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Abstract We systematically study the mass spectra of
the fully heavy dibaryons in an extended chromomagnetic
model, which includes both the colorelectric and chromo-
magnetic interactions. We find no stable state below the cor-
responding baryon—baryon thresholds. Besides the masses,
we also estimate the relative width ratios of the two-body
decay channels. We hope our study will be of help for future
experiments.

1 Introduction

In the past few decades, we have witnessed huge progress
in searching for the exotic states, which cannot be explained
as the conventional mesons or baryons. In 2003, the Belle
Collaboration observed the X (3872) state in the exclusive
B¥— K*atn=J/y decays [1]. Its quantum numbers are
1GJPC = 0ot1tt [2]. Since then, lots of XYZ states
have been discovered, such as the Z.(3900) [3,4], Y (3940)
[5], Z.(4020) [6], Y (4140) [7], Y (4260) [8], Y (4360) [9],
Y (4660) [10], Z.5(3985) [11], Z.4(4000), and Z.4(4020)
[12], Z,(10610), and Z;(10650) [13] and so on. They are
called the charmonium- or bottomonium-like states since
they consist of at least a heavy c¢ or bb pair. Besides the
charmonium- and bottomonium-like states, various open
heavy flavor exotic states have also been found in exper-
iments. In 2020, the LHCb Collaboration observed two
singly-charmed resonances X(,1(2900) in the D™ K * chan-
nel [14,15]. Later, they observed a narrow doubly-charmed
tetraquark 7,7 in the DDz F mass spectrum, just below
the D** DO threshold [16,17]. Moreover, in 2020, the LHCb
collaboration observed two structures in the J /v -pair invari-
ant mass spectrum in the range of 6.2—7.2 GeV, which could
be the cccc tetraquarks [18]. They are good candidates of
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the exotic structures like the compact tetraquark [19-23], the
hybrid meson [24,25], the molecule [26—33], and so on. More
detailed reviews can be found in Refs. [33-44].

Compared to the tetraquark systems, the experimental
progress in the six-quark system is relatively scarce. The first
well-understood six-quark system is the deuteron observed
by Urey et al. in 1932 [45,46]. It is a loosely bound molecu-
lar state composed of a proton and a neutron, with a binding
energy of only 2.2 MeV. Another dibaryon candidate is the
d*(2380), with quantum numbers /.J P — 03%, observed by
the WASA-at-COSY Collaboration [47-52]. Theoretically,
such a system was first explored by Dyson and Xuong in
1964 [53], with an impressive prediction of its mass around
2350 MeV. In 1977, Kamae and Fujita used a non-relativistic
one-boson-exchange (OBE) potential model to study the AA
system and found that the two A isobars are bound by about
100 MeV [54]. More details can be found in the recent review
Ref. [55] and references therein.

Another interesting system would be the fully heavy
dibaryon [56-61]. For such a system, the relativistic effects
are negligible, and the kinetic energy is small since the con-
stituent quarks are heavy. In Ref. [56], Lyu et al. used lat-
tice QCD to study the QcecQcce in the 'S channel. They
found this system is loosely bound by about 5.68 MeV.
Within the same methodology, Mathur et al. replaced the
charm quarks by the bottom quarks, and found a very deeply
bound Q5 2ppp dibaryon in the same channel, with a bind-
ing energy about 89 MeV [57]. A recent study in the extended
OBE model also supported the existence of these bound
states, although the binding energy for the 25, Q2ppp system
is considerably smaller (~ 6 MeV) [58]. On the other hand,
Alcaraz-Pelegrina et al. studied the fully heavy dibaryons
with the Diffusion Monte Carlo method within quark model
[59]. They found that all these states are above the thresholds
of the two fully heavy baryons. In Ref. [60], Richard et al.
explored the bbbccc dibaryons and found no bound states
below the lowest dissociation threshold as well.
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For the fully heavy dibaryon, interactions are provided by
gluon exchange and string confinement. Usually, the inter-
actions include the spin-independent Coulomb and confine-
ment interactions, and the spin-dependent chromomagnetic,
spin-orbit and tensor interactions [62—-66]. When restricted
to the ground state, the tensor and spin-orbit interactions can
be ignored. Then we have the simplified chromomagnetic
model interactions

Hintz_zaijFi'Fj_ZvijSi'SjFi'Fj~ @))
i<j i<j

Note that for color-singlet hadrons the effective quark masses
can be absorbed into the colorelectric interaction [67]. These
interactions give a good account of the ground state mesons
and baryons [67]. These effective interactions were used to
study tetraquarks [68-72], pentaquarks [73-76] and bary-
onia [77]. In this work, we use these interactions to study
fully heavy dibaryons. The paper is organized as follows. In
Sect. 2, we introduce the extended chromomagnetic model
and construct the dibaryon wave functions. We discuss the
dibaryon masses and decay properties in Sect. 3 and conclude
in Sect. 4.

