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Abstract: The progress in the study of multi-quark states for the last half century is reviewed schemati-

cally and the dibaryon sector is emphasized. By employing the dynamical symmetry, the Gursey-Radicati
mass formula, which can give a reasonable description of the masses of multi-quark states, can be repro-

duced. The dibaryons in bag model and realistic quark model, quark delocalization color screening model,

are discussed.
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1 Introduction

Gell-Mann and Zweig proposed the quark model
to explain the hadron (including both meson and
baryon) structure independently in 1964, Dyson
and Xuong extended quark model to 4, 5, 6 valence
quark states in the same yearm, they simplified the
Gursey-Radicati mass formula’® for multi-quark states
to SU(2) case and fixed the parameters of the spin,
isospin dependent terms by fitting the deuteron and
the NA resonance Di2 masses, then predicted the
masses of Dg3 and D3p to be around 2.35 GeV. Ka-
mae et al.! studied the proton polarization from the
y-deuteron disintegration in 1977—1979 and found a
resonance structure around 2.35 GeV which might be
related to the D3 predicted by Dyson and Xuong. Ka-
mae, Swart, Wong calculated the mass of Dg3 with
meson exchange and bag models!®. Unfortunately
these results had not been able to attract the atten-
tion of the hadron physics community those years.
Jaffel® predicted a deep bound dibaryon of SU(3) fla-
vor singlet with strangeness S = —2 in 1977, which
is called H particle and had inspired tremendous ef-
forts both theoretical calculations and experimental
searches for many years. In 1980’s and 1990’s there
were many dibaryons “discovered” and disappeared.
These null results depressed the study of multi-quark
states!”. Moscow-Tuebingen-Warsaw-Uppsala collab-
oration claimed a 2.06 GeV 0~ d’ dibaryon in 1993
which was doubted within the hadron physics commu-
nity and the same group found it is a spurious sig-
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nal due to a flaw of their detector’®. Nakano et al.’
claimed found a S = 1 penta-quark state ©" around
1540 MeV in 2003. This claim had been “confirmed”
by many experimental groups including the high pre-
cision-Jlab measurement. It is almost the first experi-
mentally confirmed multi-quark state. But the further
measurement of the same group at Jlab had not been
able to confirm the signal[lo].

The real multi-quark era started by the heavy fla-
vor meson spectroscopy. CLEO-c, BaBar, Belle, BE-
SIII, CDF, D0, LHCb, CMS collaborations have ob-
served heavy meson states called X,Y, Z states which
can not be accommodated within the simple QQ config-
uration since 2003. Especially Belle, BESIII, and other
collaborations have observed the charged Z. and Zy,
which certainly can not be the pure c¢ and bb states
since 2008. LHCb observed two J/{p resonances in
2015 which might be penta-quark states. WASA-at-
COSY collaboration observed a resonance structure in
the pd — pdnmt reaction in 2009 and confirmed it is
an IJY = 03T dibaryon resonance, which is called d*
in a theoretical model prediction[m, through the po-
larized pd scattering in 20141, Up to now all of the
4, 5, 6 quark states are observed. A new horizon of
multi-quark world appeared.

There is already a comprehensive review article
of 4,5 quark states!*®
dibaryon story in this paper.

, we will mainly discuss the

2 The discovery of d* dibaryon

As had been mentioned in the introduction, di-
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baryon had been discovered and disappeared many
times, the predecessor of WASA-at-COSY collabora-
tion (Moscow-Tuebingen-Warsaw-Uppsala collabora-
tion) had misidentified one dibaryon d” in 1990’s. They
continue the dibaryon exploration by a better acceler-
ator and detector with the experience of misidentifica-
tion of a dibaryon. Thanks to the new high quality ex-
perimental facility, the WASA almost 47t detector and
COSY with high quality beam and target, they can do
an exclusive and kinematical over-complete measure-
ments which made them discover a dibaryon which al-
ready rejected by “precise” NN scattering data, in fact
still not precise enough and so missed a weak dibaryon
signal buried in the few order higher than usual NN
scattering processes.

