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Pion-assisted charmed dibaryon candidate
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The A.(2286)N system is studied in a chiral constituent quark model, and the resulting s-wave
interaction is used in separable form within three-body models of the zA.N system with quantum numbers
(C.1,J7) = (+1.3,2%). Separable interactions are also used for the dominant p-wave pion-baryon
channels dominated by the A(1232) and X.(2520) resonances. Faddeev equations with relativistic
kinematics are solved on the real axis to search for bound states and in the complex plane to search for
three-body resonances. Some of the models considered generate a very narrow bound state, requiring
isospin violation for its strong decay. Other models lead to a narrow resonance (I' < 0.4 MeV) for a

resonance mass below the X.(2455)N threshold. This would be the lowest-lying C = +1 dibaryon, with

mass estimated as ~3370 & 15 MeV.
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I. INTRODUCTION

Several pion-assisted dibaryon candidates of the type
7BB’, with a p-wave pion interacting with baryons B and
B’ that interact in s waves, were suggested in Ref. [1].
Considered in detail was the zAN system in the channel
(1,JP) = (3,2%) which is dominated by configurations
where the p-wave zN (I,JF)= (3.37)A(1232) reso-
nance is coupled to an s-wave A, and the p-wave
mA(1,JF) = (1,37) £(1385) resonance is coupled to an
s-wave nucleon. The choice (1,JF) = (% ,27) ensures that
the spins and isospins of the three hadrons are parallel,
with the two baryons necessarily in a S state, leading to
maximal attraction since all spin and isospin recoupling
coefficients in this channel are equal to one. The (1,J7) =
(3.27) zAN — zZN coupled-channel system was studied
subsequently [2,3], concluding that it resonates some
10 — 20 MeV below the zZN threshold [3]. Other pion-
assisted dibaryon candidates suggested in [1] include
7=N, 7=\ and 7A.N. In the present work we apply the
same formalism [3] to study the charmed #A.N system
where one replaces the ¥ A(1116) baryon by the

%;AC(2286) charmed bary(Z)%is,' and the 3" £(1385) reso-
nance by the 37 X.(2520) charmed resonance. An inter-
esting aspect of this zA.N system is that a bound state,
if occurring, will decay only by isospin-violating
interactions since the lowest isospin-conserving decay
channel X.(2455)N lies ~30 MeV above the zA.N

threshold.
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PACS numbers: 12.39.Pn, 13.75.Gx, 14.20.Lq, 11.80.Jy

To formulate and solve a zA N three-body model one
needs to specify the input pairwise interactions. Whereas
the construction of p-wave separable interactions describ-
ing the pion-baryon A(1232) and X.(2520) resonances is
straightforward, the construction of the necessary s-wave
separable interaction describing the A.(2286)N system
requires special attention. In the present exploratory study
we neglectits coupling to the X.(2455)N system, reporting
briefly on a straightforward application of the chiral
constituent quark model (CCQM) within the charm sector
[4,5]. This model, tuned by fitting to the baryon and meson
spectra as well as to the NN interaction, provides pre-
dictions for charm C = +1 two-hadron systems that will
become testable in due course. For an extensive review of
the CCQM, see Ref. [6].

The paper is organized as follows. The input pion-baryon
phenomenological interactions are discussed in Sec. II, and
the input A,N CCQM interactions are discussed in Sec. III.
Results of three-body calculations using Faddeev equations
with relativistic kinematics are given and discussed in
Sec. IV, with conclusions drawn in Sec. V.

II. PION-BARYON P-WAVE INTERACTIONS

Following the discussion of the zAN system in Ref. [1],
the dominant two-body interactions in the zA N system are
the p-wave zN(1,J7) = (3.37)A(1232) and 7A(1,J") =
(1,37)%,.(2520) channels, and the s-wave A N interaction
in the / =1, channel. In this section we describe the
appropriate separable-interaction meson-baryon models,
assigning particle indices 1,2,3 to charmed hyperons,

nucleon and pion, respectively.
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A. The zN subsystem

The Lippmann-Schwinger equation for the pion-nucleon
interaction is given by [7]

ti(pr, phiwo) = Vi(p1.pi) + Am pi*dpy x Vi(py, pY)
1

wo — /m% + P —\/m:+ pi? + ie

x t1(pY, Pi; @), (1)

X

so that using a separable potential

Vi(pi, pY) = rigi(p1)ai(ph), (2)
one gets
t(p1. Py @) = g1(p1)Ti(@wo)g1(Ph). (3)
where
[71 ()]

