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In a recent paper we have shown that the possibility of including heavy flavor in the dibaryon
sector can lead to some new favored configurations (relative to the baryon-baryon threshold). In this
study we extend our previous work by a systematic study of all the physical Qq systems in a simple
chromomagnetic model. In the first part we assume that the q quarks belong to the fundamental
irrep of SU(3)z and that the Q quark has infinite mass. These assumptions are subsequently relaxed

by introducing two mass parameters 6 and g. Once these symmetries are broken we gain access in
our model to a large number of new dibaryons containing heavy flavor. Some of them could be
stable against decay via strong interactions, and we indicate the most favorable cases.

PACS number(s): 14.20.Pt, 11.30.Hv, 12.40.@q

I. INTRODUCTION

Strong interactions govern in a large part the phe-
nomena occurring in systems with sizes of a few fermis.
The up-to-date theory for strong interactions is quan-
tum chromodynamics (@CD). In this theory the matter
fields are the quarks which interact by exchanging gluons.
Both quarks and gluons carry color, quarks (antiquarks)
belonging to the 3 (3) representation and the gluons to
the 8 representation of the SU(3)~ gauge group. The
color wave function of a complicated system composed of
quarks and gluons may be indeed quite complex. How-
ever, a physical principle states that any observable sys-
tem must be in a color singlet state. Despite this dras-
tic simplification, even the simplest systems are far too
intricate to be solved using first @CD principles. One
must rely upon some approximations which preserve as
much as possible of the fundamental features of @CD.
The most popular approaches are the @CD sum rules

[1], the Skyrmion theories [2], the bag models [3], and
the nonrelativistic models [4]. In those theories the glu-
onic degrees of freedom are removed and replaced by
some phenomenological ansatz. In that case the con-
dition of a color singlet function is known as the triality
rule because it imposes that the number rn of quarks mi-
nus the number n of antiquarks must be a multiple of 3:
m —n = 3B where B is the baryon number. The quark
degrees of freedom are in a large part different from the
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bare ones occurring in the @CD Lagrangian. In partic-
ular the masses of these "constituent" quarks are larger
than those corresponding to the "current" quarks. At our
level the baryon number B is a good quantum number; in
principle the Fock space necessary to describe a system
with a given B is infinite since an arbitrary number of qq
pairs can be added without modifying the B value. How-
ever, there is usually a dominant term in the expansion
q~q + q

+ q
+ + . The quarks (and antiquarks)

appearing in this leading term are called "valence" quarks
(and antiquarks); this denomination is purely semantic.
In all the following, when we speak of quarks, we mean
valence and constituent quarks. In this respect, the sim-
plest systems (containing the smallest number of parti-
cles rn+n) are the mesons (qq) and baryons (qs). Some of
them are bound under strong interactions, while others
appear as resonances. The common mechanism respon-
sible for this binding is multigluon exchange and the re-
sulting composite systems are very compact objects with
dimensions of order 0.5 fm. There exists another mech-
anism which can lead to binding among quark systems;
it has been known for a long time and is responsible for
the cohesion of atomic nuclei. It relies on the exchange
of correlated qq pairs, the most important one being the
vr meson. In that case the resulting systems are more dif-
fuse objects (the size of deuteron is more than 2 fm); this
mechanism can bind composite quark systems containing
more than 600 particles. Immediately the question arises
whether the gluon exchange mechanism is able to bind
systems more complicated than mesons and baryons. We
will give these objects the generic name of "multiquarks"

(q q with m —n = 3B and n+ rn & 4, bound by gluon
exchanges). This question is of capital importance. First,
the search for multiquarks is a natural evolution in the
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curiosity of mankind: everybody wants to discover new
things. Second, and probably more important, is the
fact that the multiquarks are a crucial key for testing
the validity of @CD theory. At present, this theory pre-
dicts the existence of multiquarks. Since they are not
forbidden, one may hope to find them in experimental
searches. Consequently, if this search program remains
unsuccessful, @CD must be seriously questioned. Either
the theory is wrong and must be replaced, or it is incom-
plete and needs to be supplemented by some mechanism
which forbids the existence of multiquarks. To be inter-
esting a multiquark state should be bound under strong
interaction (the only decay mechanisms are then electro-
magnetic for excited levels and weak interaction for the
ground state) or it should appear as a narrow resonance
in some definite channels. For hunting such particles the
role of theoreticians is decisive. They must specify the
flavor sector, the energy range, the width, and branch-
ing ratios. Such an extensive research program is very
ambitious and must be constructed in several steps.

First it should be noted that the number of physical
configurations allowed for multiquark systems increases
dramatically with the number of valence quarks (anti-
quarks). Second, to be complete, a study of hadronic
systems must cover all the flavors allowed by the standard
model (even though the corresponding multiquark might
be very difficult to produce). This last point enlarges
even more the number of possible multiquark states.

Given this increasing complexity we feel that it is es-
sential to build, on qualitative grounds, a reliable hier-
archy of the most promising candidates. As has been
explained with more details in Refs. [5,6,11], to achieve
this aim we use the so-called pure chromomagnetic (CM)
interaction

~. (A, A, ) (cr, cr~)

mi™i(j
where A indicates the Cell-Mann matrices and cr the
Pauli matrices acting respectively on color and spin de-
grees of freedom of interacting quarks with masses m, ,

m~. The only justification for such an expression is
simplicity. In fact, the hyperfine contribution due to
one gluon exchange contains a term proportionnal to
6(r,~)(A, .A~)(cr, .cr~)/m, m~. This term is known to be
very important since it is responsible for 6-% splitting
and it is absolutely necessary to explain the short range
repulsion in the nucleon-nucleon interaction [7]. Here we
will be mostly interested in ground-state multiquarks,
whose spatial wave function has the highest symmetry
for identical particles and consequently is in an L = 0
orbital angular momentum. If we make the drastic as-
sumption that (b'(r, z)) on the spatial wave function is
constant for every quark pair, we recover the chromo-
magnetic Hamiltonian (1). Thus all spatial degrees of
freedom are frozen in the coupling constant a, and we
deal in this study only with color, isospin, and spin de-
grees of freedom. In addition to this already severe condi-
tion we neglect kinetic-energy terms as well as Coulomb
+ linear flavor-independent potentials. These terms are
generally important but their effect is also important in

the baryon-baryon threshold energy and the behavior of
energy relative to threshold due to these terms should be
rather smooth.

