro @l — gy P2V
Tagj(t. k. p'oh) = V¥t k. p', Ao)
3 00 ) k,z
—i—;N; fo dK' S —
VT kP

X 2
wpq) (K[t — 4wpgy(k')*]

where T j(l2m) is the scalar-isoscalar / — j meson—meson scat-
tering amplitude and wp(k) = k* + m%,(l))l/2 with P (/) be-
ing the meson in /th channel. In general, T;lzm) should be an
off-shell amplitude and thus depends on the relative momenta
k and k' as well. In the present study, we employ the so-called
chiral unitary approach to describe Tj(lzm) together with the

on-shell approximation, as explained in Appendix F, so Tj(lzm)
is a function only of 7.

With appendixes E and F, all the ingredients in the above
amplitudes are determined. We can check how the NN — mm
amplitude in the present formulation works by calculating the
Frazer—Fulco amplitude for the NN — m reaction [59]

ip(my
4\/§n

where the factor is due to the transition to the Frazer—Fulco
amplitude in isospin basis. The result is shown in Fig. 11
together with quasi-empirical values taken from Ref. [60].

O TN N rn (. k(1), p(1)), (D23)
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FIG. 11. Frazer—Fulco amplitude ff forthe NN — m reaction.
Points represent quasi-empirical values taken from Ref. [60].

The comparison indicates that our approach reproduces the
quasi-empirical values semiquantitatively well.

Finally, we evaluate ImVs om(7) in ¢ > 4m2 from the on-
shell amplitudes in Eqs. (D21) and (D22) and the relation (D9).
We express the right-hand side of Eq. (D9), i.e., the sum of the
products of the phase space p; and amplitudes of the j —
QQ and NN — j reactions, as F(¢, Aq). We note that the
product TSQ»/’ Ty ; contains the uncorrelated contributions
depicted as the box diagram in Fig. 12 which eventually causes
the double counting in the N €2 interaction with the n exchange
term and with the box contributions of the inelastic channel in
Sec. ITH. We must cancel this double counting by subtracting
the product of the Born terms. As a result, F (¢, Ag) is

3
F(t, 1) = Z P00t —mi ;)
j=1

x [Tag (8, k(t), p'(1), ha) Tygos (&, k(1), p())
= Vi, k@), p'(0), 2 VIV k(1) p()]. (D24)
With this and Eqgs. (D2)—(D6), we have

ImVs(t)
~ F(t,3/2)
2iig(p', 3/2)v, (—p', 3/2)0n(—p, 1/2un(p, 1/2)

_ 2mymoF(t,3/2) (D25)

J@m =) (@m —1)

N——@--- - g—=— ()

A A

N—>—0--->----—m— ()

FIG. 12. Feynman box diagram for the NN — QS reaction.
Solid and double lines in the intermediate state represent baryons,
and dashed lines represent mesons.
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FIG. 13. ImVs and ImV,); in our model.
2
m
ImVom(t) = Q2
MO = R 1/2ua(p 1/2)
[ F(t,1/2)
X J—
205(=p, 1/2un(p, 1/2)

- ImVS(t)’Zlng(pls 1/2)UQ[A(_p/s 1/2)]

3
dmymy,

@m0 o, — 1) (a3, — 1)
x [3mgF(t,1/2) + (t — 3mg) F(t, 3/2)].
(D26)

InFig. 13 we plot ImVs and Im)/, in our model as functions
of t > 4m?. As one can see, ImVs takes a non-negligible value
only for# 2> 1 GeV2. This may be interpreted as the exchanges
of the f3(980) and correlated K K states. On the other hand,
ImV,\ has a contribution at just above the threshold r = 4m§
as well, reflecting the contributions from the broad “o”” meson
and correlated .

Next, we use the dispersion relation (22) to evaluate Vs om(#)
in t < 0, where the correlated two-meson exchange takes
place in the N elastic scattering. Here we perform the
integration with a cutoff 7, instead of infinity, which we take
t. = (1.2 GeV)?, which is the upper boundary of the fit range
of our wm-K K-nn scattering amplitude in the chiral unitary
approach to the experimental 77 (J = 0, I = 0) phase shift
(Appendix F).

APPENDIX E: EXPLICIT FORMS OF THE BORN TERMS
FOR THE NN, @ — MESON-MESON REACTIONS

Here we show the explicit forms of the Born
terms for the N(p, Ay)N(—p,iy) — P(k)P(—k) and
Qp', ra)Q(—p', Aq) — P(k)P(—k) reactions, where
PP =nn, KK, and nn. Here p, p’, and k are the relative
momenta of NN, QQ, and P P, respectively, for which we
take, without loss of generality, p = (0, 0, p), p’ = (0,0, p’),
and k = (ksin6, 0, kcosf) throughout this section. We
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define four-momenta py = (v/1/2, p), pl =(/1/2.—p),
pe = W1/2.p). ph=W1/2,—p), ks = k' = (V1/2, k),
J

and k’; =kt = (ﬁ/2,—k). Helicities of antiparticles are
constrainedas Ay = Ay and Ay = Ag soastoconstruct J = 0.