1 o g1(p1)
—/ pidp : 12( 1
y] 0 C()O—\/mN"‘p]_

4)

A fit to the P33 phase shift and scattering volume using the
form factor

pi/at)l, (5

with parameters given in Table I, was shown and discussed
in Ref. [7]. Listed in the table are also the rms radii of
the form factors g(p) in momentum space and g(r) in
|

91(p1) = pilexp(—pi/p7) + Cpiexp(—

\/m,2,+p%+ie'
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TABLE 1. Fitted parameters of the zN separable p-wave
interaction (2) with form factor g, (p) defined by Eq. (5). Listed

also are values of its rms momentum ,/(p?), (in fm~"), and rms

radius /(r?); and zero ™) (both in fm) of the coordinate-

space form factor g (r).
ﬂN)
fm \/ Q] \/ !fl

yi(fm*) e (fm™') g, (fm")

—0.075869 2.3668 1.04 0.23 4.07 147 1.36

coordinate space, where §(r) = 7 g(r) is t he Fourier trans-
form of the p-wave form factor g(p) = pg(p), given by

i(r) ~ / j1(pr)e(p)pdp. (6)

with j; the spherical Bessel function for Z=1. As
elaborated in Ref. [7], g(r) is not positive definite, which
may result in negative values of (r?). A spatial—size
substitute for 1/(r?) is prov1ded then by r0 , the first
zero of g(r). Both values of 1/ (r*) and r listed in Table I
are seen to be close to each other, but this need not
necessarily be the case for other subsystems, as will
become evident in the next subsection.

The pion-nucleon amplitude in the three-body system
with a A, as spectator is given by

t(p1, P Wo, q1) = g1(p1)71(Wo, a)a1(py),  (7)
where W, is the invariant mass of the three-body system, ¢,

is the relative momentum between the spectator and the
c.m. of the zN subsystem and

1 )
[t (Wo. 1)) :y__/ pidp,
1 0 WO _ \/

B. The zA, subsystem

Here, the separable potential

Va(pa, Plz) =7292 (Pz)gz(l’lz) )

is used with the form factor

92(p2) = pa(1 + Ap3)exp(—p3/B3).  (10)
where the three parameters y,, #, and A were fitted to the
two pieces of data available, namely, the position and
width of the X,(2520) resonance [8]. A family of such
fitted parameters is given in Table II. Scanning over A

(Vmd + pT+ /mE+ pl) + 4} -

,/miu%—q%—ﬁ—ie
I

between 0 and 1 gave unrealistically small positive

values of (r?); associated with the form factor g,,

decreasing rapidly with A and becoming negative for
A exceeding 0.2. Our alternative choice of ry for a
size parameter gives values monotonically increasing

from 1 to 1.5 upon increasing A # 0. Anticipating ré”AC)

to somewhat exceed r(()”N) = 1.36 fm (Table I), because
the pionic A, — X.p-wave excitation energy of
231.5 MeV is smaller than the corresponding excitation
energy 293 MeV for N — A, we consider the last two
rows in Table II as the most physically acceptable
fits. For further discussion of form-factor sizes,
see Ref. [7].

014019-2



PION-ASSISTED CHARMED DIBARYON CANDIDATE

TABLE II. Fitted parameters of the mA, separable p-wave
interaction defined by Eqgs. (9) and (10), for chosen values of the
parameter A. Listed also are values of the rms momentum

(r?) 4 and zero rf)”A") (both

in fm) of the Fourier transform g, (r).

(p?),, (in fm™"), the rms radius

Afd)  pa(fm®)  Ba(tm™) D), (e
0.0 —0.0044983 6.4738 9.155 0.437

0.1 —0.0057655 3.6951 6.108 0.332 0.973
0.2 —-0.0062314 3.1432 5.258 0.070 1.103
0.3 —0.0063429 2.8568 4.806 S 1.194
0.4 —-0.0062715 2.6737 4.515 1.263
0.5 —0.0061012 2.5441 4.307 1.318
0.7 —0.0056362 2.3695 4.026 1.401
1.0 —0.0048792 22121 3.772 1.487

III. THE AN SUBSYSTEM

There is no experimental data on the AN subsystem that
one may rely upon to fit a separable potential form.
Therefore, and as a guide, we have generated local
potentials in the 7 = 1,3S; channel from the recent appli-
cation of the CCQM to the charmed meson sector [5]. A
brief description of the essential properties required in this
model to provide interaction output for the AN system

follows.