Another approximation in our framework is to treat
on the same footing the multiquarks and the thresholds.
That is to adopt for the CM coupling constant a the
same value for all hadronic systems. This is also a drastic
simplification; in fact a does depend on the confinement
volume of the quark. An increase of this volume in the
multiquark leads to a lower value of the coupling con-
stant (connected to a reduction of the spatial hyperfine
matrix element) in comparison with the thresholds [8].
The binding energy, in case of attraction, should be de-
creased. Of course such a simplified dynamical process is
a crude approximation to reality. Recently, Lichtenberg
and Roncaglia [9] have applied this model to some ex-
perimental situations and proved that in some cases the
model is off by 600 MeV or so. Although they exhibited
the worse cases for their demonstration and used a set
of parameters which can be easily improved, it is true
that the chromomagnetic model is unable to give cor-
rect quantitative binding energies. As explained above,
because of the dependence of a with the system under
consideration, quite often the binding energies are over-
estimated. This can lead to false predictions for the sta-
bility of multiquarks. We have some experience on this
subject since the H particle (uuddss with null spin and
isospin) is bound by 20 MeV in the CM framework while
two more refined calculations predicted it to be unbound.
The situation is exactly the same for the so-called P mul-
tiquarks [10]. Thus, conclusions obtained with CM con-
cerning the multiquark stability must be handled with
much care.

Despite these apparently very dramatic shortcomings,
we decided to use this model for performing systematics
on a large number of samples. Since, for multiquarks,
we have no experimental indications, it is urgent for the-
oreticians to delimit the interesting sectors for stability.
We have no objective arguments for rejecting some of
them a priori. Thus, a systematic study of all possible
flavors is unavoidable. Of course, to be really interesting
candidates, multiquarks must have a large binding and
a flavor content which makes their production and ob-
servation a definite possibility. A complete and rigorous
treatment of such a tremendous amount of data is out of
question for the moment. We need to use a model which
is simple enough to allow this systematics while retaining
most of the physical principles. From our point of view,
the chromomagnetic model is best suited for that.

Our aim is not to give exactly the binding energies of
each state. It is not even to predict whether or not a mul-
tiquark is stable. Our hope is that the chromomagnetic
model helps us to select, among the thousands of pos-
sibilities, those that are the most serious candidates for
exhibiting stability or narrow resonance properties. In a
sense it is a necessary first step towards constructing a hi-
erarchy of interesting objects. In a second step, more rig-
orous and time-consuming methods could be brought into
play in order to make more reliable predictions. But the
present study is concerned with a much more restricted
set resulting from the CM approach. The proof that the
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chromomagnetic model can do this task was established
very seriously in the diquonia (qi q2qsq4) sector with total
orbital momentum L = 0.

A systematic study of at/ possible diquonia (all total
spin values S = 0, 1, 2 and all flavor possibilities for
the quarks (u, d, s, c, b) has been carried out within the
framework of the CM model in Ref. [11]. On the other
hand, a similar analysis was performed in Ref. [12] us-
ing a realistic quark-quark potential and a sophisticated
treatment for solving the four-body problem. Although
the absolute values for the energies can difFer apprecia-
bly between both approaches (the CM giving systernat-
ically more binding), the interesting conclusion is that
very promising candidates remain essentially the same.

The second justification of our simplified approach ap-
pears if we consider the dibaryon sector. The particle
that has retained the most attention is the so-called H
particle proposed long ago by Jaffe [13]with a binding en-
ergy around 80 MeV. After a recent systematic study [5]
in the CM framework with all possibilities of q belonging
to an SU(3)z representation (all dibaryons formed with
u, d, and quarks of only one additional flavor) seven mul-
tiquarks were found bound and, in contrast with what
was expected, the most tightly bound particle was not
the H but the strangeness-3 particle uudsss (binding en-
ergy 33 MeV in CM). As in the diquonium sector our
classification of dibaryons is in global agreement with
the previous studies dealing with the same subject (see
[14,15] and references quoted therein) and using much
more sophisticated models. In particular the existence of
the NA resonance had been demonstrated previously by
Goldman et at. [16] within two different quark models.
Through these examples one can check that the inter-
esting candidates do not depend crucially upon whether
one works in the simple CM model or with a more refined
approach.

After having made several systematic studies it is our
experience that the most favorable candidates are found
whenever we "share the flavor at maximum. " For ex-
ample ns (n denotes an ordinary u or d quark) is never
bound, n5s has yet more binding, n4ss (such as H) has
more binding, and nssss (such as the NA resonance)
even more. There is a qualitative explanation for this
phenomenon. In the CM model it is not difficult to show
that identical particles always (i.e. , whatever are the pair
quantum numbers) feel repulsion, while different parti-
cles may feel attraction in some channels. Thus to have
a maximum binding it is judicious to maximize the num-
ber p of pairs containing different flavors. Among the
15 possible pairs in a dibaryon, p = 0 for n, p = 5 for
n5Q, p = 8 for n4QQ, and p = 9 for nsQQQ, which ex-
plains the hierarchy found in Ref. [5]. In this reference
only n and one heavy flavor Q [n = u, d, and Q forming
an SU(3)~ representation] were allowed and p = 9 is the
maximum possible value. But the situation is even more
favorable if one allows in addition to the heavy flavor Q
[entering in the SU(3)~ representation] a second heavy
flavor Q'. For example p = 9 for n QQ' and nQ4Q', while

p = 11 for nsQQQ' and nnQsQ'. The aim of this paper
is the extensive study of Q'qs [q = n, Q is a member of a
SU(3)~ representation] with the hope of discovering new

and a priori more interesting (in CM picture) candidates
than in the q sector. The paper is organized as follows.
In Sec. II the model for Q'qs is presented. In Sec. III
we focus our attention on the corresponding thresholds,
while in Sec. IV all the interesting results are quoted. In
Sec. V we give a short conclusion.