2 The extended chromomagnetic model

In the quark model, the Hamiltonian of a S-wave hadron
reads [20,41,78,79]

H ="m; + Hcg + Hew. )
i

where m; is the effective mass of the ith quark (or antiquark).
Hcg is the colorelectric (CE) interaction [80]

HCE=—ZaijFi'Fj, 3
i<j

and Hcy is the chromomagnetic (CM) interaction

Hem ==Y v;jSi-S;F;-F. 4)
i<j

Here, A;; and v;; are the effective coupling constants which

depend on the constituent quark masses and the spatial wave

function. S; = 0;/2 and F; = A;/2 are the quark spin and
color operators. For the antiquark,

S; =-S5

Y, Fg=—Fi. (5)

- =) m, (6)
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and the total color operator ) _; F; nullifies any color-singlet
physical state, we can rewrite the Hamiltonian as [67]

3
H:—ZZmijVi?—ZvijVijM, (7)

i<j i<j

by introducing the quark pair mass parameter

4

mijz(m,-+mj)+§aij, ()
where VS =F;-Fjand VSM = 8;-S;F;-Fj are the color-
electric and CM interactions between quarks. Here {m;;, v;;}
are unknown parameters. In Ref. [67], we fitted these param-
eters from the conventional mesons and baryons. The related
parameters are presented in Table 1. In this work, we use the
same set of parameters to study the ground state fully heavy
dibaryons.

To investigate the mass spectra of the dibaryon states, we
need to construct the wave functions. A detail construction
of the dibaryon wave functions can be found in Appendix A.
Diagonalizing the Hamiltonian in these bases, we can obtain
the masses and eigenvectors of the fully heavy dibaryons.

3 Numerical results
3.1 The ¢® and b® systems

Inserting the parameters into the Hamiltonian, we can obtain
the mass spectra of dibaryons. Their masses and eigenvectors
are listed in Table 2. In Fig. 1, we plot their relative position
along with baryon—baryon thresholds which they may decay
into through quark rearrangement.

First we consider the ¢® and b° systems. Only the
scalar states are allowed for these systems, namely the
D (cccccc, 9684.8, O+) and D (bbbbbb, 28680.7, ()+). From
Fig. 1(a), we see that they are all above the baryon—baryon
thresholds. We may also see this from the Hamiltonian. For
the fully heavy dibaryon with the identical quarks, we have
[81,82]

(7 (e%.07))

3
=<—Zm8QZF,‘-Fj—ngZF,‘-FjS,‘-Sj>

i<j i<j
=3mpy+3vgp ©)

where the superscript D is an abbreviation of dibaryon. On
the other hand, the mass of the fully heavy Q¢pp¢ baryon
reads [67]

3 1 g

_ B
Moo = 5Moo + SV00: (10)

where the superscript B is an abbreviation of the baryon.
In the present work, we assume that the dibaryons and the
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Table 1 Parameters of the g¢ pairs for the baryons [67] (in units of MeV)

Parameter mZn mZ.s m?s mZC m};c mee m Zb m?b mgb mI[:b
Value 724.85 906.65 1049.36 2079.96 2183.68 3171.51 5412.25 5494.80 6416.07 9529.57
Parameter Ui}’l)ﬂ Uft& vi?s Uftc Ufc v?c v}[’:b Ufb Ufb va
Value 305.34 212.75 195.30 62.81 70.63 56.75 19.92 8.47 31.45 30.65

Table 2 Masses and eigenvectors of the fully heavy dibaryons. All the masses are in units of MeV

System JP Mass Eigenvector Scattering state
ccccce ot 9684.8 {1}
bbbbbb 0F 28680.7 {1}
cceeeb 0* 12904.0 {1}
1" 12862.1 {1}
bbbbbc 0F 25568.0 {1}
1" 25526.0 {1}
cccebb 0t 16015.5 {0.361, 0.933}
16129.9 {0.933, —0.361}
1™ 16019.9 {1}
2+ 15999.0 {1}
bbbbcc 0t 22347.5 {0.361, 0.933}
22461.9 {0.933, —0.361}
1™ 22351.9 {1}
2+ 22330.9 {1}
cccbbb 0t 19090.4 {—0.153, 0.988} Qece b
19297.9 {0.988, 0.153}
1+ 19091.6 {—0.155, 0.988} Qece Qbbb
192443 {0.988, 0.155}
2+ 19095.3 {1} Qece Lpp
3+ 19095.3 {1} QeceSLbib

baryons share the same parameters, namely mg Q%mgQ

=mgg and v() ,~vy ,=Vv0 0. Thus the dibaryons are above
the baryon—baryon thresholds by

113.5 MeV
61.3 MeV

for cccccc,

for bbbbbb. (ih

AE ~2vgp = {

Of course, applying the baryon parameters to the dibaryon
systems will cause some uncertainties. Note that the dibaryon
systems should have larger size compared to the baryon
systems. Thus the distance between two quarks within the
dibaryons should be larger than that of the baryons. So the
attractive force between two quarks within the dibaryons
should be weaker than that of the baryons. Consequently,
the realistic masses of the dibaryons should be slightly larger
than the masses calculated in this work [74,83]. We see that
even with this consideration, the c® (b®) dibaryon should be
above the Q¢ce QLcce (Rppp2ppp) threshold.

