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Dibaryons with two strange quarks and one heavy flavor
in a constituent quark model
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We investigate the symmetry property and the stability of dibaryons containing two strange quarks
and one heavy flavor with isospin I = % We construct the wave function of the dibaryon in two ways.
First, we directly construct the color and spin state of the dibaryon starting from the four possible SU(3)
flavor states. Second, we consider the states composed of five light quarks and then construct the wave
function of the dibaryon by adding one heavy quark. The stability of the dibaryon against the strong
decay into two baryons is discussed by using the variational method in a constituent quark model with a
confining and hyperfine potential. We find that, for all configurations with spin S = 0, 1, 2, the ground
states of the dibaryons are the sum of two baryons, and there is no compact bound state that is stable against

the strong decay.
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I. INTRODUCTION

Investigating the stability of multiquark hadrons has been
pursued in various models after Jaffe suggested the possible
existence of such particles in QCD [1-3]. The observation of
many charmoniumlike states, such as X(3872), Z.(3900),
and Z*(4430), and of heavy pentaquark states [4] revived
great interest in the studies of multiquark hadrons and/or of
molecular bound states containing heavy quark hadrons.
Additionally, a new particle called X(5568) was recently
observed by the DO Collaboration in the BYz* invariant
mass spectrum with 5.1¢ significance [5]. X(5568) may be
the first observed tetraquark which has four different flavors:
up, down, strange, and bottom. If all the flavors are different,
for any typical two-body interaction, one can always find the
most attractive combination so that one has the advantage to
form a bound multiquark state [6].

The stability of the dibaryons with heavy quarks was
studied already in several models: those based on chro-
momagnetic models [6,7] and chiral constituent quark
model [8,9]. Furthermore, Huang, Ping, and Wang studied
H-like dibaryon states containing heavy quarks instead of
strange quarks within the framework of the quark delocal-
ization color screening model [10]. Dibaryons within the
diquark models with heavy quarks are also considered [11].

Most of the models studying the possible existence of
dibaryons are looking at the most attractive color-spin
interaction channel [1-3]. For example, for the H dibaryon,
the attraction in the color-spin interaction is larger than
those coming from two A’s, which is the most attractive
two-baryon channel that the dibaryon can decay. However,
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it should be noted that whether such an attraction really
leads to a stable compact dibaryon states is determined by
whether the attraction is strong enough to overcome the
extra repulsion coming from bringing all the quarks
together into a compact configuration. As we will discuss
later, the magnitude of each effect depends on the masses of
the quarks involved that can be systematically studied only
within a complete model that consistently treats the kinetic
terms and the interaction terms within one framework.

In this work, to investigate the subtle interplay between
the two competing effects, in a simple but consistent model,
we will study the stability of the uudssQ dibaryon using
the variational method in a constituent quark model. This is
a generalization of the H dibaryon to include one heavy
quark so that it contains the most attractive color-spin
interaction channel but, at the same time, reduced kinetic
energy from combining six quarks in a compact configu-
ration. In particular, we focus our attention on [ = %
because the states with the lowest isospin are the most
attractive bound for a given quark system [6].

Moreover, we will demonstrate how to consistently
construct the color-spin flavor wave functions that contain
the uudssQ quarks. There are two ways of constructing the
wave function of a dibaryon with one heavy quark. First,
we can directly construct the color and spin wave function
of the dibaryon starting from the four possible SU(3) flavor
states. Or we can consider the color and spin state of ¢° and
then construct the wave function of the dibaryon by adding
one heavy quark. We show the two approaches lead to
identical wave functions, showing the consistency of our
approach. Technically, the second approach is more con-
venient to obtain the wave function compared to using the
first approach, because the former utilizes Clebsch-Gordan
coefficients of S¢ while the second approach uses that of Ss.

© 2016 American Physical Society
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This paper is organized as follows. We first present the
Hamiltonian and calculate the masses of baryons to
determine the fitting parameters of the model in Sec. II.
In Sec. III, we explain why we choose the dibaryon with
one heavy flavor in terms of the relation between the
hyperfine potential and the stability condition. In Sec. IV,
we construct the spatial wave function of the dibaryon. In
Sec. V, we classify ¢° with SU(3) flavor symmetry and
construct the color and spin wave function of the dibaryon
using the first method. In Sec. VI, we construct the color
and spin wave function of the dibaryon using the second
method. In Sec. VII, we calculate the wave function of the
dibaryon and show that their results are the same in both
methods. In Sec. VIII, we represent the numerical results
obtained from the variational method, and finally we
summarize the results in Sec. IX. The Appendixes include
some details of the calculations.

II. HAMILTONIAN

We take a nonrelativistic Hamiltonian with the confine-
ment and hyperfine potential given by

6 5 .
= P; 3 e o
H_izlj<mi+2m'>_1_6;/1"/1/<Vij+vij), (1)

1

where m;’s are the quark masses, A¢ /2 are the color operator
of the ith quark for the color SU(3), and V' and V7 are the
confinement and hyperfine potential, respectively:

VE=—-—4+_p. (2)

The hyperfine term which effectively splits the multiplets of
baryon with respect to spin is expressed as

h2C2K/ 1 2 2
s _ —(r 2/ (ros;
Vi = T3¢ (rij)*/ (roiy) 0; - 0;. (3)
m;m;c (rOij) Tij
Here, r;; is the distance between interquarks, |r; —r,],

and ry;; are chosen to depend on the masses of interquarks
given by

m;m;

roij = 1/<a+ﬂm). (4)

We choose to keep the isospin symmetry by requiring that
m, = my,. In the Hamiltonian, the parameters have been
chosen so that the fitted masses of baryons are comparable
with those of experiments.

When we calculate the expectation value of the potential
terms for a baryon with certain symmetry, it is convenient
to introduce the following three Jacobian coordinates. Then
it reduces our problem to the two-body system in the center
of mass frame.
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There exist orthogonal transformations between these
coordinate systems, which we will make use of when
calculating the matrix elements. As for the spatial wave
function, we will introduce the following form using the
first coordinate system:

R = exp[-a(xy)’ = b(x)?]. (8)

By using this simple Gaussian function, we calculate the
baryon masses containing a charm or bottom quark. The
fitting parameters in Hamiltonian are given in Table I
These parameters were obtained by making a best fit to the
baryon octet and decuplet masses. The variational param-
eters and the masses obtained with these parameters are

TABLE I. Parameters fitted to the experimental baryon masses
using the variational method with a single Gaussian. The
respective units are given in the bottom row.