II. THE MODEL

Since the techniques are similar to those used in our
previous work [5], we will sketch them briefly, focusing
our attention on the novelties in comparison with the
qs sector. In the systems under consideration Qq5, Q
denotes any quark with isospin 0 and q belongs to the
fundamental representation 3 of SU(3)~ flavor group. In
a first step (A) the SU(3)~ symmetry is supposed to be
exact and the Q quark is assigned infinite mass. In a
second step (B) the SU(3)& symmetry is broken by the
introduction of a parameter b. Finally, in a third step
(C), the condition rnq = co is relaxed and another pa-
rameter il is defined. Let us recall here a very important
point. Once the flavor symmetry is broken, the mass of
the I = 0, Y = —2/3 particle can be anything. There-
fore, the corresponding particle is not limited to be only
the strange quark. It can be the c or b quark as well. The
hypercharge Y is in that case related to the charm and
beauty quantum numbers. In the case of charmed q5 sys-
tems our definition of hypercharge does not coincide with
the usual one since the c quark carries Y = 4/3. Thus not
only multiquarks like cuudd8, budsss, . . . appear in our
study but very exotic flavor objects like sudccc, cuudbb,
buddcc, . . . are described as well and open the door to
many interesting possibilities for new resonance channels.
For simplicity in the notation we will nevertheless speak
of the I = 0, Y = —2/3 quark coming from SU(3)~
symmetry breaking as the "strange" quark despite the
fact that one can choose another flavor for some specific
multiquarks. In our model Y is related to the number
of I = 0 quarks (No) in the qs systems by the relation
Y = 5/3 —No.

A. The q system in SU(3)~ limit

In step (A), because of its infinite mass, the quark Q
does not interact with the "light" ones and the Hamilto-
nian (1) reduces to

(2)

where the summation is over the five light quarks q.
The factor A =, defines the energy scale. Prom

the experimental 4-N mass difFerence we obtain A =18
MeV. Let us recall here that we choose the same coupling
constant for both the multiquarks and the threshold cal-
culations. Thus we can express all the energies in A units.
The eigenenergies of (2) for N identical particles belong-
ing to the fundamental irrep of an SU(n)s flavor group
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(21, 1/2) Q (24, 3/2) (24, 1/2) Q (15,5/2) (15,3/2)
(15, 1/2), EB(6, 3/2) EB (6, 1/2) EB (3, 3/2) EP (3, 1/2)

under SU(6)z+ ZSU(3)z(SSU(2)&. These are the only
representations (C = 3, f, S) allowed by the Pauli prin-
ciple. We will consider all of them in this work.

We consider now the problem of building the corre-
sponding wave functions, and, for that, we adopt a cou-
pling scheme of type ([(1,2), 3] (4, 5)) because it will be
the most natural for studying the decay into two baryons.
For each representation n = (3, f, S), we know from
group theory that there exists a function Ig ) whose
quantum numbers are completely antisymrnetric under
particle exchange. We are faced with the problem of ex-
plicitly constructing it. The natural basis to expand lg )
is given by the complete set of states IC, , F~, Sg), where
the C, , F~, Sk are the wave function associated with each
standard tableaux corresponding to the Young diagram
(of the symmetric group Ss) having the symmetry of the
SU(3)c, SU(3)i i and SU(2)s irrep involved in the de-
composition (3). The definitions for the color, flavor,
and spin basis states are given in the Appendix.

The algorithm necessary to compute the expansion of
lg ) was explained in detail in Ref. [5]. The fact that
it gives a solution only for the physically allowed states
is a good check of the computer code. As a matter of
indication the state (3, 15, 1/2) is expanded over 29 com-
ponents. Since the corresponding functions I@ ) are an-
tisymmetric the eigenenergies are readily obtained by

z. = W. l
a I@.) = 10 W. l a» ly. ). (4)

Then in the following only (C, IAi.A2IC, ) and
(Sgloi. o2ISi ) are needed. Because of our coupling
scheme, these operators are diagonal. Owing to the prop-
erties

Ai A2I(»)s) = —
s l(»)s)

Ai A.I(»).) = -'. I(»).),
o 1'o 2l(12)o) = 3 l(12)o),

(5)

~i ~2l(»)i) = I(»)i)

can be obtained easily by very simple formulas (see Ref.
[5]) for n = 2 and n = 3.