3.2 The ¢’b and b>c systems

Next we consider the ¢°b and b ¢ systems. In both cases,
the lightest states have quantum numbers J” = 17. They
are D(ccceeb, 12862.1,11) and D(bbbbbc, 25526.0, 1),
respectively. From Fig. 1, we can easily see that these states
are all above thresholds. Interestingly, numerical result sug-
gests that the scalar state is heavier than the axial-vector
one. Let’s consider the colorelectric interaction (here we use
ccceeb as an example)

<HC (ccceeb) > = 2mee + mep, (12)

which gives an identical contribution to the two states. Thus
the splitting comes from the chromomagnetic interaction. By
introducing the SU(6).; = SU(3).®SU(2), group [81], we
have

@ Springer
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(e) cccebb states
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f ot =EE19095¢ 19005+ ————" Qe (19095)
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(g) ccchbbb states

Fig. 1 Masses of the fully heavy dibaryons. The dotted lines indicate
various baryon-baryon thresholds, where the baryon masses are calcu-
lated in the same model [67]. The scattering states are marked with a

<HCM (ccceeb) >

SS+1) - <C6 (cccccb)>

= 2 1 )
Vee + Veh + 12 32

(13)

where Cg is the SU(6) s Casimir operator. The Pauli principle
requires that the five charm quarks be anti-symmetric, thus
we have two possible SU(6).; representations
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dagger (), along with the proportion of their dominant components.
The masses are all in units of MeV
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The first one (J = 0) is a SU(6).; singlet with (Cg) = O,
while the second one (J = 1) is a 35-plet with (Cg) = 48
[81]. Thus we have

for J =0,
for J =1.

2V¢e + Vep

2 -

<HCM (ccceeb) > = { (15)

We conclude that the chromomagnetic interaction favors the
axial-vector state.

Besides the spectra, the eigenvectors can also be used to
estimate the decay properties of the dibaryons [84-87]. We
can calculate the overlap between the dibaryon and a par-
ticular baryon x baryon channel. Then we can estimate the
decay amplitude of the dibaryon into that particular chan-
nel. More precisely, we transform the wave function into
the QQO®QQQ configuration. Usually, the QQ QO com-
ponent in the dibaryon can be either of color-singlet or of
color-octet. The former one, [(QQ Q) (Q Q0 Q)'¢), can eas-
ily dissociate into two S-wave baryons in relative S wave
(the so-called “Okubo-Zweig-lizuka- (OZI-)superallowed”
decays), while the latter one, [(QQ Q)% (QQQ)%), can-
not fall apart without the gluon exchange. For simplicity,
we follow Refs. [81,84,85] and only consider the “OZI-
superallowed” decays in this work. In Table 3, we transform
the dibaryon eigenvectors into the 0 Q Q® Q O QO configura-
tion. For simplicity, we only present the color-singlet com-
ponents, and rewrite the bases as a direct product of two
baryons

W= "cilYi (BRB) + - . (16)

For each decay channel, the decay width is proportional to the
square of the coefficient ¢; of the corresponding component
in the eigenvector, and also depends on the phase space. For
two body decay [73,88]

2L+1

I =vyia a7)

—arleil®
where y; is a quantity related to the decay dynamics, « is
an effective coupling constant, k is the momentum of the
final baryons in the rest frame of the initial dibaryon, L is
the relative partial wave between the two baryons, and m
is the dibaryon mass. For the decay processes in this work,
(k/ m)®’s are always of O(1072) or even smaller. Thus the
higher wave decays are all suppressed. We only consider the
S-wave decays. Next we have to estimate the y;. Generally,
y; depends on the spatial wave functions of the initial and
final states, which are different for each decay process. In the
quark model, the spatial wave functions of the ground state
1/2% and 3/27% baryons are similar. Thus for each dibaryon,
we have

YBi1B, = VBB = VB;B, = VBB}» (18)

where B; and B denote the ground state 1/2% and 3/2%
baryons with the same flavor contents. In Tables 4 and 3,
we calculate the values of k - |¢;|? and the relative widths
for the fully heavy dibaryon decays. The scalar state
D(ccceeb, 12904.0, 07) can easily decay into QCCCQ:Cb, but
its phase space is quite small. Thus it may not be very
broad [84]. The axial-vector state D(cccceb, 12862.1, 17)
can decay to the QCCCQZB, channels with comparable widths.

More precisely,
I [D(ccceeb, 12862.1, 11)—> Qe Q2

‘o] ~1.004.  (19)
T [D(ccceeb, 128621, 17)— Qe Qeen |

The decay properties of the bbbbbc dibaryon states are sim-
ilar. For example,

I [D(bbbbbc, 25526.0, 17)— Q2. |
' [D(bbbbbe, 25526.0, 11)— Qppp Qi |

~ 1.3. (20)

3.3 The ¢*b? and b*c? systems

Next we consider the ¢*b* and b*c? systems. As shown in
Fig. 1(e, f), the lowest states of these two systems have quan-
tum numbers J ¥ = 2% They are the D(cccebb, 15999.0, 27)
and D(bbbbcc,22330.9,27). The highest states are
D(cccebb, 16129.9, 07) and D (bbbbcc, 22461.9, 07). Their
splittings are all about 130 MeV.