/

K K ay D a p m, mg  m. my,

0.59 0.5 5.386 0960 2.6 0.552 0.343 0.632 193 53
GeV~2 GeV (fm)~! GeV GeV GeV GeV
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TABLEII. The masses of baryons obtained from the variational
method and the experimental data in GeV units. The fourth and
fifth rows show the variational parameters of the spatial wave
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TABLEIIL  The expectation value of = 7, _;(4{A{0; - o;) for the
H dibaryon with a flavor singlet (F') and AA.

function with units in fm™2 Zl</ </1%(6 0j > i<j=1-5 i=1-5j=6
1 _ _
rs) &b &y 0h ah @y &Yy ¢  Hdibayon F 16 8
NP oA A 2 E 2 S Ly Utkero) i<j=1-3 i=4,j=5 i=4-5, j=6
Mass 0.977 1.23 1.12 1.2 1.38 1.324 1.52 I 3 3 0
Exp 0.938 1.232 1.115 1.189 1.382 1.315 1.532 — —
a 2.5 1.8 3.3 2.2 1.8 3.4 2.9

b 2.5 1.8 2.8 34 2.3 3.2 2.1

s ©bH abh @) &H &H ©hH ©
A, X %2 = Q o

Mass 2.285 245 2.526 2476 2.649 2.687 2.763

Exp 2286 2453 2518 2468 2.646 2.695 2.766

a 34 2.1 1.9 3.7 2.4 3.6 3.2

b 3.8 3.9 33 4.6 4.1 5.8 4.8

rs) ©bH a.h @y d&hH d&H ©0h ©)
J VR D s =ZQ  Q

Mass 5.608 5.809 5.839 5.787 5.95 6.019 6.053

Exp 5.619 5.811 5.832 5792 5.949 6.048

a 3.5 2.1 2.0 3.8 2.5 3.5 34

b 4.4 4.1 3.8 55 5.0 6.6 6.1

given in Table II. The method to calculate the color, flavor,
and spin basis was explained in Ref. [12].

III. COLOR-SPIN INTERACTION AND THE
STABILITY CONDITION

It is well known that color-spin interaction is an
important factor in investigating the stability of a multi-
quark system. In SU(3) flavor symmetry, there is a simple
formula [13] from which one can easily calculate the
expectation value of the hyperfine potential:

HSS:_ZJ'C}'(G U

i<j

= N(N -10) +%S(S+ 1) +2Cc+4Cr, (9)
where Cp =$A7A". For the flavor singlet H dibaryon,
Hgg = =24, and for A, Hgg = —8 so for AA, Hgg = —16.
Hence, the H dibaryon is more attractive than the AA
system in terms of color-spin interaction. This is the basis
for a possible stable H dibaryon.

At the same time, it is interesting to point out that we can
split the dibaryon into five quarks and one quark system.
By using Eq. (9), we can calculate the expectation value of
the hyperfine potential of five quarks in the H dibaryon. We
represent the expectation values of the hyperfine potential
for the H dibaryon with a flavor singlet and AA in Table III.

In that case, the flavor and color state of five quarks are
antitriplet and Co = Cp = ‘3—‘ for the antitriplet state, so it
leads to Hgg = —16, which is the same as H{2. So it shows
that the interaction between the sixth quark and the other
quarks gives a more attractive effect than the AA system
and agrees with our recent work [14]. As we shall see later,
we note that the same color-spin matrix element is obtained
in the most attractive flavor color-spin channel of our
configuration (uudssQ) with § = 0 and I = 1/2. For this
case, we can also choose Q to be the sixth quark with
the color-spin matrix element as given in Table III
Unfortunately, the H dibaryon is not stable in our model
when we consider the Hamiltonian, as the repulsion coming
from the kinetic energy and confinement potential domi-
nates over the attraction coming from the hyperfine
potential as we bring six quarks to a compact configuration.
If we replace the sixth quark with a heavy quark, then the
situation becomes more subtle. In the infinite heavy quark
mass limit, the contribution from the sixth quark becomes
zero because the hyperfine potential has a 1/m, factor.
And in that case, the expectation value of the hyperfine
potential is the same as that of A and the diquark system.
However, the heavy quark mass is not infinite, so the 1/m
factor weakens the attractive effect, but it will also reduce
the kinetic energy if it does not change the interquark
distances. So we can consider the dibaryon with heavy
flavor, and it may lead to a better chance to form the stable
state than the H dibaryon. It should be noted that the
antitriplet flavor state is the most attractive color-spin
interaction when we consider five quarks only.

IV. SPATIAL FUNCTION

In order to construct an antisymmetric wave function of
the dibaryon, we choose the spatial function to be sym-
metric such that the rest of the wave function represented by
color ® flavor @ spin should be antisymmetric. Here, we
calculate in the flavor SU(3) breaking case and fix the
position of each quark on u(1)u(2)d(3)s(4)s(5)Q(6). So
our wave function should have the specific symmetry
property which is antisymmetric among 1, 2, and 3 and
at the same time antisymmetric between 4 and 5. And
among various Jacobi coordinates, we choose the baryon-
baryon configuration because it is convenient to investigate
the strong decay mode:
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| U B 1
Zimir[z—EMl%M:ZEMixf,

6
where M = m;,
i=1
M1:M2:m, M3:ms,
3mm
M4 :73 Q N
2mg +mg

2m(5m? + 2mgmy + 2m2Q)
> Bm o+ 2my +my)(2mg +my)’

1 6
ey :MZmiri. (10)
i=1

The Jacobian coordinates are given by

1

X = E(ﬁ -1,),
2/1 1

Xy = 3 Er,+§r2—r3 ,
1

xszﬁ(ﬁ—l’s)v

2/(1 1
X4 = g §r4+§r5—r6 s

V32m, +m 1 1 1
5 = ( ) (—r1+—r2+—r3
\/IOmg + 4mgmg + 4my,

3 3 3
oM M Mo
2mg +mg 4 2mg +mg > 2mg + mg o)
(11)