Even if in step (A) the Q quark does not par-
ticipate dynamically, it does fix some constraints on
spin and color quantum numbers. We need to clas-
sify the qs states under irreducible representation of
SU(3),(3SU(3)p(RSU(2)s. First of all, because of the
Pauli principle, one must retain only the [ls] antisym-
metric representation of SU(18)(.~s which is 8568-fold.
It splits into

(21, 6) EB (24, 84) 6 (15,210) (6, 336) (3, 420)

under the chain SU(18)c~s DSU(3)c(SSU(6)~s. The
Qqs system must be color singlet and since Q belongs
to the 3 representation, the q5 system must belong to
the 3 representation; this limits our attention to the 420
representation of SU(6)~s which splits into

one easily derives

(Si l~i ~2ISi )

sg = 1, k = 1, 2, 3, 4, 6, 7, 8,
(7)8k kk 8 3 k 5 9 $0

B. Breaking the SU($)F symmetry

We proceed further, going to step (B), that is, we
break SU(3)~ symmetry but we maintain the condition
mg = oo. This situation should simulate the case of a
heavy top quark Q, although the physics of such exotic
objects would probably be more complicated than the
naive view exposed here. In the Hamiltonian (1), the
mass term can no longer be factorized and the formula
(2) is not valid. Nevertheless we can still use the formal-
ism described above at the cost of introducing a "flavor
operator" X,~, which is a function of the breaking pa-
rameter b' = 1 —m/m, . As explained in Ref. [5], the
Hamiltonian (1) can be rewritten

) X,, (b) (A, A, ) (o', cr~). (8)

There is no fundamental change from the previous treat-
ment. One can still use the same basis states, the same
wave function lg ), but in this case the label f of the
SU(3)~ representation is no longer a good quantum num-
ber. Only hypercharge, isospin, and the total spin S of
the five "light" particles are still good quantum num-
bers. So, each physical state is now specified by the la-
bels (Y, I, S) = p. However, given a specific set p, there
may exist several flavor representations f which contain
those states as subset. Because of the presence of the
X,~(6) operator in the Hamiltonian those Ip; f) states,
which were decoupled in the pure SU(3)~ limit, are now
coupled and give rise to a matrix which must be diago-
nalized to obtain the physical eigenvectors. To calculate
the matrix element (p, f I

H Ip, f ) we must introduce a
flavor element

f,', (~) = (+.IA»(~) I+~) (9)

where the F, and F~ are the flavor basis states contained
in the expansion of the initial wave function lg ~) with
cP = (3, f",S)(p = 1, 2).

The first thing to do is to calculate the f~ (6) coeffi-
cients. Since we need the value of Xq2 we expand the
E~ with the help of SU(3) Clebsch-Gordan coefFicients in
terms of our (123), (45) coupling states. Then the ac-
tion of Xq2 on these states is straightforward. There are
many f~ (b) coefficients to be calculated; all these manip-

Since in step (A) the Hamiltonian (2) does not depend
on flavor the only relation we need is the orthogonality
of flavor functions.
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ulations have been performed using the formal language
MApLE. Thus each element fp (b), which is a second-
order polynomial in 6, has been calculated analytically.
Then the matrix elements (p, f'~ H

~ p, f~) are calculated
analytically, again using the MAPLE program. We then
diagonalize numerically the corresponding matrices for
several values of b. The largest matrix is of order 4 x 4
describing the cases (Y = —1/3, I = 1/2, S = 3/2) and
(Y = -1/3, I = 1/2, S = 1/2).

In summary, as compared to step (A) calculations, our
formalism is affected essentially in two ways.

(i) Each matrix element depends on the (Y, I, S) = p
label and is a function of the breaking parameter b. Thus
there is a splitting among the various p subsets of a given
SU(3) representation f

(ii) For a given set of physical quantum numbers p,
there exists a configuration mixing between n various rep-
resentations f One . must diagonalize an n x n matrix,
each element of which depends on 6, in order to obtain
the physical energies Ei, z(6)(k ='1, . . . , n)

C. General case

We proceed now a step further (C) and relax the last
constraint mg ——oo. Since the techniques used in this
section are very similar to those applied in a previous
study of Qq systems [6], we will sketch them briefiy
in the following. The problem is to solve exactly the
Schrodinger equation for the Qq system with particles
interacting through the CM interaction (1). In addition
to the 6 parameter already introduced we define another
breaking parameter rl = m/mq which takes care of the
finite Q mass. The interaction between the "heavy" par-
ticle Q and the "light" q can no longer be neglected. As
in the previous case, one can deal with the general for-
rnalism by introducing another fIavor operator

(1O)

where P~, q = (n, s) is a projection operator which takes
the value 1 if the i particle is of type q, and 0 otherwise.
The total Harniltonian (1) contains, in addition to the
Hamiltonian (8), a residual term HR that takes care of
the interaction between the "heavy" quark Q (denoted
as the sixth particle) and the five "light" quarks i:

Let us now examine the consequences of the existence
of HR.

The spin S of the first five particles that, up to now,
was a good quantum number does not preserve this prop-
erty. Only the total spin J has a definite value. The Q
quark has isospin 0 so that I, the isospin of q, is also
the total isospin of the system. Finally, the hypercharge,
which is closely related to the number of "strange" quarks
in q5, is not affected by the presence of another different
particle. Thus, each physical state is characterized by a

set of quantum numbers ~ = (Y, I, J). The physical wave
function ~g ) can be expanded on a new natural basis
~[C,3]i, [E~p]; [Sil/2]q). To obtain these basis states, we
must couple the quantum numbers of the previous basis
to those of the single particle Q in order to give the quan-
tum numbers w of the total system. The matrices that we
must diagonalize in this general case are often larger than
the ones appearing in the preceding section; the reason
is that it is possible to mix states of the old basis with
different S which give nevertheless the same J value. For
our problem the largest matrix is 8 x 8. In addition to the
fact that we must calculate more matrix elements than
before, each element is itself more complicated, since the
previous value, if any, must be supplemented by the con-
struction of the HR part of the Hamiltonian. Because of
the already antisymmetrized basis, it can be traced back
to five times the contribution due to H56. The color and
spin matrix elements due to H56 are obtained by usual
Racah techniques, while the Havor matrix elements due
to Z5 are derived by direct inspection of the Havor func-
tions ~F~, p). These latter elements as well as the energy
matrix elements in the new basis are calculated analyt-
ically using the MAPLE code. They will be provided on
request. The matrix diagona1izations are performed nu-
merically for several values of g and b parameters.