Among these states, the 0T states are of particular inter-
ests since they have two bases. Taking ccccbb as an exam-
ple, their color configurations are |(ccce)®®(bb)®) and
|(ccee)3®@(bb)>¢) respectively. For simplicity, we denote
them as 6,6, and 3,®3.. In Table 2, we present the
eigenvectors of the ccccbb dibaryon states. We see that
the lower mass state D(ccccbb, 16015.5, 07) is dominated
by the 3.®3, component (86.9%), while the higher one
D(cccebb, 15999.0, 07) is dominated by the 6,86, com-
ponent. The reason is that the colorelectric interaction favors
the color-triplet configuration. More precisely,

<HC (ccccbb)> — Dhiee + mpp + Smep (_5 _2) . @D

where

Mee + Mpp — 2mep
4

Sty = = —32.77 MeV. (22)

The contribution of the colorelectric interaction to the 3,®3,
configuration is smaller than the 6.®6, one by nearly
100 MeV. The chromomagnetic interaction [6v.p = (Vee +

Upp — 2vcp) /4]

3
<HCM (ccccbb)> = 2Vcc + Upp — SUcp ( 10/3>

_ %(% (cceebb) ) (23)

@ Springer
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Table 3 The eigenvectors of the dibaryon states in various Q Q Q® Q Q Q configurations. The scattering states are marked with a dagger (). All

the masses are in units of MeV

cce®cch bbb®bbc
System Jr Mass Qeee2y QeceLech System Jr Mass Qpob Qe Qibb Lbbe
ccceeb ot 12904.0 —0.447 bbbbbc ot 25568.0 —0.447
1+ 12862.1 —0.333 0.298 1t 25526.0 —0.333 0.298
ccc®bbc ccb®cchb
System JP Mass Qcce Q?;bc QeceLbbe chb Qjcb Qjcb Qech Qech Qicb Qechech
cccebb 0t 16015.5 0.538 0.009 —0.374
16129.9 —0.208 —0.509 —-0.213
1+ 16019.9 0.527 0.236 X —0.236 —0.236 X
2+ 15999.0 0.408 0.408 —0.272 0.136 —0.136
bbb®cch bbc®bbc
System Jr Mass Qb 2y, Qpbi Qech Qe e Qe be Qpbe e Qpbe e
bbbbcc ot 22347.5 0.538 0.009 —0.374
22461.9 —0.208 —0.509 -0.213
1t 22351.9 0.527 0.236 X —0.236 —0.236 X
2+ 22330.9 0.408 0.408 -0.272 0.136 —0.136
ccb®bbc
System JP Mass Qe Q. Lwbe Qeeb e Qe Lpbe
cccbbb ot 19090.4" —0.042 —0.335
19297.9 —0.456 0.107
1+ 19091.6" 0.015 —0.141 0.141 -0.272
19244.3 —0.333 —-0.172 0.172 0.222
2+ 19095.37 0.111 —0.222 0.222
3+ 19095.37 0.333

will mix the two bases. It is interesting to note that the off-
diagonal terms and the difference of the diagonal terms of
the Hamiltonian are symmetric over the ¢ and b quarks. In
Table 3, we find that the mixing between the two scalar
cceebb states is almost identical with the mixing between
the two scalar bbbbcc states. This can be explained from
the Hamiltonian. From Egs. (21-23), we see that the off-
diagonal term is suppressed by vep, ~ 1/mcmyp, while the
diagonal terms are both of O(my). There ratio are even more
suppressed. Numerically, we have
1 —0.0024
<H (ccccbb)) x ( 0.9947 ) ,

1 —0.0017)

0.9962 24

<H (bbbbcc)> x (

Note that a scale factor does not affect the eigenvectors. The
difference of the two matrices begins from the third digits
after the decimal point. So it is natural that the two Hamilto-
nians give nearly same eigenvectors.

@ Springer

Next we consider their decay properties. Similar to previ-
ous cases, we find that all states are above thresholds. For the
highest state D(ccccbb, 16129.9, 0%), we have (see Table 5)

g o , : FQc'zerccb ~4.4. (25)

cch™%ce

Thus the ©7,,2* , mode is dominant. For the 17 and 2%

states, we have

I'[D(cccebb, 16019.9, 17)— Qece Qppe |

=03, (26)
I [D(cccebb, 16019.9, 17)— Qcec . |
and
T [D(cccebb, 15999.0, 27)— Qece Lpbe
[ (ccce )= Qeec bbc] —17 @7)

I'[D(cceebb, 15999.0, 21)— Qe 2y, ]

The decay properties of the bbbbcc dibaryon states are sim-
ilar.
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Table 4 The values of k - |c;|? for the dibaryon states (in units of MeV). The scattering states are marked with a dagger (1)

cce®cceh bbbRbbc
System JP Mass Qece Qe p Qece Qb System JP Mass Qbbb sy, Qbbb
cceeeh ot 12904.0 152.6 bbbbbc ot 25568.0 176.4
1+ 12862.1 63.7 64.0 1t 25526.0 55.6 71.4
ccc®bbe cchb®cch
System JP Mass Qecc Yy, Qece be QL2 Q. Qech Qeeb Rech
cceebb 0t 16015.5 137.3 X 73.9
16129.9 434 216.0 49.5
1t 16019.9 140.1 37.9 X 55.7 x
2t 15999.0 56.1 95.0 x x
bbbQcch bbc®bbc
SyStem J r Mass Qece QZbc QeceQpbe QZbc Q;bc QZbc Qppe QpbeLpbe
bbbbcc ot 22347.5 117.6 X 61.8
22461.9 50.4 228.0 54.9
1t 22351.9 127.4 40.6 X x x
2+ 22330.9 X 93.9 X
ccb®bbc
System Jr Mass Qe Q. Qbbe Qech e Qech Lie
cccbbb 0t 19090.4" X X
19297.9 179.8 13.2
1t 19091.6" X X x x
19244.3 54.7 21.7 21.7 45.0
2t 19095.3F X X X
3+ 19095.3" x