Then, we can construct the spatial wave function of the
dibaryon in a single Gaussian form that can accommodate
the required symmetry property:

X

R = exp|—a(x} + x3) — bx3 — cxj — dx2], (12)

where a, b, ¢, and d are the variational parameters. The
spatial function in Eq. (12) is symmetric among 1, 2, and
3 and at the same time symmetric between 4 and 5. We
will denote this symmetry property of the spatial function
by [123][45]6. Considering the dibaryon to be formed by
bringing together a baryon composed of particle [123]
and a baryon composed of [45]6, one notes that the
additional kinetic term will involve coordinate x5 with
mass Ms. Hence, for fixed x5, the additional kinetic term
becomes smaller when m,, increases but only becomes
zero when more than one quark becomes heavy as can be
seen in Eq. (10). This additional kinetic term has to be
smaller than the additional attraction coming from the
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color-spin interaction for the dibaryon to form a stable
compact state.

V. CLASSIFICATION OF ¢°Q WITH SU(3)
FLAVOR SYMMETRY

In this section, we directly construct the color and spin
wave function of the dibaryon from the four possible SU(3)
flavor states.

A. Flavor state of ¢°

Here, we classify the flavor states in terms of SU(3),
symmetry and will break the flavor symmetry later. Since
the spatial wave function is symmetric, we have to
construct the flavor, color, and spin wave function to
be antisymmetric. Under the general group SU(18) .z, @
totally antisymmetric multiplet of [1°]cs can be decom-
posed as

[]rcs = (13]r- [420]cs) @ ([6]F. [336]cs)
([15]F, [210]¢s) @ ([24]F, [84]cs)
([21]r. [6]cs)- (13)

©®
©®
In this article, we consider only I = % so that we exclude

the [21] flavor state. Hence, there are four possible flavor
states as follows:

. [6]F =

|1

For each flavor state, we can determine the possible
Young tableau of the color and spin state of ¢°Q.
According to the group theory, for a given Young
tableau, the fully antisymmetric state can be constructed
by multiplying the Young tableau by its conjugate of the
Young tableau, where the conjugate representation of a
given Young tableau can be obtained by exchanging the
row and column in the Young tableau. Additionally, the
Young tableau of the color and spin state that can
contribute to the final state depends on the spin of the
dibaryon. For a given spin state, the possible color and
spin state can be obtained by taking the direct product of
the color singlet dibaryon configuration to the spin state
and taking the conjugate, with the addition of the sixth
quark, of the fixed flavor state. We represent the possible
flavor, color, and spin state of ¢°Q with I = % for each
spin states as follows.
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(i) § = 0.—Four states:

1 [[11] T
& ) ® ) ® ) ®

cs F L Foo
L F L oL s

(i) § = 1.—Fight states:

1 - T
® ; ® ) ® ; & ;
- ] - ] .
I Y A cs L_| F cs —
- L1 cs
N [ ]
® | | , ® , ® , | | ‘ ®_
cs [ ] F L FoL
L1 F L o cs L cs
L cs
(iii) § = 2.—Five states:
| [ T
X & ; & ® )
] FooL L] oo
L1 r L cs L roL cs
L1 cs LI s
|
b2
F
L cs
(iv) S = 3.—One state:
&
F
cs
After SU(3), breaking, there are only two flavor bases:
|F1) = (14)

B. Flavor, color, and spin state of ¢°Q

Here, we fix u and d quarks to be 1, 2, and 3 and two s quarks to be 4 and 5. Since there is a flavor symmetry between
strange quarks, the color and spin wave function should be antisymmetric between 4 and 5. The details to construct a color
and spin wave function which has the specific symmetry property was explained in Ref. [14].

For example, in the case of [3] r and the S = O state, the Young tableau of the color and spin state should be [3,3].
Furthermore, the color and spin state have to be antisymmetric between 4 and 5 because of their flavor symmetry. Hence, by
using the Young-Yamanouchi representation and permutation property [15], we can construct the flavor, color, and spin wave

function which has the required symmetry.
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(i) S=0— (i) S=1—
S=1
204 2|5(6 = —|FR)®| = - ==
e . 1 \/§| 1) 5|2[4 5 |2/5
6 6
1 1/1{2(5 V3[1)|2[4 L cs L cs
_\ﬁ|FZ>® D) - 9 )
3l4l6 3|5(6 1[2]5 1]2]4
(o) CS
1 1 V3
_|F z _ Y
\/ﬁl h) ® 5/3[4 5135 )
113]5/6 1/3]4]6 6 6
S=0:i‘p>® V3 V5 L cs L] cs
2 Ve Vi Vi 1(3]5 1/3]4
4 5
L CSs L CS
_ 1 \/§2 \/52
S=1
1(2]5|6 11214(6 2 :7|F1>® — -
2 3 3
BRI I % Y s
VeI BV NCE ’ " "
4 5 L CS [ CS
L] CS Ll CSs
1]2]5 1]2]4
1 113 1 V3|3 V5|3
~—=F® | o - = :
5 o V2 x/§4 \/§5
§:0=i|F1>® 1 _@ - ]
V2 2, 2 6 6
|| i L_J CS L s
6 6
LJ Cs L CSs
13 13
3 1(3 _ 1 1 3
§=1 = — ) e | -2/5 —£24
V2 2 2
_L|F>® 1 o _@24
N 5 5 i , 46’CS 5605
R g 112 1[2
Ll cs L1l cs 1 1 \/§
R z _ Y
ﬂl 2) @ | 5|35 5|34 )
4|6 5(6
[oF} CS
13 12
13 1|2
§=0 1|F>®26 1\F>®36 15)
Ve R Vol ( 2 3
1 u 1 u
] ] =1 _ —|F1) ®|4 — —|F) ®|4 , 16
5 5 ! V2 %] V2 %] (16)
LJ Cs LJ Cs
5 5
6 6
L C8s Ll Cs
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(i) S =2.—
- 1 111[3]5(6 V31[34]6
5=t = E|F1>® 3 Y
2|4 oo 215 oo 1/3|5 1134
fZQ—LIFﬁ@ l24 —§25
1|F>® 111[2]5]6 V3l1[2]4]6 NG B 5
YR ERD 2 ’ 6 6
3 cs 31° cs = cs - cs
112]5 1|2]4
1 1 V3
. - B
\/QI 2) ® 53|4 5135
6 6
11315 1(3]4 — cs — cs
st - Limye [ Y, v,
6 \/§ 1 \/g 6 \/g 6
5
L | cSs LJ cSs
112]5 12]4 113]5 1/3]4
1 V3 V5 _ 1 V3 V5
——I|F)® | (3|6 - —=3/6 , 577 = —|F) e | =2 ——=[2/6
V2 V8 V8 V2 V8 V8
4 5 5
L cs L Cs L] [} LJ (o}
2j 12&
SR % N AN
Vo V8 V8
1/3]6 1/3]6 5
_ 1 1 \/g L] cs L] cs
?‘1=5|F1>® 512/5 —52|4
4 5
L_J CS L_J CS
112]6 112|6
1 1 V3 113 13
—W|F2>® 5(3[5 — 5 (3[4 ,
) 522:L|F1>® 12/5] V32
L cS cS 2 2
V2 4 5
6
LJ Cs Ll Cs
1/3]6 112|6 1[3 113
1 2 1 3 1 215 V3|2]4
S=1
g = —=|F1) ® - —=|F) ® ——=|F2) ® 5
V2 A V2 4 V2 4 5
5 5 6 6
L_J CSs L_J CS L1 Cs LJ Cs
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1