In 2009 they found that their measured pd —
pdr®n® reaction cross section can not be explained
by the usual t-channel meson exchange AA excitation
process and must include an s-channel resonance in
the AA system. In 2011 with more accurate data they
fixed this is an J¥ = 3T di — A resonance with mass
M ~ 2.37 GeV and width I' ~ 70 MeV. The subse-
quent measurements fixed it is an isospin 0 instead of
1 state. In 2014 they measured the analyzing power of
polarized np scattering, the resulting data show a reso-
nance structure in the energy dependence-right. at the
previous observed resonance energy region. . Combin-
ing their new data and the SAID phase shift data base
they co-performed a new partial wave analysis which
produces a pole in the NN.>D3 —3G3 coupled channel
at 2380+ 10— i(40£5) MeV'!. Confirmed there is

really an inevitable dibaryon a2,

3 Dynamical
model

symmetry in quark

Before QCD, there was no dynamics for hadron
structure. One can only guess the hadron structure
with symmetry consideration. Based on SU(3) flavor
symmetry, Gell-Mann and Zweig guessed the hadron
structure and proposed the quark model™. In the
study of nuclear spectroscopy, Arima and Ichello devel-
oped the dynamical symmetry[M] which is a powerful
method for spectroscopy not only for nuclei consist of
strong interacting nucleons but also for hadrons consist
of strong interacting quarks.

Dynamical symmetry assumed that the Hamilto-
nian of a strong interacting system is a function of the
Casimir operators C or invariants (in our group rep-
resentation theory it is the class operators C' [15]) of a
sub-group chain of the dynamic symmetry group G,

H=F(C,C1,Ca,..) (1)

here C, C1, Cs,... are the Casimir or class operators of
the dynamic symmetric group chain GO G1 D G2 D ....
The group G in general does not commute with the
Hamiltonian H, but the Casimir or class operators do
commute with H, i.e., one has

[H,G]|#0, [H,C]=0, [H,C;]=0, i=1,2,... (2)

The eigen-energy can be directly obtained from the
eigenvalues of these operators,

E=F(v, mi, ma,...), (3)

here v, m1, ma,... are the eigenvalues of the Casimir
or class operators C, Cy, Ch,....

For u, d, s light quark systems, one has the dy-
namical symmetry group chain,

SUT™ (18n) 5 SU*(3) x (SUf % (6n) > SUY (3) x
(SU°"(2n) S SU° (2) x U (n))) (4)

here o represents spin, x means orbital, n means how
many orbital states occupied by quark. Quark is spin
1/2 fermion, their wave function must be antisymmet-
ric and so must be the totally antisymmetric represen-
tation of the permutation group Sy, f is the quark
number of the studied quark system. Color confine-
ment restricts any physical states must be the color sin-
glet representation of SU(3) group and so any phys-
ical state the quark number f must be of module 3
with additional (qq)™, here m is the qg pair number
(we neglect the gluon excitation forming quark-gluon
hybrid).

For baryon ground state, ¢ configuration with all
quarks occupy the lowest s-wave state is a good ap-
proximation (the nucleon spin structure discovered by
EMC group[w] calls for ¢°>qq components in baryon
ground state[17]). So the orbital wave function is
the totally symmetric one [3] of U®(1) and we have
the following dynamical group chain for ground state
baryons,

SUT(18) 5 SU(3) x (SUf”((S) S (SUf (3)
58U (2) x UY(1)) x SU(2) U””(l)) . (5)
The Hamiltonian of baryon states is

H=F(Csys@y, Csvur2), Cuvy, Csue2),) - (6)

The eigenvalues (the masses of ground state baryons)
can be parameterized as,

M = My+ACgys (3)+BJ(J+1)+C'Y+DI(I+1) . (7)

To take into account the hidden strange hadrons, the
Cyv (1) term should be replaced by the sum of the
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number of strange quarks and antiquarks. The mass
formula reads,

M = Mo+ACsys3)+BJ(J+1)+C Y [Si|+DI(I+1) .