3.4 The ¢3b3 system

Now we turn to the cccbbb system. From Table 2, we see
that the lowest eigenstate

D(cccbbb, 19090.4, 01) = 0.988Qce i +--- . (28)

This state couples very strongly to the Q2...2ppp channel.
Thus it is likely to be very broad and is just part of the contin-
uum. Actually, this kind of eigenstate also exists in the calcu-
lation of the tetraquarks/pentaquarks, where the lower mass
states couple very strongly with the meson ® meson/baryon
channels [20,68,70,72,73,89]. Recently, a diffusion Monte
Carlo simulation within the dynamical quark model also
suggested such a state which is probably two independent
baryons close to each other and not a compact hexaquark
[59]. Moreover, the states of 19091.6 MeV (with J P = 1),
19095.3 MeV (with J¥ = 2%) and 19095.3 MeV (with
JP = 3%) also couple strongly to the Q2...2ppp» channel.
They are also scattering states. For clarity, we indicate these
states in the last column of Table 2. As shown in Fig. 1(g),

all scattering states (mark with 1) lie close to the Q.. 2ppp
threshold.

After identifying the scattering states, there are still one
scalar and one axial-vector genuine dibaryon states. They
lie above all baryon—baryon thresholds. The higher mass
state D(ccchbb, 19297.9, 0%) can decay into Q2. and
Qb Lppe channels with relative width ratio

For ar,  Toupue ~ 13.6. (29)
Thus the Q¥ ,QF, ~mode dominates. The other one,
D(cccbbb, 19244.3, 1), decays into all QS;Q;’Z channels

with comparable widths

ngcbgzbc : ngcbgbbc : FQ('CbQZbC : FQL‘(‘I)thz‘
~25:1:1:2.1. (30)

4 Conclusions

In this work, we have systematically studied the fully heavy
dibaryons in an extended chromomagnetic model, which

@ Springer
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Table 5 The partial width ratios for the dibaryon states. For each state,
we choose one mode as the reference channel, and the partial width
ratios of the other channels are calculated relative to this channel. The

scattering states are marked with a dagger (f). All the masses are in
units of MeV

cce®cch bbbRbbc
System JP Mass Qeccyy, QeceLech System Jr Mass Qbbb e Qb Lpbe
ccceeb ot 12904.0 1 bbbbbc ot 25568.0 1
1+ 12862.1 1 1.004 1t 25526.0 1 1.3
ccc@bbce cchb®cchb
System JP Mass Qece Qe Qece Lbbe QL0 QF 1 Qech Qech Lech
cccebb 0t 16015.5 1 X 14
16129.9 1 4.4 1
1T 16019.9 1 0.3 1 X
2+ 15999.0 1 1.7 X
bbb®cch bbc®bbc
System Jr Mass thbﬂjcb Qb Leeb sz(.QZbC szcghhc Qpbe Lbbe
bbbbcc ot 22347.5 1 X 1
22461.9 1 4.1 1
1+ 22351.9 1 0.3 X
2+ 22330.9 X
cchb®bbc
System JP Mass QL Q. QF ) Qbe Qe 2. Qeeb e
cccbbb o+ 19090.4 x x
19297.9 13.6 1
1" 19091.6" X X X X
19244.3 2.5 1 1 2.1
2+ 19095.37 x x X
3* 19095.37 x

4For a dibaryon state decays into two channels through two different quark rearrangements, the y;’s, which depend on the wave functions of final
states, may not equal (or approximately equal). Thus we compare only the decay width ratios between channels through same quark rearrangement

type

consists of effective color-electric and color-magnetic (chro-
momagnetic) interactions. We find that there is no dibaryon
state below the corresponding baryon—baryon thresholds.
Our numerical results suggest that the energy levels are
mainly determined by the effective color-electric interaction.
For example, the cccc/bb cluster in the ccccbb dibaryons can
be a color-triplet or a color-sextet. The effective color-electric
interaction splits the two configurations and makes the color-
triplet configuration lighter than the color-sextet one by
nearly 100 MeV, resulting in a clear two-band structure. The
chromomagnetic interaction contributes small splittings for
the two bands. We find that the lightest state always has a
higher spin. The reason is that the Pauli principle imposes
large restriction over the wave functions. More precisely, the
color and spin wave functions must be coupled in some par-
ticular form restricted by the SU(6).; = SU(3).QSU(2);
symmetry. Then the chromomagnetic interaction depends not

@ Springer

only on the SU(2); Casimir operator (spin), but also on the
SU(3). and SU(6).s Casimir operators (C3 and Cg). The Cq
term has opposite effect compared to the spin term [for exam-
ple, see Eq. (13)]. When the C¢ term prevails, the higher spin
state becomes lighter.