Before leaving this section, let us shortly comment
on the various ways to check the calculations at each
step. First, in step (A), application of (4,6,7) allows
us to recover the simple values of the energies already
obtained by the magic formula (4) of Ref. [5). In step
(B) the most severe test is to consider the 6 = 1 limit.
The "strange" quark acquires an infinite mass and conse-
quently does not interact with other ordinary quarks (de-
noted n). For a given hypercharge Y, the quark content
of the q system is n +xo/3s5/3 v. The s /' quarks
have zero energy and can. be classified under the group
SU(3)~SU(2) s. They can be labeled by the representa-
tions (Ci„St,). In the same way the n + ~ system can
be classified under the group SU(3)~SU(2)1SU(2)s,
and labeled by (C~, I,S ). The corresponding energy
E (which is in fact the total value of the entire system)
can be calculated directly by the magic formula (3) of
Ref. [5]. We now seek all the representations (Cb, St,)
and (C,I,S ) compatible with (C, I, S) states under
consideration; the corresponding E give us an analyti-
cal value for the energy in the limit 6 = 1.

En the general case we have also several checks of our
calculation. For instance if we consider the states with
hypercharge 2/3, only one "strange" quark appears in
the q5 system so that we deal with n qQ, q = (s, c, 6),
dibaryons with g = m/mg and 6 = 1 —m/m~. Let us
now consider the system with g' = 1 —6 and b' = 1 —g.
Obviously one has permuted the role of q and Q and
the corresponding system is n4Qq which is identical to
the original one. Thus the energies coming with the sets
(g, 6') and (q', 6') must coincide.

There is another test which is much more relevant. In
our study we limit ourselves to the case where the Q
quark is different from the "strange" quark appearing
in q5. However, one can impose artificially g = 1 —b

(m, = mg), but, in that stage, the Q quark is not re-
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ally identical to the "strange" quark because the Pauli
principle does not apply. Nevertheless among all these
calculated states some possess the symmetry imposed by
the Pauli principle, and the energies of the corresponding
states must coincide with the energies of the q6 system
studied in Ref. [5]. All these tests are satisfied by our
formal and numerical results and we are therefore very
confident of our final results.

III. BARYONS AND THRESHOLDS

Under strong interactions the system Qq may decay
into q + Qq . Since there are two different types of
baryon appearing in the threshold, we examine them sep-
arately, focusing in particular on the symmetry-breaking
occurring from stage (A) to stage (C). By analogy with
the dibaryon case the total spin of a baryon is called J
and the partial spin of the diquark q is called S.

A. q3 baryons

The observable baryons are classified in the well-known
56 symmetric representation of SU(6)~s. This is split
again into the classical (10, 2) g3 (8, 2) representations
following the chain SU(6)pg ZSU(3)b-SU(2)g. Appli-
cation of the magic formula gives immediately the decu-
plet energy E]o = 8 and the octet energy E8 ———8.

In step (B) the flavor multiplets are no longer degener-
ate; each (Y, I, J) multiplet now possesses its own energy
Ei.lJ(6), which is a function of the breaking parameter.
The resulting energies are given in Table I. Note that the
third step does not exist in this case.

B. Qq~ baryons

Ex = —8, E~ ———8 + 86.

In step (C) each member of a multiplet is affected by a
diagonal contribution depending on g. This contribution
is also sensitive to the total spin J and consequently the
members A, B, C of the sextet are no longer degenerate
for J = 3/2 and J = 1/2 but split into two levels (indexed
by 3 and 1 respectively). The states Bi and W with the
same quantum numbers are coupled by the interaction
and the eigenmass states result from the diagonalization
of the matrix

(
8 8 (

8
3

(12)

Let us denote by ei(q, b) the lowest eigenvalue of the
matrix. Only the corresponding eigenvector will be in-
teresting for our study, since we compare the multiquark
energy to that of the lowest threshold. We will denote
by Bi the corresponding baryon although it is in fact a
mixture of Bi and W. The energies of the physical Qq
systems are presented in Table II.

representation energy E3 ———8.
Since in stage (A) mq = oo, the Q-q interaction van-

ishes, thus E6 and E3 are the total baryon energies. As
for the total spin of the baryon, it can be either 3/2 or
1/2 for the sextet, and 1/2 for the triplet.

In step (B) the 3/2, 1/2 sextet irrep splits into
three members (Y, I) namely A(2/3, 1), B(—1/3, 1/2),
C(—4/3, 0), with the following energies:

8 8 8 8 16 8Ea = ———~ Ec = ———~+ —~.3' 3 3 ' 3 3 3

In the same way the J = 1/2 triplet representation splits
into two members, namely X(2/3, 0), W( —1/3, 1/2),
with energies given by

In step (A) the q system can be classified in the
antisymmetric [12] irrep of SU(18)c~s which is here
153-fold. It splits into (6, 15) (3, 21) under the chain
SU(18)c~s aSU(3)TISSU(6)~s. Here the pair q must
be in the 3 color representation, selecting the 21 rep-
resentation of SU(6)~s. The latter splits again into
(6, 1) g3 (3, 0) under SU(6) ~g ~SU(3)~SSU(2)g. The
sextet representation has energy E6 ——

3 and the triplet

TABLE I. Energies (in 2 units) for the various (Y, I, J)
members of the q baryon coming from decuplet and octet
representations after Aavor symmetry breaking.