(8)
Because the irreducible representation (IR) of color
SU€(3) is fixed by color singlet to be totally antisym-
metric [1%], the orbital U*(1) IR is fixed to be totally
symmetric [3] due to the pure s-wave restriction of
ground state. Based on the inner product rule of per-
mutation group Ss the IR of the color-flavor SUY7 (6)
must be totally symmetric [3], and the IR of spin
SU?(2) and flavor SUY(3) is restricted to be [3] x [3]
and [21]x[21]. This is the well known ground decuplet
and octet baryons. We did an overall fit and the re-
sults are shown in Table 1. The fixed parameters are
(all of these parameters are in unit MeV),

Mo =816.92,
C =217.70,

A=09.1698, B =46.683,
D=34.613 . )

Table 1 The mass of ground decuplet and octet
baryons (MeV).

[f] Y I J Z‘Sz| MtheA Mexp.
N 21 1 1/2  1/2 0 933 939
A 21] O 0 1/2 1 1116 1116
Y [21] o0 1 1/2 1 1185 1193
= 21 -1 1/2  1/2 2 1334 1318
A [3 1 3/2 3/2 0 1232 1232
2 B 0 1 3/2 1 1380 1383
= B -1 1/2  3/2 2 1529 1533
Q [B -2 o0 3/2 3 1677 1672

The ground state baryon masses fitting is better
than any dynamical quark model calculation. More
interesting is the same set of parameters (except the
parameter Mo, which is readjusted for ¢° system) can
be used to predict the dibaryon masses as shown in Ta-
ble 2. One obtained the almost right IJ =01 deuteron,
IJ = 10 di-neutron and IJ = 12 NA threshold reso-
nances (denoted as D12 following the Dyson-Xuong no-
tation). The prediction of the Doz dibaryon of Dyson
and Xuong is also reproduced and it had been dis-
covered by WASA-at-COSY collaboration. The Ds3g
state is predicted to be a little higher than the spin-
isospin partner Do3 but still lower than the AA thresh-
old. Various model calculations support this predic-
tion. However the recent measurement by WASA-
at-COSY had not found any resonance in the pp —
pprt T process™®. One possibility is that the
D3p production cross section in this process is very
small. Other questions should be mentioned here are:
(1) The deuteron, di-neutron and NA threshold reso-
nances are all loosely shallow bound hadron molecular
states, the six quarks should separate to two baryons

Table 2 The mass of dibaryons (MeV). My =1672.9 MeV.

[.ﬂ Y 1 J Z‘Sz| Mthe. Mepr

Doy [33] 2 0 1 0 1876 1876

Do [42] 2 1 0 0 1889 18787

Doz [33] 2 0o 3 0 2348 2357
D3y [6] 2 3 0 0 2418 ?

Dia  [42] 2 1 2 0 2169 2148
NQ  [321] -1 1/2 2 3 2609 ?
Q0 6 -4 0 0 6 2998 ?
H 2221 0 0 0 2 2074 ?

and occupy two different quark orbital states and so
the orbital symmetry is not only totally symmetric one
[6] but also mixed symmetry [42]. On the other hand
the quark model results of the Dgs, the d*, is a tightly
deep bound six quark state with only totally orbital
symmetry [6] almost. This difference has not been
taking into account in this dibaryon mass estimate; (2)
The mass prediction of the high strangeness dibaryon
is different from the dynamical quark model ones (see
below), where they are‘all shallow bound or even un-
bound ones. On the other hand the mass of single
baryon with strangeness is fitted quite well and con-
sistent with-dynamical quark model results; (3) The
heavy quark baryons have not been discussed because
we suppose the flavor symmetry, if extended to SU(4)
is badly broken.