With the eigenvectors obtained, we have also studied the
decay properties of the dibaryons. We hope that future exper-
iments can search for these states.
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Appendix A: The wave function

In this section, we construct the dibaryon wave functions. In
principle, the total wave function is a direct product of the
spatial, flavor, color and spin wave functions. In this work,
we consider the ground state and assume that the spatial wave
function is totally symmetric. Then we need to construct the
totally anti-symmetric flavor ® color ® spin wave functions.
According to the flavor configurations, we can divide the
fully heavy dibaryons into four categories, depending on their
heavy flavor content:

c® and b°,

b and be,
¢*b? and b*c?,
A3,

Ll

To satisfy the Pauli principle, we first construct the totally
anti-symmetric wave functions for the clusters with the iden-
tical quarks (see Appendix B), then we combine the clusters
to construct the dibaryon wave functions.

For the ¢®, b°, ¢°b and b3 ¢ systems, we need to construct
the wave functions in the {[(¢192Q¢3) ®q4] ®q5} ®qe con-
figuration. There are five possible color wave functions

o5 1

b1 = 1({[(q192)°431394%95)° q6)
3 8 6 3 !

b2 = |({[(q192)°q31°q4} q5)  q6)
3 1

bo3 = 1{1(q192) 031894 45)° q6)
but = 1({[(@102) 4314 345) g6

bas = |((@12) a3 aaYa5) a6) (A1)

where the superscripts are color representations. The spins
of the dibaryons can be 0, 1, 2 and 3:

1. J=0:

X0 = |({[(q192)19313/294}195)1/246) >

x = |({[(q192)193)1/294}195)1/296) >
X = |({[(q192)093]1/294}195)1/246) >
x4 = 11(9192)19311/2443045)1/296) o

x0s = [({[(q192)043]1/294}095)1/246) (A2)
2. J=1:
X1 = 1({1(q192)1q313/294}245)3/246) -
Xar = [({[(q192)19313/294}195)3/246) s
X3 = 1{1(q192)14311294}195)3/296) |
X = 1{1(@192)04311294}195)3/296) ,
Xos = [({[(q192)1q313/294}145)1/296) -
Xao = 1({1(@192)1q311/294}195)1/296) -
Xa7 = [({[(q192)04311/294}195)1/246) | »
Xas = 1{[(q192)14311 /24430951 /296) ,
Xao = 1{[(q192)04311/2943095)1/296) , (A3)

where the subscripts are spins. Note that / = 2 and J = 3
cases cannot satisfy the Pauli principle.

Combining the flavor, color and spin wave functions, we
have the following bases
1. Type A: o = {c%, b}

(a) J=0:

0 _ 1 0 0 0
War = 9A® ﬁ (¢a1Xa5 = Qa2 Xgs — Pa3Xa3

ua s — Bus 1 ) (A4)

2. Type B: gg = {c°b, b ¢}
(a) J =0:
vl — ®L 0o 0o 0
Bl = ¢B \/5 ¢a1Xa5 ¢a2Xa4 ¢a3Xa3
+us Xy — Bus K1 ) (A3)

(b) J=1:
1 1 1 1 1
"I’Bl =¢® ﬁ (d’alXag - ¢a2Xa8 - ¢a3Xa7

s X — Bus X ) - (A6)

Next we consider the ¢*b? and b*c? systems. Here we use
the wave functions in the [(q192®¢3) ®g4] ®g5g6 configu-
ration. The color wave functions read

z 1

o1 = [{[(9192)°931%94}°(95¢6)°) .
3 z 1

¢p2 = 1(@192)°431°94)° (g596)°)

@ Springer
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bp3 = ([(q192)%051%a) (sae)’)

3 5.1
dps = HI(q192) 3134 (g596)°)

3 5.1
ops = 111(q192) 431 44 (g596)%) -

And the spin wave functions read (the J = 3 case does not

satisfy the Pauli principle)

1.

Then the possible total wave functions are

J=0:

x5 = H{[(q192)14313/2q4}1(45G6)1),-
ng = {[(q192)19311/294}1(g596)1)
X23 = {[(q192)09311/294}1(g596)1)
X§4 = [{[(q192)193]1/294}0(q5496)0) >
ng = {[(9192)093]1/2q4}0(4596)0) o

J=1:
Xé1 = [{[(q192)193]3/294}2(q596)1) s

Xéz = [{[(q192)193]3/294}1(g596)1)
X3 = H[(@192)14311/294}1(g506)1)

Xgs = H[(q192)14313/294}1(4546)0)

)

)

)

Xpa = H{[(q192)04311/2q4}1(q5G6)1)

)

X6 = 1[(@192)14311294}1(4596)0) .
)

xg7 = {[(9192)04311/294}1(4546)0)
xps = {[(@192)19311/2q4}0(g506)1)
Xég = {[(9192)09311/294}0(q596)1)

J =2

X§1 = [{[(q192)193]3/294}2(q596)1) 5
X2 = H[(q192)19313/294)2(4506)0)-

)

)

X3 = H[(9192)14313/2q4}1(45G6)1),.-

X5a = H[(q192)14311/2q4}1(45G6)1)5.-
)

X§5 = {[(9192)09311/294}1(q596)1),-

3. Type C: gc = {c*b?, b*c?)

(a) J=0:

0 _ 1 0 0
Ve =9oc ® E <¢ﬁ1Xﬁ5 - ¢/32X,34) ,

1

(A7)

(A8)

(A9)

(A10)

‘pgz =¢c® % <¢/33X}(3)3 - ¢ﬁ4X/(3)2 + ¢/35X}(3)1) s

@ Springer

(Al1)

by J=1:

1
W) =gc® —= 7 (¢,33X,34 Ppaxps + ¢,35X,§2) ;

) J=2:

(A12)

W) =gc® — 7 (4’53)(,35 PpaXps + ¢ﬁsx,§3> ,

(A13)

Finally, we construct the ¢3b> bases in the (q142®¢3)

® (q4g5®qe) configurations. The color wave functions are

d1 = I(q192)°0313[(qag5)°q61°)

5 1
by2 = 1(q192)°q3181(qaq5) 461%)

5 1
by3 = Iq192)°3313[(q495)°q61%)

. . 1
Pya = 1(9192) 43181 (q4g5)3q61®)

bys = @12 031 [(qaqs) as1") -

And the spin wave functions are

1.