A. Extension of the CCQM to the charm sector

Baryons are described in the CCQM as clusters of
three interacting massive constituent quarks, with the
light-quark (u,d) mass generated by the spontaneously
broken SU(2), ® SU(2)g chiral symmetry of the QCD
Lagrangian. Hence, light quarks interact nonperturbatively
via Nambu-Goldstone boson-exchange potentials

V,(7i;) = Vose(7ij) + Vope(7). (11)

given in obvious notation by

2 2
- g A A
Vose(Fiy) = = p 3oz e [Y(’""”) i Wfﬂ]’
(12)
2 2 2
- [Y) ny A
VOPE(”ij) ch

e 12m;m; A* — m2

A3
X m,,{ [Y(m,,r,~) - —3Y(Aru)] 31‘ . 8]
mﬂ'
3

A oo
+ |:H(m7rrij) —WH(A’”U)} Sij}Ti -7, (13)

T

where g2, /4x is the chiral coupling constant, Y(x) is the
Yukawa function, Y(x) = ¢™*/x, and H(x) = (1 +3/x+
3/x*)Y(x) is associated with the quark-quark tensor
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operator S;; = 3(6; - ;;)(6; - 7;;) — 6; - 6;. The values used
for the mass, coupling-constant and cutoff parameters are
listed in Table II of [S]. In the case of the heavy charmed
quark c, for which chiral symmetry is explicitly broken, no
boson exchange is operative in its interactions with the
other quarks.

Perturbative effects within QCD are accounted for by the
one-gluon-exchange (OGE) potential

- oT1 1/ 1 1 260
v )= | — == [ — L
oGe(7ij) 4% ILU 4(2m12 2m%  3m;m;
—rii/To 3S..
62/ 2112]’ (14)
rorij 4mqr;j

where A¢ are the SU(3) color matrices, r( is a flavor-
dependent regularization that scales with the reduced mass
of the interacting pair, and a, is the QCD scale-dependent
coupling constant which assumes values of a, ~ 0.54 for
light-quark pairs and a; ~ 0.43 for uc and dc pairs [4].

Finally, to fully simulate QCD one needs to incorporate
confinement. While negligible for hadron-hadron inter-
actions, lattice calculations suggest that the confinement
potential is screened upon increasing the interquark
distance [9],

Veon(7ij) = [—ac(1 — e™#7u)]ac; - 29, (15)

with a scale given by a, = 230 MeV and a screening mass
identified here with the pion mass y. = m,.

The CCQM yields a good description of meson [4] and
baryon spectra [10]. Furthermore, by applying resonating-
group methods it enables one to derive baryon-baryon (BB)
potentials and, in particular, to reproduce the main features
of the NN interaction [6]. Thus, the B, B,, — B;B; local
transition potential Vg p (1s7)-5,8,1's7)(R) is derived
within a Born-Oppenheimer approximation as

VB,,B,,,(LST)—»BkB,(L’S’T)(R): ILAZSLS]/"T(R)_ gSS}T(OO) (16)
where
i (R)
(ESTR)ISS 1 Vg, ()| 5%, (R))
VAREST (RINEST (R)) /(555 (R)IWESS (R)
(17)

’

with the quark _coordinates integrated out. The wave
function WEST (R) for the two-baryon system is an anti-
symmetrizedn Eroduct of two three-quark clusters, each
cluster consisting of Gaussian quark wave functions. The
Gaussian size parameters from Table II in Ref. [5] are b,, =
0.518 fm for the (u, d) light quarks, here denoted n, and
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b. = 0.6 fm for the ¢ quark. However, whereas the value
adopted for b, was deduced long ago by fitting to the NN
phase shifts and the deuteron binding energy [11] (see also
the discussion in Ref. [12]), the value . = 0.6 fm is not
constrained by any comparable BB data. It was argued in
Ref. [13] that a considerably smaller value of b, in fact
b, ~0.2 fm, is required to describe consistently doubly
charmed exotic mesons. Such a value may also be justified
by recalling that b, scales with quark mass as b, ~ m;l 2
for an harmonic-oscillator quark potential. For CCQM
quark masses m, = 313 MeV and m, = 1752 MeV, the
widely adopted value b, =0.518 fm implies that
b. = b,(m,/m.)"/?> = 0.219 fm. This strong dependence
on the constituent quark mass by far overshadows the weak
flavor dependence of the harmonic-oscillator 1@ excita-
tion energy, of order hundreds of MeV, in mesons and in
baryons.