S=2

= —|F)®
4 \/§| 1> A \/§ .

L1 Cs L) Cs

13@ 13&
_ 1 V3 V5
p5=2 = —|F)® | =25 — —=|2|4
V2 V8 V8
5
L | s L s
11216 11216
1 V3 V5
,7F ® - _
\@I 2) VR3] R3[4
4 5
L CS L CSs
(17)
(iv) §=3—
13 113
_ 1 1 V3
S=3
:7F — I
1 ﬂl 1) ® 512|5 52]4
4|6 5(6
cs CS
12 1[2
1 1 V3
) 7 Z S
\/il 2) ® 53[5 534
4|6 5|6
CS cs

Using the Clebsch-Gordon coefficients which are presented
in the Appendixes, we can obtain the flavor, color, and spin
state of the dibaryon.

VI. CLASSIFICATION OF ¢5 WITH SU(3)
FLAVOR SYMMETRY

A. Flavor and spin state of ¢°

We can construct the wave function of the dibaryon in
another way. Here, we consider the state of five light
quarks first, and then we will add a heavy quark later.
The totally antisymmetric multiplet of [1°]-zs can be
decomposed as

PHYSICAL REVIEW D 94, 054027 (2016)
(Blc. [420]5) @ ([6]c [336] )
@ ([15]c. [210]r5) @ ([24]c. [84]s)
@ ([21]c. [BFs)- (18)

By using the Young tableau, we can find that the multiplets
in the right-hand side of Eq. (18) are fully antisymmetric:

[15]CFS =

([Ble, [420]rs) = ® )
([6]c, [336]rs) = | ® | ;
([15]¢, [210]ps) = ® ;

([24]c, [84]rs) = O
(21]c, [6]Fs) = ® |

Since the dibaryon is a color singlet, the color state of ¢
should be antitriplet. So flavor and spin state of ¢> should
be [420]¢. The [420],¢ multiplet can be decomposed as

[420] 5 = ([3]- [2]5) ® ([6]r- [2]5) @ ([15]- [2]5)
@ ([21]F. [2ls) @ ([24]F. [2l5) @ (B3]F- [4];)
@ (6] [4]5) & ([15]- [4]5) @ ([24]. [4];)
@ ([15]5. [6]5)- (19)
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The corresponding Young tableaus of each state are given
as follows:

([15]F, [2]5) ® ;

([24]F, [2]5) = ® ;

PHYSICAL REVIEW D 94, 054027 (2016)

|
®

([24]F, [4]5)

([15]F, [6]5)= ®

In this article, we consider only I = %, so we exclude the
[21] case. Therefore, there are four flavor states for each
S =1 and S =3 and one state for § = 3. Hence, as we can
see in Fig. 1, we can determine the number of possible
states of ¢g°Q when adding one heavy quark. For the
dibaryons, there can be four spin states S = 0, 1, 2, 3. From
the above decomposition, for the S = 0 case, there are four
possible states. For S = 1, there are eight possible states.
For § = 2, there are five possible states. For S = 3, there is
only one flavor that is [15].

B. Flavor, color, and spin state of ¢°

After SU(3) breaking, there are only two flavor bases
for ¢°:

|F1) = s 14(5] | |Fy) = , |4]5 (20)

We can construct the wave function of ¢° using the same
method as in Sec. V B.

4 S§=0
o1 4 [ ]
2 4 S=1
L1
_— 3 )
S=E . | | | ‘522
L
_> 1
73 L[] Js=3
FIG. 1. Spin Young tableau of ¢°> and ¢ Q.
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(i) F = [3].—The Young tableau of the color and spin
state is [3, 2]:

113|5 13|14
ﬁ)l:%‘Fﬁ@ % —é
2|4 215
cs (21)
12|15 12|14
*\%|F2>® % *?
314 3|5
cs

(i) F = [6].—The Young tableau of the color and spin
state is [3, 1, 1]:

1135 1(3/4
1 V3 V5
Yo = —=|F1) @ | —=|2 - —=2
V2 V87| V87|
4 5
L] L_J s
1[2]5 1(2]4
1 V3 NG
——=|h)® | —=[3 - —=3
V2 NEI V8|7
4 5
L_J LJ CS
(22)

(iii)y F = [15].—The Young tableau of the color and spin
state is [2, 2, 1]:

13 113
1 1 V3
——|F Z _ Y
3 ¢§ 1) ® 512|5|~ 5]2]4
4 5
12 12
1 1 V3
- |F _ Y4
vﬁ‘”® 5135~ 5 |3[4
4 5
L CSs

(iv) F = [24].—The Young tableau of the color and spin
state is [2, 1, 1, 1]:
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1|3 112
1 » 2 1 . 3
(0N ﬂ' 1) ﬂ' 2)
4 4
5 5
LJ Cs L CSs

VIL. FLAVOR, COLOR, AND SPIN STATE OF ¢°Q

In the Appendixes, we represent the color and spin state
of ¢° and Clebsch-Gordan coefficients, from which we can
construct the color and spin state of ¢°Q using the
following basis functions.