We also use the mass formula to do an estimate of
the pentaquark masses, the results are shown in Table
3. We assume the pentaquark © mass is really 1540
MeV and use it to fix the My. For the pentaquark

Table 3 The mass of pentaquarks (MeV). My, + M,, is

the threshold of the corresponding state. My =
1172.25 MeV.

f1 Y I J SO1Sil Mine. My+Mp,
Nre [33] 1 1/2 1/2 0 1348 1078
Nr [42] 1 3/2 1/2 0 1489 1078
NK [33] 2 o 1/2 1 1540 1434
Nn [33] 1 1/2 1/2 0 1348 1488
Ny B33 1 12 1/2 2 1784 1897
AK 33 1 1/2 1/2 2 1784 1611
LK 33 1 1/2 1/2 2 1784 1688
K [42] 1 3/2 1/2 2 1924 1688
EK 420 0o o0 1/2 3 2012 1813
Np [33] 1 1/2 1/2 0 1348 1709
Np [42] 1 3/2 3/2 0 1629 1709
NK* [33] 2 o 1/2 1 1540 1831
NK* [42] 2 112 1 1680 1831
Nw [33 1 1/2 1/2 0 1348 1722
Nw [33 1 1/2 3/2 0 1488 1722
Né [33] 1 1/2 1/2 2 1784 1959
Né [33] 1 1/2 3/2 2 1924 1959
AK* [33] 1 1/2 1/2 2 1784 2008
AK* [33] 1 1/2 3/2 2 1924 2008
SK* [33] 1 1/2 1/2 2 1784 2085
SK* [42] 1 3/2 3/2 2 2064 2085
EK* [33] 0 1 12 3 2045 2210
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states with quantum numbers consistent with ground
state baryon plus pseudoscalar meson, the theoreti-
cal masses are generally higher than the correspond-
ing thresholds (M + M,,), because the pseudoscalar
(the Goldston boson) mass is anomalous small due to
chiral symmetry spontaneous breaking. Therefore it
is unlikely to have such pentaquark states (N7» might
be an exception). For the states consisted of ground
state baryon and vector meson, pentaquark resonances
are possible, for example, N¢, which is consistent with
the dynamical quark model calculation. N¢ might be
a resonance a little higher than NKK threshold. The
heavy flavor XY Z states and the recent claimed pJ/{
pentaquark are out of SU(3) flavor light quark system.

4 Bag model for multi-quark system
Bag model is the first dynamical quark model ™",
It has been used to calculate not only single hadron
properties but also glueballs, 4, 5, 6 quark states by
MIT group. The most influenced both positive and
negative one is the flavor singlet called H particle, a
uuddss isospin I = 0 strangeness S = —2 JP =07 six
quark state, it is predicted to have mass M ~ 2150
MeV and so it is stable against the strong decay[G}.
This prediction had caused an enthusiastic attitude in
the study of multi-quark states. Theoretically there
were a lot of follow up calculations, for example, de
Swart et al.?®) had used the bag model to calculate the
4-quark, 3n quark sates (n=1, 2; 3, 4, 5, 6). In 2010—
2012, HAL QCD collaboration still use lattice QCD to
calculate this H particle and obtained a shallow bound
state but with unphysical quark mass2Y. J-PARK still

(22], However, Shana-

plans to search for the H particle
han et al.?% pointed out that after extrapolating to
the physical light quark mass the H particle mass is
higher than the AA threshold. Since 1977 there were
an experimental stampede to search for multi-quark
states, about 40 dibaryons had been claimed by differ-
ent groups. However no one passed the more precise
measurements. This caused a pessimistic attitude for
the multi-quark search.

Bag model with a confined boundary condition
for qg meson and o> baryon is physical but this kind
confined boundary condition for multi-quark system
is unphysical because the multi-quark system can be
separated into colorless sub-systems. This unphysi-
cal boundary condition introduced unphysical bound
multi-quark state. Bag model is also an unrealistic
hadron interaction model, for example, it even does
not accommodate the deuteron state, say nothing of
the vast NN scattering data. A theoretical model for

6-quark system should be able to describe the deuteron

properties, the NN and N-hyperon, scattering data
well. A model for 4-quark should be able to describe
the meson-meson interaction and a model for 5-quark
system should be able to describe meson-baryon inter-
action.

5 Realistic quark model for baryon in-
teraction

To have a convincible prediction of multi-quark
state, one must have a model which describes the
known hadron interactions well. There are two such
kind quark models. One is the chiral quark model, the
other is the quark delocalization color screening model
(QDCSM).