B. The CCQM I =1 3S; AN interaction

Adopting the CCQM s-wave potentials for the A N
interacting pair, we show in the left-hand side of Fig. 1
three such potentials for the I = % .38, channel, using three
different values of the charmed quark oscillator parameter
b, within the six-quark wave function: b. = 0.2 fm, b, =
0.5 fm and b, = 0.8 fm. It is seen that the model with b, =
0.2 fm has the softest repulsive core and the model with
b. = 0.8 fm has the strongest repulsion at a short distance.
None of these models is any close to generating a A N
bound state. The *S, phase shifts produced by these
potentials are shown by the solid lines in the right-hand
side of the figure where the change of sign of the phase shift
for the model with b. = 0.2 fm occurs at c.m. energy

160 =

120 « \ b, =0.2 fm
i} v | mem—— b =0.5fm
L — - — b,=0.8fm
Y *

=877

> \

(] _ o

S N

> o,

-40 T T T T T 1

r (fm)
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similar to that of other baryon-baryon systems in the
CCQM such as NN or AN, while for the models with b, =
0.5 and b, = 0.8 fm the change of sign occurs at very low
c.m. energy which suggests that these latter two models
have excessive repulsion. We also show by the dashed lines
the phase shifts obtained using the rank-2 separable
potential with both attraction and repulsion

V3(ps, p3) = —95(p3)95(P5) + 95(p3)gs(p5),  (18)

so that the corresponding two-body ¢ matrix is given by

t3(p3, Py o) = — Z Z gg(P3)T;lﬂ(wo)9§(P'3)v (19)

a=a,r f=a,r

where

T%"(wo) = Tga(wo)

) G¥" (o)
[1 4+ G§*(a9)][1 = G (@0)] + [G§" (w9)]*”
(20)
T““(a)o) — 1 - Ggr(C‘)O)
’ [1+ G§*(@o)][1 = G (wo)] + [G§(@o)]*”
(21)
Tgr(a)0> — _ 1+ Ggm(a)O)

[1+ G5 (@o)][1 = G5 (o)) + [G§ (@o)]*”
(22)

with G’;ﬁ (wg) given by

30

20

-30 LEN DR B B B I B B S|
0 40 80 120 160 200
Ecm (MeV)

FIG. 1. Left: CCQM AN local potentials in the 3S, channel for several values of the charmed quark harmonic oscillator size
parameter b,. Right: corresponding AN 3, phase shifts, in solid (dashed) lines, produced by the CCQM local (separable) potentials.
The smaller b, is, the higher the maximum of the phase shift & is.
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TABLE III. Parameters of the 3S; A_N separable potential
models Egs. (18) and (24).

bo( fm) y4( fm?) a¢( fm™!) y4(fm?) o4(fm~') a(fm) r(fm)

0.2 1.8915 1.7672  2.6210 2.1523 -1.33 33
0.5 2.1804  1.7030 4.5651 2.1973 -0.79 5.6
0.8 2.3435 1.6286  5.7197 2.1338 —0.63 8.2
aff
G;’ ()
_ /°° pldps 7 (p3)d5(p3) ‘
o wo—\/p%—l—m%v—,/p%—&—mi_—i—ie
(23)

The form factors g'; (p3) are chosen to be of the Yamaguchi
form

VT8
lps) = g P =an) (24)
and the parameters of these models are given in Table III
together with values of the associated scattering lengths and
effective ranges. The relatively small size of the scattering
lengths a, y clearly indicates that the 38, A N system is far
from binding on its own.

IV. RESULTS AND DISCUSSION

Solutions of the Faddeev equations corresponding to
bound states and resonance poles in the (1,J7) = (3,27)
channel of the zA.N three-body system were found
applying search procedures described in Refs. [1-3]. A
single bound state or resonance was established for any
combination of each one of the zA. interaction models
specified in Table II and each one of the A.N interaction
models specified in Table III, as well as for the case when
there is no AN interaction. The resulting bound-state and
resonance energies are given in Table IV with respect to the
zA N threshold mass Ey, ~ 3363 MeV.

TABLE IV. Energy eigenvalue of the (1,J°) = (3,27) zA.N
state (in MeV with respect to the zA N threshold) for the eight
models of the zA_ interaction characterized by the parameter A
and the three models of the A.N interaction b, = 0.2, b, = 0.5,
and b, = 0.8 fm, as well as for V, y = 0.