J=0:

X31 = |[(q192)19313/2[(q4g5)19613/2)
X)(,)z = [[(q192)19311/2[(q495)196]1/2)

)

)

X33 = |[(q192)193]1/2[(q4g5)0q611/2) o

X)94 = |[(q192)09311/2[(q4q5)19611/2) 9
)

X35 = |[(q192)09311/2[(q4g5)0q611/2) o

J=1:

Xyl = |[(q192)19313/2[(q4q5)19613/2) ; »
Xy2 = |[(q192)19313/2[(q4g5)196112) ; »
Xy3 = |[(q192)19313/2[(q4q5)0q6112); »
Xy4 = |[(q192)193]1/2[(q4g5)19613/2) ; »

Xyc) = |[(q192)193]1/2[(q4g5)19611/2); »
Xy7 = [[(q192)19311/21(q445)0g611/2)  »

)
)
)
)
Xy5 = I[(q192)09311/2[(9495)19613/2) | »
)
)
XyS = I[(q192)09311/2[(9495)19611/2) -
)

Xyo = (142004311 /2[(q495)04611/2)
J=2

X51 = |[(9192)19313/2[(q495)19613/2) 5
X)%z = [[(q192)19313/2[(q495)196]1/2) 5

(A14)

(A15)

(A16)
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X§3 = |[(q192)19313/2[(q495)0q611/2),,
X54 = |[(q192)193]1/2[(q4g5)19613/2) .

Xﬁs = |[(q192)093]11/2[(q4q5)19613/2), (A17)
4. J =3:
X1 = 11(q142)193)3/20(q445)19613/2) 5- (A18)

Then the possible total wave functions for the c3b> system
are

4. Type D: ¢p = {>b3}
(a) J =0:

w0 _ 1 o _ 0
DI =¢D® 3 y1Xys5s — Py2Xya

- ¢y3X;(/)3 + ¢y4X)(,)2)a

VB, = ¢p ® bys5x0) (A19)
(b) J = 1:
1 1 1 1
Vg =¢p ® 5 Py1Xy9 — Py2Xys
1 1
— $y3xy7 + ¢y4Xy6>,
Why = ¢p ® ¢y5x1 (A20)
(c) J =2:
V3, =¢p ® b5 (A21)
d) J =3
WP = ¢p ® dysxs)- (A22)

Appendix B: The totally anti-symmetric wave functions
for the ¢V clusters

There are two methods to obtain the totally anti-symmetric
wave functions for the ¢V clusters. The first one is by using
the properties of permutation group, namely the Clebsch—
Gordon (CG) coefficients of the Sy group. The details can
be found in Ref. [90]. On the other hand, we can also
obtain the wave functions by applying the quark exchange
operators and imposing the anti-symmetric properties over
the identical quarks [or # and d quarks (collectively as n)
in the isospin SU(2) symmetry]. More precisely, assuming
{¥i,i =1,2,...,n}thetotal wave function bases. The wave
function that satisfies the Pauli principle can be expanded as

their superposition

=" ki (B1)
i

The Pauli principle gives the secular equations

> (wilalw e =k, (B2)

J

where A = {Ayg} = {A12, A3, ...} are the operators that
exchange the positions of g, and gg in the wave functions.
Imposing these constraints and the orthonormal condition,
we can obtain all possible wave functions that satisfy the
Pauli principle. As an example, here we use a simple system,
the nucleon, to illustrate the methods. First we use the method
of the permutation group. The total wave function is the direct
product of the spatial, flavor, color and spin wave functions.
Note that for the nucleon, the spatial wave function (R) is
totally symmetric, and the color wave function is totally anti-
symmetric

(B3)

‘1’=R®c®f-

For I = § =1/2, we have

12][1]2 2] _[1]2
1), = s ({2 B e B2 e B2,
1[3][1]3 113] .[1]3
+5 ([ ) [ o )
_ a2y [if2] . L [1]3] o [1]3]
= 5a®n 7t A O
(B4)
where
S(;Z,;2‘>, 5(53,é3')

(BS)

are CG coefficients of the S3 group, whose values can be
found in Ref. [90]. Next we use the exchange operators. The
matrix element <w,- Ay j> can be viewed as a direct product
of the matrix elements in the spatial (R), flavor (F), color
(¢) and spin (x) wave function bases. For the present case,
we have

(RIAusIR) = 111 (B6)
and

<€0|Aaﬁ|¢> =—Iix1. (B7)
There are two possible spin wave functions

x1=|mn2)y n3)y p0 X2 = (min2)o n3)y - (B8)
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In these bases, we have (A3 = A12A23A12 is not indepen-
dent, and thus cannot give additional constraint for the wave
function) [82]