A. Flavor basis function

Since the isospin of the dibaryon is % there are two flavor
basis functions:

—_
[\)

‘F1>: y |4

ot

H
w

ot
=

»@ ) |F2>: y |4

w
[\

B. Color basis function

Color singlet.—There are five basis functions with
Young tableau [2, 2, 2]:

1|2 13 1|2 113
=134l jo=|2a]. Jew=l3l5 jcn=|2l5]
5|6 5|6 416 416
114
|C5)=|25
3|6
(26)

C. Spin basis function

(1) S = 0.—There are five basis functions with Young
tableau [3, 3]:
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1|2(3 1|2|4 1|3]4

|57)= o 9= o |%8)= )
4(56 3/56 2|56
1|2[5 1)3/5

|59)= |158)=
3]4/6 2|4(6

(i) S = 1.—There are nine basis functions with Young
tableau [4, 2]:

1|2|3]4 1[2/3]5 1[2/4]5
|S1)= o 19)= o 193)= )
5(6 4(6 3/6
1(34|5 1[2/3]6 1|2|4|6
|51)= o 185)= o 156)= )
2(6 4(5 3/5
1|3]4|6 1|2|5/6 1|3(5(6
|57)= o 1S8)= » o 185)=
2(5 3|4 2|4

(iii) S = 2.—There are five basis functions with Young
tableau [5, 1]:

1|2(3]4/5 1/2(3|4/6
|5%)= |155)=
6 5
1|2|3[5(6 1/2[4(5/6
|55)= |5%)= )
4 3
1|3|4]5/6
|58)=
2

(iv) S =3.—There is one basis function with Young
tableau [6]:

153)=|1|2|3|4[5|6]-

D. Flavor, color, and spin state of ¢°Q

Here, we can construct the wave function of ¢°Q from
the state of ¢°. Since the color state of ¢° is [3], there is only
one way to construct the color singlet state by adding one

PHYSICAL REVIEW D 94, 054027 (2016)

heavy flavor. There is no change in the color basis function
from ¢° to ¢°Q. However, we should treat the spin state
transformation carefully. The spin basis function of ¢> for
S =1 can be either S =0 or S =1 of the ¢°Q state. We
represent the spin basis transformation for each case in the
Appendixes.

(1) S = 0.—Four possible states:

-1 W?,S:O’ ‘//g,s% - ‘//g,szm
= ¥ 50 'r”i,s:% = Yiso-
(i) S = 1.—Eight possible states:
W?,S:% - W?,S:l’ l//;,s:; - V/g,S:I’
‘//g,;g:% - ‘//g,s=1s ‘/’i,sz% - V/461,S=1’
Vs = VS5 Wiy
‘/’g,szg =¥ ‘/’Z.szg > YR
(iii) S = 2.—Five possible states:
W?,S:% - W?,s:zs ‘/’;5:% - Wg,s:z’
‘/’g,szg - Wg,s:za ‘/’i,g% - ‘lfg,szz’
‘/’i.szg = Vi
(iv) § = 3.—One possible state:
‘//;5:% - ‘/’?.s:3'

6
Ve.s=1>

We find that there is an orthogonal transformation
between {y;} and {¢,}.

i) S=0:
D=y, Qr=-wy, P3=y3, Ps=
@) S=1:
2 1 1 2
ﬁqﬁ] —75475 =y, ﬁﬁbl + \/54"5 =Vys,
5 2 2 5
—é% +§¢6:V/2’ §¢2 +§¢ = Y,
5 2 2 5
§¢3 +§¢7:U/3, §¢ \/Tvcb =y,
2 5 2
_§¢4_\/T7¢8 Wy, {4544‘3458
(i) S=2:
b1 =W, br=wa, Dy =Wy,
4 3 B B
—§¢3 +§¢5—U/3’ —5453—5(/75—1//5

@iv) §=3:
h1 =y,

Since we calculate the expectation values using these
wave functions, the results from both methods are the same
as expected.

054027-11



AARON PARK, WOOSUNG PARK, and SU HOUNG LEE

E. Baryon-baryon configuration of ¢°Q

Considering the decay channel, we construct the baryon-
baryon wave function of ¢°Q. Among the five color basis
functions, |Cs) is the color singlet for 1, 2, and 3 and at the
same time the color singlet for 4, 5, and 6. Therefore, we
have to construct the wave function only by using |Cs) as
the color state if we want to investigate the decay channel
through the uud baryon and the ssQ baryon. As done in
Sec. VI B, we can construct the color, flavor, and spin state
of ¢°Q which has the specific symmetry property for
S=0,1,2:

1 1 V3
vty = slc) ©1F) @ (319 + 5150 )

+ ey @lr) @ (519 +219). @)

v = —5IC) @ )
® (s +a(31sh + Fish) +%|c5>

+
1
©17) ® (Ailsh +4; 5151 +

1
wehy = 7—|C5> ® [F1) ®53))

) ® [F2) ®53). (29)

\/— ‘CS
In the above expressions, A; and A, are undetermined
constants. However, to construct the § = 1 dibaryon, the
spin of the ssQ baryon can be either § or 3. When the spin of
the ssQ baryon is 3, it should have the symmetry property
{456}. Using this symmetry property, we can decide A;
and A,. Once this state is determined, we can obtain the
other state which consists of the ssQ baryon (S = %) by
using the orthogonality of the wave function.

() wud(S=1)+ss0(S=1):
W =15 @ IF)
®(—£|s3> s+ 21y )
+51Cs) ®1F)
® (-2 1sh +gish + 21} )
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(i) wud(S =13)+ ssQ(S =3):

1
il =5l @ 1R

® (3159 + 15+ Lish) +=cs)

®172) ® (3Ish) +71sh) + 5018} ).