C. Thresholds

The decay of Qqs ~ qs+ Qq2 is governed by a number
of conservation laws. In the pure SU(3)F limit, the Q
quark does not really participate, and a better way to in-
dicate the decay would be q —+ q + q . The first thresh-
old q is characterized by the quantum numbers (fi,Ji)
and the second threshold q by (fq, S2). The quantum
number of the qs multiquark are in the same way (f,S).
The decay is allowed if S can be formed by coupling Ji
and S2. We have also the constraint that the f represen-
tation can be formed with fi and f2. For this study we
need the decompositions

(1,3/2)
(o 1)

(—1, 1/2)
(—2, 0)
(1 1/2)
(—1, 1)
(0, 0)

(—2, 1/2)

8

32 $+ 8 $2
3 3

8 —16b+ Sb
—8
—8+ 36
—8

8+ b+

10@6 = 21@24@15,
10(33 = 24@6,
8(36 = 24@15@6@3,
Sg 3 = 15@6@3.

If we are in the framework of steps (B) or (C) the decay of
dibaryon D(Y;I, J) into two baryons B (Y,I, J ) (qs),
Bb(Yb, Ib, Jb) (Qq ) is allowed if the classical selection
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8 + 16

82
rl3 3—8

-' — -' b + -,'rl (2 —6)3 3
eg(rl, b)
8 16' + 8P2 + 16~(1 P)

16 P + P2 32
~ (1 P)3 3

A3
A1
X
B3
B1,R'
C3
C1

bers of the q baryon as a function(
of the breaking parameters 6 and rl. eq(rl, b) is the lowest eigenva ue

(2/3, 1, 3/2)
(2/3, 1, 1/2)
(2/3, 1, 3/2)

(-1/3, 1/2, 3/2)
(—1/3, 1/2, 1/2)
(-4/3, 0, 3/2)
(—4/3, 0, 1/2)

atisfied.ru es on h percharge, total isospin, and spin are satis

point concerning the decay. e
~ ~

mutes wit an se
'

h L d S separately; the orbital and spin an-
ood uantum numbers. Thus, in ou r

}1 d Sidel the must be conserved during t e ecay.mo e, ey
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relevant t res o sh h ld (those with the lowest energy av
e. Con-1 L = Lb = 0 and appear in the s wave. C
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S . In fact, the true total interaction

J resultingnserves only the total angular momentum J, resu
'
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sidered here bec
of the interactioninteraction. If the part o e imomagnetic in

d ca tensor force, an-h sically responsible for such a decay, en
ni i ', .j

' k compared to the rest of it, thenihilation, etc.j is wea as comp
decay would be strongly disfavored.

kl bound after symmetry breaking. One statecomes wea y oun a
S = 3/2, which was tightly bound in a pure ~ i

d l bound but is still below thresholdbecomes less and ess oun
up to 6 = 0.5.

'h Y= —1 3, I =I1 ig. WF' 2 we examine the states wit
1/2. The S = 5/2 level which was at thres oreshold for h = 0

k bindin . One state with S = 3/2 is
alwa s bound but its binding is greater at small 6 va u

In Fig. 3 we present the states with Y = —4
1

'
binding have characteristicsThe only states isp aying in

'

I = 0 S = 1/2, S = 3/2. In any case the binding is very
nd 1 f 6 ) 0.47. It is remarkable thatn occurs ony or

3 s mmetry is bro-the only interesting states once SU( )z sy
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IV. RESULTS
10

We applied the program presented in Sec. .I to pI to all os-
tes. Although we have made a systematic study

it would be unrealistic to present a e pos
I t e (A) among the nine possible SU(3)~

at thresh-irre s we found only three possibilities below or at r
) = (3 3/2) is bound by —20/3 under

t' n on the other hand, the states (15, / )strong interaction; on e
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h 1 1 tions to decide whether or not they are
bound. None of these states have been studie p
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us recall that the Q quark is taken as the top quark in this
case. We present below only those situations where bind-
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old for 6 = 0, be-S = 5/2, which was precisely at threshol or

0
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sponding curves.
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TABLE III. All possible (Y; I, J) studied in this paper with their corresponding multiplicity N

J
1
0
2
1
0
3
2
1
0

N
1
1
1
2
1
1
2
2
1

J
2
1
0
3
2
1
0
3
2
1
0
2
1
0

N
1
3
2
1
4
6
3
1
3
4
2
1
3
2

10
3

J
3
2
1
0
3
2
1
0

N
1
3
5
3
1
5
8

ken are those coming by continuity from the interesting
candidates mentioned previously in stage (A).

We now proceed a step further and come to the gen-
eral stage (C). In Table III we present all the possible
dibaryons for each (Y; I, J) value with the correspond-
ing multiplicity. Thus for each (g, h) we obtained 100

50
1/2

STATES Y- -4/3

STATES Y- -1/3 I 1/2 40

30

3/2
20

1/2

R

C 10
1/2

30
1/2

(Q

3/2
20

1/2

10

3/2 3/2
0

3/2

-10

0 ~ 0 0.2 0.4 0.8

1/2

1 ~ 0

-10

0 ~ 0 0.2 0 ~ 4 0.6 0.8 1.0

FIG. 2. Same as Fig. 1 for the hypercharge —1/3 and
isospin 1/2 sector.

FIG. 3. Same as Fig. 1 for the hypercharge —4/3 sector.
The solid lines correspond to isospin 1 and the dashed lines
to isospin 0.
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multiquarks and among them 40 are ground states. Re-
alistic values for (rI) are il = 0.6, 0.2, 0.07 for s, c, and
6 quarks, respectively. If we choose all possible phys-
ical values for (il, 6) we find 300 dibaryons. We have
represented the results for each ground state as a two-
parameter surface EE = E(b, ri). The systematic study
was made over the 40 ground states. However, following
the same philosophy as earlier, we present here only a
selected sample of these. Since we are interested mainly
by "bound" multiquarks, it is natural to retain in our
analysis only the diagrams which present domains with
binding. Moreover, only some of these domains are of
interest because, although the variation over our param-
eters represents all possibilities for quarks masses, only
the realistic values for (rl, b) quoted before make sense.
In addition we must impose il g 1 —b in order that the
Q quark is difFerent from the "strange" quark. These
physical constraints eliminate some diagrams (this elim-
inates also all the physical dibaryons already studied in
Ref. [5]). Thus in the following we present only the di-
agrams for which a physically interesting region exists.
We discuss sectors with diferent hypercharge separately.