+1 A
A12=< _1>, An=\4 1] (B9)
2 2
Similarly, there are two possible flavor wave functions
Fy = |(n1n2)l,- n3>1/2i’ F,= |(l’l]}’12)()l. n3)1/2i. (B10)

In the space of the total wave function bases, Ry ®
{x1F1, x1F2, x2F1, x2 F2}, the secular equations give

—1 k1 k1
+1 kx| _ |k
+1 ks |~ ks |’
—1 k4 k4
-1 V3 V3 =3 k1 ky
1 V3l =3 V3| |k _ |k B11)
4(V3 =3 1 V3| |k k3
-3 -V3-V3 -1/ \k k
or
ki = ks, ko =ks=0. (B12)

Applying the normalization condition and choosing a suit-
able phase, we have

1
VY =—Rop(1F1+ x2F2).

V2

As expected, the two methods give same result.
In the following, we list the totally anti-symmetric wave
functions for the QN clusters with N = 3,4, 5, 6.

(B13)

1. The Q3 cluster
(@ (uw)=(11),8=1/2

wh=3 = %(1 2] o[1[3] _[1[3] g1 2L>

13] 12] 12] 13]
®[1[2[3]y. (B14)
(b) (Ap) = (00), S =3/2
N=3
W= =12]c®[1]2][3], ®[1]2]3];- (B15)
2. The Q% cluster
(@ (Ap)=1(02),5§=0
N=4 _ 1 (|1]2 113 _|1]3 12
= ﬂ(3 ar @24y 24C®34S)
®1]2]3]4]r, (B16)
(b) () = (10), S =1
gN=4 _ L ; 2“® 1[3]4] _ ; 3] o L[214]
2 3 T c 2] s T c i s

@ Springer

1[4]
sl o[22 ) o[, B17)
i Ll
3. The Q7 cluster
(@) () =(01), 5 =1/2
Py 113
N=s _ | 1[3[5] _ 12]5]
% = 5<§4c®24 s §4c®34 s
12 13
—350®é24‘s+25c®;§4‘s
[4] 4]
Ld M72[3]
—250®45 s>®f.
3
(B18)
4. The Q° cluster
(@) (Ap) =(00), S =0
B | /12 113
\IJN*6=—<3 spe 3l —Dlal o lZ3
S\5]6 506
12 13
~[3[5k ® g tas +[2]5k ® Fates
416 416
L3l 7213
—12[5k® s ) ®[1]2]3]4]5]6]f -
St (41516
(B19)

Appendix C: Some formulae for the colorelectric and
chromomagnetic interactions

In this section, we introduce the SU(6).; = SU(3).QSU(2),
group, then we can simplify the colorelectric and chromo-
magnetic interactions for hadron consists of at most two fla-
Vors.

Following Ref. [81], the generators of SU(6), are defined
by the products of 0¥ and A%

2

> ks k=]’273s
3

a’ a:1,2,"',8,
k)\’a7

(CI)
o

which are normalized to tra®> = 4. The Casimir operators of
the SU(2),, SU3). and SU(6).¢ groups are defined as

Cr=0-0=455+1), (C2)

C3=A1-2, (C3)
35 , 2

Co = " =Z2C+C oA A C4

6 I;(Ol) 3 2+C3+0-0 (C4)
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Now we can deal with the colorelectric and chromomagnetic

interactions.
For ¢* Q' system,

Zm,-jF,- . Fj

i<j

s+t

> Fj-Fj

j<j'=s+1

N
= Mgq Z Fi-Fi+mgo

i<i'=1
N s+t

+mgoY Y Fi-F,

i=1 j=s+1
_ mg%ch (qut) + Mgq _8qu Cs (qs)
4 Moo S_quC3 (") - g 5 SMaq ‘;thQ.

For color-singlet hadron, the first term vanishes. The color-

electric interaction becomes

3 smgq +tmgo
e

i<j

—géqu<C3 (*) ) (C6)

where
Mgq +moo —2myg
i .

Smgo =

As shown in Appendix A, The bases have definite SU(3),
color representations for ¢* and Q' clusters. Thus the color-
electric interaction is diagonal. If = 0 or r = 1, the formula

can be further simplified, as shown in Egs. (9) and (12).
Similarly, the chromomagnetic interaction

— > vijF; - F;S; S,
i<j
s+t
Y. Fj-F;pS;-S;

s
— Vgq Z F; F;S; ~S,-/—vQQ

i<i’=1 j<j'=s+1
s s+t

*quZZF,”FjS,WSj

i=1 j=s+1

2 — 2
- _ Y2 Co— =Cp —C3 _ Yag — V90 Co—=Cp, —C3
32 3 o 32 3 ¢

_ V00 — V40 2L SVgq + 1000

- (c6 e c3) I R

As shown in Appendices A and B, the bases have definite
SU,,(6) representations for the ¢g* and Q' clusters, but not
for the ¢° Q' system. Thus the bases will be mixed by the
chromomagnetic interaction. However, forr = 0 and r = 1
cases, the ¢° Q' systems do have definite SU_,(6) represen-
tations [see Eq. (14)], then the formula can be simplified to
Egs. (9) and (15), respectively. Note that similar formulae

have also been obtained in Refs. [81,82].

(C5)

(C7)

1.

10.

11.

12.

13.

14.

15.
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