(31)

We cannot construct the baryon {123 }-baryon {456} wave
function with § = 3, because there is no uud baryon with
[=4and S =3

VIII. NUMERICAL RESULTS

In this section, we present our numerical results. Before
using the variational method, we can estimate the stability
condition only by using the simple color-spin interaction
formula given as — 3 N . 1/(m;m;)(4AS0; - o;) without
taking into account the r dependence of the hyperfine
potential. In the upper part of Table IV, we show the matrix
elements without the masses, which reflects the attraction

TABLE IV. The expectation values of — >V {4250, 0;) and
— 2N 1/ (mim;) (4250, - 6;) (unit GeV~?) for each antltnplet
flavor state and corresponding decay channel.

l<] <}'C/1C6 6]>

uudssQ

Y1.5=0 Yis=1 Ys.5=1 Yis=2
-24 - % - 73—6 —4
Decay channel NQ NQQ NQ NQy,
—-16 —-16 —16 0
Decay channel AZy =0 Zo A=
—-16 —-16 —-16 0
=20 1/ (mimy) (A 250, - o))
uudssc Y1.5=0 Yis=1 Ys.s=1 Yis=2
—98.1 —87.1 -91.2 —-64.9
Decay channel NQ, NQ, NQ, NQ}
—70.1 —70.1 —70.1 =57
Decay channel A=, = = =
—104.9 —104.9 —104.9 —49.5
Zl<]1/(mm ) (A XS0 - o))
uudssb Y1.5=0 Yis=1 Ys.5=1 Yis=2
-92.9 —88.8 —80.7 -71.2
Decay channel NQ, NQ, NQ, NQ;
—64.5 —64.5 —64.5 -59.7
Decay channel A=, A=, A=, A=
—-104.9 —104.9 —-104.9 -534
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TABLE V. Variational parameters fitted to the ground state of
the dibaryon for § = 0, 1, 2 states using the variational method.
The units for the variational parameters are fm~2, and the mass

unit is GeV.

uudssc a b c d Mass Decay mode
S=0 2.5 3.5 5.7 0 3.666 NQ,
S=1 2.5 3.5 5.7 0 3.666 NQ,
S=2 2.5 32 4.8 0 3.737 NQ!
uudssb a b c d Mass Decay mode
S=0 2.5 3.5 6.5 0 6.997 NQ,
S=1 2.5 35 6.5 0 6.997 NQ,
S=2 2.5 33 6.1 0 7.028 NQ;,

inthe SU(4) flavor symmetric limit. As one can see here, the
Ws.s—1 is the most attractive channel. The lower part of
Table IV is the realistic case where all the relevant constitu-
ent quark masses are included. One notes that, for § = 0, 1,
A=, and A=, systems are now more attractive than the
corresponding flavor antitriplet dibaryon states, but for
S =2 the dibaryon states are more attractive. Therefore,
we can expect to have a compact stable dibaryon state for the
S = 2 configuration when considering the color-spin inter-
action only.

We now analyze the numerical results obtained from the
variational method. Varying the parameters of the spatial
function, we find the ground state of the dibaryon. The
parameters and masses are in Table V. Here, we represent
the color, flavor, and spin wave function of the ground state
dibaryon obtained from the variational method for § = 0, 1,
2, 3:

YA = —0.59§ + 071y — 0.17y/§ — 0.47y/S
=0.35|C5) ® |F)) ® |S9)
+0.35|C5) ® |Fy) ® |59)
+0.61|Cs) ® |Fy) @ |SY)
+0.61|Cs) ® |F2) ® [S9). (32)
Yo 0,17y 40,2498 — 0,06y — 0.16y/S

+0.67y8 +0.428 — 0.5y5 +0.14y$

=-0.67|Cs) ® |F1) ®S3) = 0.67|Cs) ® |[F,) ®|S})
+0.12|C5) ® |F1) ® [Sg) +0.12|Cs) ® |[F2) ®S7)
+0.2[C5) ® |F1) ® [S5) +0.2|Cs5) ® |F2) ®S5),

(33)
Yo — 0. 71y6 — 0.45y5 + 0.53y8 — 0.15y
=0.71|Cs) ® |F}) ® |S?)
+0.71|Cs) ® |F,) ® |S2), (34)
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=t =3 f|c4> ®|F) ®5})
—§—|C2> ® |F1) ® [S})
—lc) @Ik |s)
+2\i@|cl> ®IF)®IS).  (39)

As we can see, the color wave function of the ground
state for § = 0, 1, 2 is |Cs), and the coefficients are almost
the same as in Sec. VII E. Therefore, the ground state of
¢°Q for S=0, 1, 2 is the sum of two baryon states.
However, for S = 3, the color state is not |Cs), because
there is no baryon state with / = 1/2 and S = 3/2 for uud.
Therefore, the ground state for S = 3 is not the sum of two
baryon states. Also, as can be seen in Table V, d = 0 for the
ground state other than the S = 3. This parameter corre-
sponds to a well-separated baryon-baryon configuration.
As uudssQ has the {123}{45}6 symmetry property, even
with a single Gaussian trial wave function given in Eq. (12),
one can express the wave function for a well-separated
baryon(123)-baryon(456) configuration. Therefore, the
mass quoted in the first two tables of Table V are just
the mass sum of the decaying baryons.

In Table VI, we show the result for the dibaryon state
with § = 3. It should be first noted that, while the dibaryon
ground state can be written as a sum of two baryon states
for S =0, 1, 2 states, such decomposition is not possible
for the S = 3 state. This is so because while, for the S = 0,
1, 2 states, the required symmetry {123}{45}6 can be
satisfied by the combining the symmetry property of the
first decaying baryon {123} and the second baryon {45}6,
which also happens to be the lowest decaying mode, one
cannot decompose the symmetry into a single combination
of two baryon states if the dibaryon state is in the S = 3,
I = 1/2 configuration. That is why we obtain a positive
binding energy for the dibaryon in this case.