A. Y=5/3 states

There is no "strange" quark present so that the pa-
rameter 6 is irrelevant. The only parameter of interest
is il. No interesting dibaryons emerge from that study;
the multiplet I = 1/2, J = 2 acquires binding but for
unrealistic high values of the parameter g while the mul-
tiplet I = 1/2, J = 3 remains always at threshold energy
regardless of the nature of the Q quark.

B. Y=2/3 states

The I = 2 states lie very high in energy. The situa-
tion is more favorable for the I = 1 sector but the rare
case where binding occurs concerns unphysical values of
the parameters. The I = 0 states are much more inter-
esting; some of them are represented in Fig. 4. In part
(a) the J = 3 states are displayed; binding always exists
althought it is quite weak. In part (b) we plot the state
J = 2 which exhibits more binding; the most interest-
ing candidate requires low values of 6 and il (uuddsb).
For one state with J = 1 the binding is very impressive
but only with nonphysical values of the parameters. The
situation is identical for the J = 0 state. The part (a)
comes by continuity from the (15, 5/2) representation of
stage (A), while part (b) comes from the corresponding
(3, 3/2).

C. Y=—1/3 states

All states with I = 3/2 lie above threshold. Some
I = 1/2 states are displayed in Fig. 5. In (a) the J = 3
states are represented; the region of binding is very small.
In part (b) we represent one J = 2 state. It is quite
interesting because binding exists everywhere in the (b,
il) plane. In part (c) we show one state with J = 1; the
region where binding occurs is quite extended but the
deepest binding occurs only for unphysical values of the
parameters. For one state with J = 0 the most strongly
bound systems occur for unrealistic values of g and b.
Here again parts (a) and (b) follow by continuity from the
(15,5/2), (3, 3/2) representations of stage (A) . Because

J=3 J=2

—0.2

—0.8

—1.2

0. 1 0
0. 1

0

FIG. 4. Energies relative to threshold (in a/m units) vs symmetry-breaking parameters g and 6 for qq states of hypercharge
2/3 and isospin 0. The total spins J are shown with the corresponding surfaces. Part (a) for J = 3, part (b) for J = 2.
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of sudden changes in the thresholds between g = 0 and
g g 0, part (c) is much more difficult to interpret.

D. Y=—4/3 states

Y=—&/3, Y=—10/3 states

All the states with these quantum numbers lie above
threshold.

All I = j. states are unbound. Some I = 0 states are
displayed in Fig. 6. In part (a) for total spin 2, we show
states which exhibit binding throughout a large domain.
For all physically acceptable choices of (r1, 6) dibaryons
are found below threshold. In part (b) for J = 1, some
physical multiquarks are found to be bound. In part (c)
for J = 0 states, we see a large valley of strong binding.
Fortunately, almost all physical multiquarks lie inside the
valley. It is worthwhile noting that the states appearing
in Fig. 6 are those of Fig. 3 which gave a tiny binding.
In these special cases, reducing the mass of the Q quark
helps a lot in getting favorable binding.

V. CONCLUSION AND OVERVIEW

We have made a somewhat qualitative overview of the
possibly interesting candidates. To have a better quan-
titative grasp of our whole study we present in Table
IV all the dibaryons bound by more than 5 MeV with
the chromomagnetic interaction. The binding energies
B = —AE are calculated in MeV using the energy scale
A = 18 MeV. The states are ordered by decreasing bind-
ing. There exist 32 stable dibaryons of type Qqs within
the CM framework (this must be compared to 300, the
total number of multiquarks studied in this paper). This

J=2

2 4—
0—

0.8—

0.3 0.2
p ) p

0
0.2 p

0

0 2 0 1 0
0

FIG. 5. Energies relative to threshold (in a/m units) vs symmetry-breaking parameters rl and 6 for Qq states of hypercharge
—1/3 and isospin 1/2. The total spins J are shown with the corresponding surfaces. Parts (a),(b), (c) refer to J = 3, 2, 1,
respectively.
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TABLE IV. Dibaryon systems bound within the chromomagnetic model (B ) 5 MeV). The
entries are the isospin I, spin J, and the bind. ing energy B in MeV. We adopt A = 18 MeV and
a(Qq ) = a(q ) = m A [17].