The chiral quark model includes both one gluon
exchange and one boson exchange in addition to the
color confinement interaction*". The QDCSM intro-
duces quark delocalization (which is similar to the elec-
tron delocalization in molecular structure) and color
screening (which had been proved to be the effective
description of hidden color channel coupling effect) to
replace the 0 meson exchange and in this way explain-
ing the similarity between molecular force and nuclear
force which is a well known fact but never explained
by any NN interaction model. These quark models
both describe the deuteron properties and the vast
NN, N-hyperon scattering data as well as the one bo-
son exchange model and the chiral perturbation model
achieved with less than 10 model parameters in com-
parison with the about 30 parameters of the meson
exchange models (see Table 4 and Fig.1).

Table 4 The properties of deuteron.

ChQM QDCSM1 QDCSM2
B/MeV 2.0 1.94 2.01
Vr2/fm 1.96 1.93 1.94
Pp/% 4.86 5.25 5.25

150 100
(a) (b)
—— ChQM
100R  ---- QDCSMI
N QDCSM2
| +  8PO7

Phase shift/(°)
3

<
T

_50 " L " L " L i _50 i L i 1 L 1 i
0 50 100 150 200 0 50 100 150 200

E.\/MeV

Fig. 1 The phase shifts of NN S-wave scattering.
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These quark models confirmed that the d*
dibaryon is really an inevitable one. Moreover it pre-
dicted that this d* dibaryon can be detected through
the Feshbach NN resonance scattering, the d* will
couple to NN 3Dz partial wave. All of these predic-
tions had been confirmed by WASA-at-COSY mea-
surements including the predicted resonance scatter-
ing width ~ 10 MeV!'?'. The total width of d* is ~ 80
MeV, much smaller than the naive estimate of the off
shell reduction of the width of A. Brodsky et al.?
attributed this small width of d* to the about 80 per-
cent hidden color channel component. In fact there is
misunderstanding of hidden color channel in their anal-
ysis. The transformation between symmetry bases and
cluster bases, the later include both colorless and hid-
den color channels, are based on the assumption that
there are at least two linear independent quark orbital
states. Then the 6-quark states have orbital symmetry
not only totally symmetry [6] but also [42] and so on.
The cluster bases, after quark antisymmetrizaton, are
in general not orthogonal if the single quark orbits are
not orthogonal. In the limit that all 6 quarks occupy
the same one orbital state as assumed by S. Brodsky
and others, the d* quantum number IJ” = 03" chan-
nel only have one state. The colorless AA and the hid-
den color AA channels are exactly the same one. In
this case to say there is 80 percent hidden color channel
component within d* is meaningless. The real physics
might be due to the fact that d* is a very compact
(rms radius ~ 1 fm) 6-quark state which is quite differ-
ent from the di — A structure which is consistent with
the partial width measurements of WASA-at-COSY
collaboration™ .

These quark models predicted only few promising
dibaryon states, such as the d* partner IJF = 307
di— A, the threshold resonance IJF = 12% NA, the
strangeness —3 NQ with IJ" = (1/2)27", the week
bound or unbound H particle and IJF = 00T di — Q.
The NA mass is predicted to be ~ 2170 MeV, exactly
at the threshold. The NN scattering had found a ! Ds
partial wave resonance at (2148-159) MeV2® . How-
ever it is assumed to be a threshold cusp rather than
a dibaryon resonance in the pessimistic period. The
N( is predicted to be a bound state with binding en-
ergy ~ 10 MeV ™. The recent lattice QCD calculation
obtained a similar N(2 dibaryon state with a binding
energy ~ 18.9 MeV?® The H particle is still a hot
topic both for theoretical calculation and experimen-
tal search. The di — () is an interesting one, because
the Q is strong interaction stable baryon and if di —2
is bound it will be a strong interaction stable dibaryon
similar to H particle. Quark model predict these two
are shallow bound ones or unbound.