Afm?) b, =02  b,=05 b.=08 Vyy=0
0.0 23 36.7-i045 63.1-i191  -0.7
0.1 ~146  263-i0.18 548—il.16  —12.5
0.2 127 272-i021 552-i122  —10.1
0.3 —84  30.0-i028 57.0-i1.53  -5.3
0.4 40  33.1-i038 59.1-il.67  —0.5
05 0.1-i0.00 359-i0.51 61.2—il.96 3.9 —i0.00
07 7.0-i0.01 40.8-i0.80 64.4—i2.34 11.3—i0.01
1.0 14.7-i0.07 462 —il.10 68.2—i3.05 19.5—-i0.07
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Bound-state solutions appear in several of the b, =
0.2 fm models and also when the A/N interaction is
switched off, whereas the models b, = 0.5 and b, =
0.8 fm give only resonance solutions. However, when the
resonance lies below the X£.N threshold (ReE < 27 MeV)
the resonance states are quite narrow with widths less than
0.4 MeV. This does not apply to the models with b, = 0.5
and b, = 0.8 fm in which the resonance lies above the
2.(2455)N threshold and its width is therefore larger than
indicated by the tabulated widths.

As concluded in Sec. II B, only values of A > 0.5 fm?
are acceptable in considering the A.(2286) 47— X.(2520)
p-wave form factor relative to the N(939)+z— A(1232) p-
wave form factor. Combined with the more plausible
A.(2286)N interaction model defined by choosing
b.=021fm, or even neglecting for simplicity this
A/N interaction, we conclude from Table IV that the
(1,J7) = (3,2") state of the zA.N system resonates at
energy up to about 20 MeV above threshold, that is at
3363 < /s <3383 MeV. This resonance is expected to be
quite narrow, with width less than 0.2 MeV dominated by
its elastic width. Pion absorption can occur only by
violating charge independence, (I, N:%) =I5, n=3),
and the lowest Z.N channel is closed at the energy range
expected for the resonance.

V. CONCLUSION

It was demonstrated in this work by solving Faddeev
equations that the (I,JF) = (3,2") state of the zA.N
system is a strong candidate for a pion-assisted charmed
dibaryon. Although the CCQM A_N interaction is not
sufficiently strong to bind a AN 3S, pair (and this holds
even more so for a 1S, pair in the CCQM), the p-wave pion
attractive interactions induced by the J* = 37A(1232) and
%.(2520) resonances manage to bind the zA_ N three-body
system or more likely to make it resonate. The prediction of
this dibaryon candidate is robust in the sense that its
existence depends little on the A.N spin-triplet s-wave
interaction, even if the precise energy of the resonance is
not pinned down between threshold at ~3363 MeV and
several tens of MeV above threshold according to the
variation offered in Table I'V. This resonance is likely to be
the lowest lying charmed dibaryon, considerably below the
mass ~3500 MeV predicted recently for a DNN bound
state with quantum numbers / = % JP = 0~ that may be
viewed also as a A.(2595)N bound state [14]. These two
charmed-dibaryon predictions, with (1,J7)=(3,2") (ours)
versus (1,J7)=(3.07) [14], bear structural resemblance to
the strange-dibaryon predictions of zAN (I =3,J" =27)
[1-3] versus K~ pp(I=3.J"=07) that may also be viewed
as a A(1405)N quasibound state [15]. None of these
dibaryon candidates has been confirmed by experiment.

Denoting the (1, J) = (3,2") zA.N dibaryon candidate
by V.. in analogy to the (1,J7) = (3,27) zAN dibaryon
candidate ) [15], the following production reactions of )/,

014019-5



A. GAL et al.

are feasible with proton and pion beams in the high-
momentum hadron beam line extension approved at
J-PARC:

p+p-=>Ytt+D”
>3 1(2455) + p, (25)
wt+d— Y4 D-
>3 (2455) + p, (26)
7 +d—- Y+ D
—5°(2455) + n/p. (27)

The ). dibaryon resonance may be looked for both within
inclusive missing-mass measurements by focusing on the

PHYSICAL REVIEW D 90, 014019 (2014)

outgoing D~ charmed meson and in exclusive invariant-
mass measurements focusing on the outgoing X.(2455)N
decay pair provided that ). is located above the X.(2455)N
threshold.
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