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The classical quenched quark models with three constitpearks provide a good description for the
baryon spatial ground states, but fail to reproduce thetsmoof baryon excited states. More and
more evidences suggest that unquenchiigttts with multi-quark dynamics are necessary ingredients
to solve the problem. Several new hyperon resonances egpgatently could fit in the picture of
penta-quark states. Based on this picture, some new hypeoited states were predicted to exist;
meanwhile with extension from strangeness to charm andtjyesuper-heavy narrol* and A*
resonances with hidden charm or beauty were predicted todom@ 4.3 and 11 GeV, respectively.
Recently, two of suciN* with hidden charm might have been observed by the LHCb enxysari.
More of those states are expected to be observed in neaefdthis opens a new window in order
to study hadronic dynamics for the multi-quark states.
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1. Introduction

Correct description of hadron spectrum is one of the mosbitapt ways to understand the
strong interaction governed by the Quantum chromodynaf@€¢zD) theory. For example, through
the discovery of ground baryons, such as proton, neuik¢it232),%, = and so on, the classical
three-quark constituent model was built to describe variground baryons, and successfully pre-
dicted Q(sss) baryon which was confirmed by later experiments with thesyasund 1670 MeV.

In classical constituent quark models, hadrons are astebdaryon composed of three-quarks and
meson composed of a quark-antiquark pair. In these mod®langd states are that each quark is in
S-wave of orbital angular momentura € 0) and radial ground state & 0), while excited states are
those with at least one of the quantum numberd_of) is larger than 0. Thus the lowest excitation
of baryon is [, n) = (1, 0), and their total spin and parity ad€ = %_.

As we known, even for the lowest excited hadron states, spprtdicted from the classical quark
models are not consistent with observations of variousraxjgats. For example, the lowest negative
parity baryons ar®&*(1535) andA*(1405) withJP = %_ [1]. However, the three-quark model expects
thatN*(1535) withjuudy is lighter thanA* with |uds). Furthermore, it also expedt’ (1535) is lighter
than N*(1440) which is considered as the first radially state of eaiclwith JP = %+. In fact, the
N*(1535) is heavier than both*(1405) andN*(1440). This is the long-standing mass order reverse
problem for the three lowest excited baryons. For the mesotos the same thing is happening. The
scalar nonet witll® = 0* including fy(500),x(600— 800),a0(980) andfy(980), is the lowest excited
meson nonetl( = 1). However,fy(500), (600 — 800) andfy(980) are all lighter than their vector
partnerw(782),K*(892) ands(1020). In the classicajq model, fp(500) anob8(980) are regarded as
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(uu+dd)/ V2 and (u-dd)/ V2, while fo(980) issSstate. As a result, this model cannot explain why
the mass 098(980) degenerates witfy(980) rather than close tf(500). In summary, the classical
constituent quark models cannot explain the excited hasjpentrum. It implies new components are
needed to describe hadrons. In this paper, we focus on tlgerbaector.

In the QCD field, the multi-quark component is not forbiddecduse)q can be dragged out from
the glue field, in other words, the number of constituent kgiar a hadron is not a constant. This new
picture can be named as unquenched quark model, while akigicture is quenched quark model.
Since multi-quark states are available in unguenched quadels, the baryon spectrum predicted
from these models will be very flerent from that of three-quark models. Furthermore, thagid-m
guark components can naturally explain the problem in thestiguark model. For instance, the mass
order reverse problem is easily solved by including largetgguark components in these baryon
states [2-5].

The N*(1535), A*(1405) andN*(1440) could have largkiduss >, judsqg > (g=u or d) and
luduqq > components, respectively. The higher masN@fL535) is due to its largescomponent. On
the other hand, thes component also results in its large couplings to the chanmith strangeness,
such asNz, Ni’, N¢ and KA. By recent experimental data and theoretical analySégl535) is
indeed strongly coupled with these channels [1, 2,6-10].