We can still study the stability as we change the heavy
quark mass. In fact, we can find that Ez/(ms- + mgz))
becomes smaller by changing Q = ¢ — b, which implies
that the dibaryon mass actually becomes relatively lower
when Q becomes heavier. It would be interesting if we

TABLE VI. Variational parameters fitted to the ground state of
the S =3 dibaryon state using the variational method. The
binding energy Ejp is taken to be the difference between the
mass of the dibaryon and the masses of the lowest two baryon
decay modes. The units for the variational parameters are fm=2,
and the mass and binding energy units are GeV.

§=3 a b c d Mass Ep  Decay mode
uudssc 1.6 33 2.8 24 4404 0.375 DI
uudssb 1.6 33 45 25 7803 0473 e
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compute the dibaryon mass for the uudsss to study the
systematics with different quark masses. However, in that
case, there will be three identical s quarks in our system of
study which will require all the s quarks to be in the
antisymmetric configuration. That will modify the color-
spin part of the wave function and thus potentially give
different matrix elements for same-spin states as compared
to our case. While such a configuration is interesting, we
will leave such a configuration for future study.

Additionally, we have to notice that there are two cases
to make the S = 1 dibaryon from the two baryon states.
The first one is two S = 1/2 baryons, and the second is one
S = 1/2 baryon and one S = 3/2 baryon. The ground state
in Eq. (33) corresponds to the first case. We can also
calculate the excited state for S = 1 by using variational
parameters obtained from the ground state. We find that the
flavor color-spin wave function for the first excited state is
given as

Wil =0.24|C5) ® |F1) ®|S}) +0.24|Cs) ® |[F>) ®[S})
+0.33|Cs) ® |F1) ®[S§) +0.33|Cs) @ F>) ®|S7)
+0.58|Cs) ® |F1) ® [S§) +0.58|Cs) @ |F>) ® [S5).

(36)

This form turns out to be the same as the second case for
S =1 given in Sec. VIIE, which represents the flavor
color-spin state of the NQ; system.

IX. SUMMARY

In this work, we investigate the symmetry property and
the stability of the dibaryon containing two strange quarks
and one heavy flavor with [ = % To obtain the wave
function of the dibaryon with the required symmetry
property, we utilize two methods; the first one is to
construct the color and spin wave function of the dibaryon
from each flavor state directly, and the second one is to
form the color and spin state of g° first and then construct
the wave function of the dibaryon by adding one heavy
quark. We verify that their results are the same.

In the SU(3) flavor limit, by using Eq. (9), we expect the
flavor antitriplet state to be the most attractive channel
when five light quarks are considered. Additionally, if we
increase the mass of the sixth quark, then its additional
kinetic term will become smaller so that it may lead to a
better chance to form the stable and compact dibaryon state.
Hence, we calculate the mass of the dibaryon with two
strange quarks and one heavy flavor.

We first estimate the stability condition by using only the
color-spin interaction without the r dependence. In the
SU(4) flavor symmetric limit, all the antitriplet flavor states
of the dibaryon with § = 0, 1, 2 are more attractive than the
decay channel. However, when we consider the relevant
constituent quark masses obtained from baryon fitting
results, only the antitriplet state for § = 2 is more attractive.
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Finally, we calculate the masses of the dibaryons in a
nonrelativistic Hamiltonian by using the variational method.
We find that the ground state of the dibaryon for S = 0, 1,2 1is
the well-separated two baryon states. As for S = 3, with our
single Gaussian form, the mass of the ground state is found
to be more repulsive than the decay channel. Hence, we
conclude that there are no stable and compact uudssQ
dibaryon states with / :% within the given potential. It
should be noted that the spatial wave function that we used as
shown in Sec. II is limited to symmetric configurations.
However, it is important to improve the spatial part to
include possible correlations between quarks as was taken
into accountin Ref. [16] through the orbital mixed symmetry
[4, 2]. We will leave such improvements as an important
future work. If we consider the dibaryon containing more
than one heavy quark, then their additional kinetic terms will
decrease further than the dibaryon with one heavy quark so
thatit may lead to a better chance to form the stable dibaryon.
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APPENDIX A: COLOR AND SPIN STATE OF g°

Here, we represent the color and spin basis function of ¢°.

1. Color basis function

(A1)
2. Spin basis function

(i) S = 1/2.—Five basis functions with Young tableau

[3, 3):
L [12)3 L [12)a R
1S7)= o 155)= o 189)=
4/5 3|5 2(5
L 12)5 EE
15)= o 185)=
3]4 2(4
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(ii) S = 3/2.—Four basis functions with Young tableau [4, 2]:

. |1]2)3]4 . [1)2]3]5 . |1[2/4]5
15¢)= o 188)= o 155)= )
5 4 3

L |1[3l4]5
15¢)=
2

(iii) S = 5/2.—One basis function with Young tableau [6]:

153)= |1|2|3[4[5/

APPENDIX B: CS COUPLING OF ¢°Q

In this section, we present the color @ spin basis. The Clebsch-Gordon coefficients of combining the color and spin basis
are calculated by using K matrix [15,17].