1. NN — meson-meson

First, the NN — 7w, KK, and nn Born terms are calculated as
(T F|VINN(p, Ay, An)) = FannVnn + FenaVnan + (k < —k), (ED)
(KK VINN(p, Ay, An)) = FxnaVuan + FensVvsn + Frns: Vs, (E2)

(mm)|VINN(p, Ay, Ay)) =

The notation (k <> —k) means to add the symmetrized
contributions for the identical two-meson systems. Here Fpgp
and Fppp are coupling constants which are given by

V3(D + F)? 2 fiep
]:JTNN=_4—fnza fﬂNA:_ﬁm_%’(EA)
(D +3F)? 3(D — F)?
FRNA = == JkNz = ————=—>—, (E5)
12V2f2 42 2
1 ngD (D —3F)
FinNgr = ———= , = E6
KNZ 2\/5 m% nNN 12f,72 ( )

Terms Vypy and Vypy are the amplitudes of the octet- and
decuplet-baryon exchange for the N N scattering, respectively,
as functions of ¢, k, and p:

Vyen(t, k, p) = — F()*on(—p, +1/2)F ysSp(py — k)

X Kysun(p, +1/2), (E7)
where Sg(p) is the propagator of the octet baryon B
ptms
S =", E8
WP)= e (E8)

with its mass m g, and
Vnon(t, k, p, An) =F (k)Y oy (=p, +1/2)k, S’ (py — k)
X kyun(p, +1/2), (E9)
where Sp(p) is the propagator of the decuplet baryon D

v + mp v 1 v
Sp(p) = (p]Z)Z—_m%[gﬂ - g)’”)’
_2pkpt Pyt —piyH (E10)
3m2D 3mD ’

with its mass mp. As for the form factor F(k) in the NN,
QQ — PP amplitudes, we employ the monopole type in
Eq. (15) and use the same value of the cutoff A = 1 GeV.
We do not include the width of the decuplet baryons in the
propagator. Note that neither Vypy nor Vypy depend on the
helicity Ay, so we take Ay = +1/2 here.

2. 29 — meson-meson

Next, the QQ — 77w, KK, and nn Born terms are calcu-
lated as

(rr )|V IQQUP', Aoy Ao)) = 0, (E1D)

FonnVNNN + (k< —k). (E3)

[

(KR I)|VIQQP, Aa, 2a)) = FrzaVasza + FreraVas-as
(E12)

FoaaVaaa + (k < —k).
(E13)

mEIVIQQUP , o, Ao)) =

Here Fppp and Fppp are coupling constants defined as

2 ﬁ 2
Frso = ﬁ%, Frao = —%, (El4)
Fie b g
2fPDD
F, = . El15

Terms Vqpo and Vqpq are the am;zlitudes of the octet- and
decuplet-baryon exchange for the Q2€2 scattering, respectively,
as functions of ¢, k, p’, and Ay:

Vasa(t, k, p', ko) = F(k)*Tg(—p', ka)k, Sp(pa — k)
X kyub(p', ha), (E16)
Vapa(t. k. p', o) = F(k)* g (—p'. 2K vsSp (pa — k)

X Kysuq,(p', ke), (E17)

Note that the amplitudes depend on the helicity Ag but this
dependence will be canceled when divided by the bispinor
iig(p', Ao (—p', Ao) as in Eq. (D9).

APPENDIX F: MESON-MESON SCATTERING
AMPLITUDE

In this study we describe the 7 7-K K -nn coupled-channels
scattering amplitude in the scalar-isoscalar channel by using
the so-called chiral unitary approach [38—41]. In this approach
we calculate the scattering amplitude of two pseudoscalar
mesons Tj(,fm)(s), where j and k are channel indices (7w,
KK, and nn for j =1, 2, and 3, respectively) and s is the
Mandelstam variable, by solving the Lippmann—Schwinger
equation in the following form:

TEM () = Vi) + > VIW GO TE™ (), (F1)
I
with the interaction kernel Vj; = V;; taken from chiral per-

turbation theory and the loop function of two pseudoscalar
mesons G ;.
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We employ the leading-order terms of chiral perturbation
theory for the interaction kernel V:

(2m) — 25 (2m) \/§S
—, Vis = ,
= =
yem ym 3s
(s) = ) =——,
4
\/_fnfn fK (FZ)
(2m) 9s — 2mﬂ — 6m3’
Vi )= ——F7——,
6\/§fo:1
Tm% — 16m2
ViR(s) = T
33 9f,]2

where the on-shell approximation was used. The loop function
G is evaluated with a three-dimensional sharp cutoff gpax:

d*q 1
G?™(s) = iN; /
J ] @n) (q2 — mf)[ P—g)7— mﬂ
_ & Gmax q q2
272 Jo wi(q)ls — 40;(@)*]

(F3)

where m is the meson mass in jth channel, P* = (ﬁ, 0),

300
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150 1

[ degrees ]

100 ’ 1

0 i Hf |
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5

FIG. 14. nm(J = 0, I = 0) phase shift §) in the present model.
Experimental data are taken from Refs. [61-65].

wi(q) = (q* + m?)'/z, and the symmetry factoris N| = N3 =
1/2 and N, = 1. In this construction only the cutoff g is the
model parameter, and we fix it by fitting the nw (J = 0, I = 0)
scattering phase shift 8) to the experimental data [61-65] up to
+/s = 1.2 GeV. From the best fit, we use the value of the cutoff
gmax = 850 MeV, with which we can reproduce the phase shift
88 fairly well as shown in Fig. 14.
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