Quark model might include right physics as ev-
idenced by the predictions on Q and d*. However
quark model predictions are model parameters depen-
dent and even there are vast NN interaction data one
still can not fix the model parameters and so leave
large uncertainties for the model predictions. If the
deuteron were not observed quark model can not an-
swer if deuteron is stable or not. Therefore only if the
multi-quark state is bound for a reasonable model pa-
rameters set one can say there might be a multi-quark
state existed. For strange sector the situation is even
worse because the hyperon interaction data are very
scarce. Moreover, the multi-quark internal structure
might be totally different from the deuteron like molec-
ular one but a genuine compact multi-quark one and
the interaction is due to non-perturbative multi-gluon
exchange and so the present quark model approach
may be irrelevant to the real multi-quark system.

6 Lattice QCD for multi-quark states

Lattice QCD in principle is a nonperturbative ap-
proach to calculate hadron properties directly from
QCD. It successfully reproduces the ground state
hadron masses. There are few lattice QCD collabo-
rations started the ambitious program to study nu-
clear physics directly from QCD and impressive results
obtained. But the state of the art lattice QCD (lat-
tice size a = 0.085 fm, lattice volume V = (8.2 fm)?,
(mn, mi =146, 525 MeV)) only obtained a qualitative
NN interaction and still can not derive the deuteron

29 The calculated multi-quark states, such

(30]

properties
as H particle, NQ and di — Q are still not reliable
it is also not able to pin down the structure of the
observed tetra-quark state Z.(3900) the same as the

phenomenological model approach[31].

7 Summary

Multi-quark, a theoretical inspiration since the
proposal of quark model in 1964, a new real world
of hadron physics now discovered. The journey of the
search for this new world is full of pitfalls and disap-
pointments. Many theorists and experimentalists got
into this journey due to exciting dawn and got off this
journey due to lengthy dark night. Only brave and pa-
tient ones insist this scientific long march to the Holy
Grail of hadron physics.

Life is always one hard journey after one. There
are so many problems remain in multi-quark world.
Even in the well known single hadron domain, there
are puzzles remain, for example, why the Roper res-
onance N*(1440) mass is lower than the odd par-
ity N*(1520) and N*(1535), the same puzzle repeats
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in A(1600) and A(1620); why the A(1405) mass is
smaller than the N(1535); how to understand the split-
ting between N(1/2)7, N(3/2)7; A(1/2), A(3/2)7;
A(1/2)7, A(3/2)” in a unified manner; are the miss-
ing hadron resonance really missing? Are the hadrons
really within the qq and g pure valence configuration?
Dyson-Schwinger Equation approach already shows
that the low energy effective quark and gluon masses
are around 350 MeV and 450 MeV, why the gluon de-
gree of freedom does not appear in hadron states up
to now? Getting into multi-quark domain, the X, Y, Z
states are experimentally well established, but are they
meson molecule or genuine tetra-quark states, or mix-
ing with hybrid even glueball? The LHCDb discovery of
pJ /¥ needs an independent experimental check, is it
possible to get pJ/1 correlation data from relativistic
heavy ion collision data and in turn to get p-J/1{ inter-
action information? The WASA-at-COSY had made
quite comprehensive measurements of dibaryon d*, al-
most all possible decay channels had been measured,
but the community still waits for the independent ex-
perimental check, the polarized yd — d* — pn result
which in fact had been done in 1977-79 but the results
are not conclusive enoughm.

Hidden color components are the radical new de-
gree of freedom of multi-quark systems. It should exist
in any multi-quark system even in nuclear structure.
However, up to now there is no any experimental ob-
served evidence of this degree of freedom. Theoret-
ically the hidden color component is just an SU(3)
color group coupling scheme; it can be completely re-
placed by the colorless hadron components[32]. A pos-
sible flaw is that the wave function of a color singlet
multi-quark state is not gauge invariant because we
don’t have the color gauge link to connect the differ-
ent color subsystems. In fact even the single hadron
wave function is also not gauge invariant because we
have not added the color gauge link to connect the
individual quark and/or anti-quark yet. There are al-
ready papers to use the hidden color components to
describe physical effects but these applications should
be understood with caution®> 33/,

A journey in the multi-quark world has been
started, there might be new pitfalls and disappoint-
ments, but the final results will certainly a new excit-
ing.
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