1. =0
123 1 0 1 0 ]' 0 1 0
= 210 ®159) + 5102) ©159) + 51C5) @S + 51Ca) @ [59),
41516
(o)
P Ly o8t + —ion @159 — 10w 188 - I @ [sD + —|cn) 9159 - Lcs) @ 1s0)
alsle _21 1 2\/51 2 2\/52 3 2\/53 4 2\/54 5 25 5/
CS
P L e 180 - Loy @ 189 — — (01 @ 1S9 + —[Ch) @ (S + L1Cs) @ 159 + —[C5) @ |59)
256 —22 1 2\62 2 2\51 3 2\/54 4 25 4 2\/53 5/
S
L L a8 — —Lichy @ 18 + —[Cu) @ 18 + L1050 159 - —(c1) @ 159 + —[Co) @ |9)
alale _23 1 2\/53 2 2\/54 3 25 3 2\/51 4 2\/52 5/
CS
B Loy o189 4 L @ 189 - L0s @ 189 + —1Ce) 9 159 + —1Ca) @189 + ——[C1) 159
246 —24 1 2\/54 2 25 2 2\/53 3 2\/52 4 2\/51 5/
CSs
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112|134
1 1
5 — SSlon @ISt + =i @19,
E CS
112135
4 = iy elsh+ \ﬂ|cg>®| $9) - —=IC) oIS + \ﬂ|c4>®|ss> b o) o s
6
L_J (&)
1
112145
1 V3 1 0 1 V3
3 = m|C1>®|51> m|03>®|5?>f275\01>®|52>+ﬁ|02>®IS§>+ﬁ|05>®IS§>
6 CS
- — L 105 ®189) + ——|Ca) ® |S9) — ——|C5) ® [S9)
2\/5 3 4 2\/5 4 5 \/ﬁ 5 5/
113145
| - —sioelsh- Licasisn+ e elsy - Lo s+ e 015
6
- os f|c4>®|s4> V%|c5>®\52>+§5|03>®|5§>,
11213]|6
o \/g 0 1 0 \/g 0 1 0 \/§ 0
4 = — L0 ©159) — Z=iw ©159) - 2 21C) 159 - Z=ICa 9159 + 2 1) @18
5
L_J CS
+2§5IC4> ® |55),
112146
Y 1 Ve Ne |
3 - 2\f|cl>®|Sl>+%|03>®|su> 0 ©155) + 521} @158) — Z=ICh) 9 155)
E CS
V3 Ne V3
2f|03>®\ 59 + f|c4>®| %) - 2 2(Cs) @ 159,
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113|146
f 0 \/g 0 ]‘ 0 \/g 0
. ) @ |9 O @199 + Y5 105) @ 89 + ——|C5) @ 189) + —Y5_ |0y @ |S
i 2f|2>|1> \/3|4>|1> 2m\2>|2> \/5‘5>|2> 2m|1>|3>
5
L_J CS
V3 o, V3 o, V3 0
2 Y3 e @189 + Y ) @ 189) + Yo 0y) @ (S0,
2\/E| 4> ‘4> 2\/5‘ 5> |4> 2m| 3> ‘5>
112156
= Loy eisy - ey @189 + 1) @ 89) — — () @ [59) + ——|C) @ | 50)
3] 2 RANG) AN ARG NG °
4
L_J CS
1
+§|C5>®|S§),
113|5|6
= Loy ®189) + —_10) ®189) + —=|C1) ®159) + —=|C1) ®|5) — =ICs) @ )
i 9 2 1 2\@ 2 2 2@ 1 3 2\@ 4 4 9 5 4
4
LJ CS
1
+——|C5) ® |82,
el o s
1/4|5|6
1 0 1 0 1 0 1 0
2 = —§|02>®|S2>+§|Cl>®|S3>_§\C4>®|S4>+§|CS>®|SSX
3
L_J CS
112
3|4 1 1 V3
L = C S C SY Cy) ®|S Cs) @S9 C))®|S
i \f| 3) ®|SY) + \/él 3) ®[Sy) — fl 1) ®|S§) — 2\/§| ) @ 53) — \f| 1) ® |59)
6
L1 Cs
5
) @S
i) 159),
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113
214 1 1 1 1 V3
= ——— |0 ®|8% — —|C) @[S9 + ——=|C5) @189 — ——1C5) @ [S9) + —=|Cs) @ |5
: S RIC) @150 — S IC) @15 + 5 =10n) @15§) - 521 @159 + 10w @1
6
L1 Cs
V3
+ﬁ|01>®|5g>7
112
315 1 1 V2
_ 0y _ Ly 0 0, V= 0
+ - ~ 55101 @150 = 3103} @ 11 + =101 9 15) = Y(Ca) 9 19) — o=l @ 1)
6
L1 Cs
V2 1 1 1 1
Zic S% — Z|C SY— —|C SN+ —|C SH + —|C S9Y,
+ 2100 ©19) = 3105) ©15 = =100 ©159) + 3 =ICs) @155} + 5=I0x) ©152)
113
2|5 1 1 1 V2 1
- = 0y _ = (N 0 Ve 0 = 0
T = ol =500 e st - TpI0 158+ e o 15D + 5100 8159
6
L1 Cs
1 V2 1 1 1
——|C S+ oo S0+ —|C SO — —|C SH+ —|C Sy,
FIC0 19 + FICa ®153+ 51 @158 — 3 =ICn) @ 18) + 5 =ICa) @ 15D
114
2Pl 2 2 w150+ L jcny @ 159 + Liow @158 — —jcn) @ 15 — Low) @ 159
5 - 3 5 1 2\/§ 2 2 3 4 2 2\/3 1 3 3 3 3
6
L Cs
—L o) @189 + ——|Cs) ® |SY)
231 LWt 5/
112
B Ly o150+ (o @ 159 + —jcn) 0159 + Lcw) @ 158 — ——jcw @ |59)
| - \/6 1 1 3\/5 3 1 2\/§ 1 2 3 3 2 2[ 2 3
5
LJ CSs
ey @189 + —Ljs) @ 189) — L (0s) @ 1S9 + ——|C) @ S9) + —=|C5) @ |S0)
3 3 3\/5 3 2\/§ 4 2\/§ 5 \/6 5/
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113
B Liyersh+ i e1sh - i) elsh) - Lo e 15 - jcn @ s
J e f ! 230 T g IR g g
5
L Cs
L ey eisd - Licy @159 + L jcn @159 — 2 (c5) @ 59) + ——|Cs) @ |59)
2\/3 3 3 3 2\/3 4 \/6 4 2\/3 5/
14
2|6 V2 1 1 1 1
= —YJo SO+ —|C S — ——_|C S% — —|C SO+~ |C5) @ | S0
; 53 1C5) @] 1>+\/6\ 2) ® [S3) 3\/§| 1) ®|S3) \/él 1) ® | 3>+3\/§| 3) ® |S3)
5
Ll Cs
— 10 © 1) + —=|Cs) ® |5)
\/6 4 4 \/6 3 5/
1[5
216 V2 V2 V2 V3 V3
= 22 ) @18 Cy)® S C3) @[89 — Y210y @18 1) ® S
; \/ﬁl5>\1> \ﬁ|4>|2> W|3>|3> f|2>‘4> \ﬁ|1>|5>
4
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For each spin, Y°¢_; 4;4; = —161,, where I, is the n x n
identity matrix.
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