I
0
0
1

2
0
1
2
0
0
0

J
0
0
2
2
2
1
2
0
3
2

sudccc
sudbbb
buudss
cuud8s
suudbb
sudbbb
stludcc
cuds88
cuuddb
suuddb

B (MeV)
76.7
57.1
43.9
38.2
30.8
29.7
27.9
27.8
17.9
13.8

I
0
0
0
0
1
2
0
0
1
2
0
0

J
2
0
0
3
3
3
2
1
2
2

cudsss
budccc
cudbbb
suuddb
buu dec
suuddc
suuddc
8uudcc
buds ss
8udccc

B (MeV)
12.6
12.3
10.8
8.9
8.9
7.7
7.5
6.5
5.6
5.0

J=2

0.2 0
0

0.2 0. 1 p
0

J=O

0.2 0 1 p
0

FIG. 6. Energies relative to threshold (in a/m units) vs symmetry-breaking parameters ri and 6 for Qq states of hypercharge
—4/3 and isospin 0. The total spins J are shown with the corresponding surfaces. Parts (a),(b), (c) refer to J = 2, 1,0,
respectively.
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is only a small fraction, indicating the usefulness of sys-
tematics made in the CM framework to drastically reduce
the number of interesting candidates which should be fur-
ther studied by more refined methods. Moreover, most
of these states are weakly bound so that they probably
would become unstable once a proper dynamical treat-
ment is done. Several remarks are in order. All possible
values of J appear in the table; thus there is not really
a most favorable spin value. For a given flavor quark
content, it is ahuays the states with lowest isospin that
are most deeply bound. This is because in such cases
the number of identical pairs is minimized. In the same
spirit it is always that flavor configuration which mini-
mizes this latter number that is favored by the CM force.
In the Qqs system studied in this paper, there exist most
possibilities of finding diferent pairs than in the q sys-
tem considered in Ref. [5]. As a matter of comparison we
found only seven stable dibaryons in the q case, com-
pared to 32 in the Qqs system.

It has often been argued in the past that the H par-
ticle was the best possible candidate for stability among
the dibaryons, whereas, using only the CM interaction,
we have already confirmed the existence of a better can-
didate with strangeness —3 in the qs sector [16]. If we
extend our analysis to the Qqs system, eight new pos-
sibilities emerge (the most strongly bound candidates of
Table IV). All of these possibilities were, to the best of
our knowledge, unknown before our study and can be
considered as new predictions of promising multiquarks.
However, it will be very hard to produce them experi-
mentally because one has to create three or four units
of heavy flavor (c, s, b). Moreover, the values of bind-
ing given by the CM potential are probably overesti-
mated. Nevertheless, the new proposed candidates such
as cuudss (I = 1/2, J = 2), and suudcc (I = 1/2, J = 2),
as well as the previously studied uudsss (I = 1/2, J = 2)
and uuddss (I = 0, J = 0), even if they are not phys-
ically bound, may well appear as resonances in a spec-
trum based on invariant masses of two baryons already
discovered experimentally. The multiquark sudccc (I =
0, J = 0), because of its large binding, may become a
very interesting challenge in the near future. Recent cal-
culation based on the relativistic coalescence model [18]
show that at the CERN Super Proton Synchrotron (SPS)
and Brookhaven Alternate Gradient Synchrotron (AGS)
energies ultrarelativistic heavy ion collision experiments
should be able to discover H and P multiquarks. To
produce multiquarks containing more than one unit of
charm we can follow the same path but at higher en-
ergy and thus we have to wait for the next generation of
colliders [BNL Relativistic Heavy Ion Collider (RHIC),
CERN Large Hadron Collider (LHC)] (nucleon-nucleon
collisions produce mostly D mesons and baryons with one
unit of charm). A significant production rate is predicted
for certain rnultiheavy baryon (e.g. , 0„,) at these high
energies [19].

Let us note in passing that the quantum numbers fa-
vorable for strong binding seem to be (I = 0, J = 0) for
n qsQ multiquarks or (I = 1/2, J = 2) for nsq2Q mul-
tiquarks. We have no intuitive explanation for such a
phenomenon.

We thank Dr. J. T. Donohue for reading the manu-
script. Laboratoire de Physique Theorique is Unite asso-
ciee au CNRS No. 764.

APPENDIX: COLOR, FLAVOR, AND SPIN
BASIS STATES

We give in this section all the possible color C, , flavor
Fz, and spin SI, functions corresponding to the symmetry
of each allowed Young diagram of the symmetric group
S5.

&i=%
&2 = F2
C3 =F3
t 4 ——F4
&5 = F5

21
F6

IR [2 1] n = 5

([(»)B3]B (45)B)r
([(»)-.3]
([(»)B3]
([(»)r 3]
([(»)r 31

B (45)B)r
3 (45)r)r
~ (45)r)r
1 (45)3)r

IR [5] n = 1

([(»)B3]» (45)B)B
IR [4, 1] n =4

5/2
S. &[(»).3]./. (45»./.

24

Fs
Fg
Fio

([(») 3] ~ (45) )
( (»).3.(45).)-
([(12)r3 3 (45)B)24

([(12)B3]lo(45)3)24
IR [3, 2] n = 5

3/2

S3
S4 j[
SB

(12)13]3/2 ( )1)3/2
(12)13]3/2 (45)o)3/2
(12)13]1/2 (45)1)3/2
( )o ]1/2 ( 5)1)3/2

15
Ri
Fi2
R3
R4
R5

6
F16
R7
Rs
R9
F2o
F2(

([(») 3l (45) )—.
( (12)B3 B (45)B)—5

( (12)-3]B (45)B)—
( (»)B3]B (45)r)13
([(»)r3]B (45)r)13

IR[3, 1 ]n=6

( (»)B3]B (45)B)B
f (12)33]B (45)B )B

( (»)33]1 (45)B)B
f[(»).3]- (45H
([(»)B3]B(45)r)B
([(»)r3]B (45)r).

{[(»)13 3/2 (45)1)1/2

SR ([
SQ ([
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(»)»]1/2 (45)1)1/2
(»)13]1/2 (45)o)1/2
(12)o3]1/2 (45)1)1/2
(»)o3]1/2 (45)o)1/2

How many stable dibaryons will survive after a proper
treatment, including kinetic-energy terms and a more
elaborate quark-quark potential, has been performed?
It is very hard to answer without doing such calcula-
tions, because very subtle mechanisms enter both in the
dibaryon and in the thresholds. Our guess is that there
would remain very few, if any, stable multiquarks in this
sector. But, here too, one needs much more refined cal-
culations before presenting any reliable quantitative con-
clusions. The principal merit of this study is to make a
very drastic selection, among the several hundred possi-
bilities, of ten or twenty most favorable candidates that
could be detected experimentally. This conclusion should
remain valid, even after performing more complete cal-
culations.
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