There are two possible ways to form penta-quark statesrambland uncolored quark cluster.
The former one considers the five-quark as diquark-diqaatiguark [11-13], where diquark isyg
colored cluster; The latter one corresponds to the mespmehaoupled channel model [14-28], for
example A*(1405) can be dynamically generated from the coupled chauimi&N andXx [29].

Both penta-quark and three-quark components may existryobs. ForJP = %_ baryons, to
excite a constituent quark to be-IL state and to drag out a lighjfj pair from gluon field, the two
different mechanisms may be comparable. Therefore, thesensaay® possibly the mixtures of the
three-quark and five-quark components. Then a very natuestipn is that how the three-quark and
five-quark configurations transfer to each other ? The birgatmodel is proposed in Refs. [13, 30],
here, the mass of the lowe@t is predicted by including thess « sssqq transition [31, 32].

It needs the development from both theory and experimeassaunderstand dynamics of penta-
quark states. New experimental data provide us some cl@esdnd the existing baryon spectrum. As
shown in the Particle Group Data (PDG) [1], the informatidrinygperon resonances is very limited.
Recent measurements from CLAS [34], LEPS [33] and Crystd#l (88) [35, 36] provide us new
information of* andA* resonances. Correspondingly, analyses of these dateQ[3M]3ring great
changes to understand the propertiexdfand A* resonances. All of these new changes strongly
support unquenched models. In order to go beyond the largeimibetween three-quark and five-
quark configurations, we used the hidden charm and beautpauents to replace the lighyg pair
in the five-quark configurations [41, 42]. As a result, seveesv N* and A* resonances with hidden
charm and beauty are predicted with super-heavy mass armnardth. The super-heavy mass is
due to thecc andbb components and the narrow width stems from the small cogibletweercc or
bb and light quark pairs. If confirmed, they definitely have pegtiark component dominance. Very
recently, two of suchiN* with hidden charm might have been observed by the LHCb exet in
the decay ofAp [43]. More of those states are expected to be observed infukse. This opens a
new window for study hadronic dynamics for the multi-quatdtes.

2. Baryon Spectroscopy with Strangeness

In Ref. [1], it lists a lot of ground and excited statesXyf=2 andQ baryons. However, the well
established states (marked as four-star) only includ& siates, twcE states and on@ state. Espe-
cially, only ground state of2 is confirmed a9(1670)§+. There is no experimental determination on
the quantum numbers for the excit@dresonances. Moreover, th#€ of the lowest excited baryon



states in the quenched quark model [ 1 However, for these hyperon resonances, there are no
established states with thi. On experimental side, the measurement about these hypeson
nances are all from old experiments of 197A985 before 2005. Fortunately, there are some new
observations abol* andA* from CLAS [34], LEPS [33] and CB group [35]. On theoreticallesj

the unquenched quark model provides totallffedient predictions of /2~ strangeness baryons. For
example, the classical quenched quark models [44] predéictif2- X* andZE* to be around 1650
MeV and 1760 MeV, respectively, while the unquenched quaokiets expect them to be around
1400 MeV and 1550 MeV [3, 4, 13], or 1450 MeV and 1620 MeV [45;-4&spectively. It is nec-
essary to check the predictions of hyperon resonances $e tlmequenched quark models with new
data. On the other hand, each baryon might be a mixture ohtleequark and five-quark compo-
nents. However, the mechanism of transition between themotisvell established. Here based on
the Nambu-Jona-Lasinio (NJL) model and instanton-induoggtaction, the mass of the loweQt

is predicted by including not only five-quark and three-¢udamiltonian, but also the potential of
transition between them [31, 32].

2.1 New analyses of CB data

In Ref. [35], diferential cross sections and hyperon polarizationskitn, 7°A, andz°° pro-
ductions inK™ p interactions at eighK~™ momenta between 514 and 750 MeWere measured. It
provides us a nice place to explore the pure iso$pia 1 and 0 channels, respectively. The new
combined fit of these new data with old data [38]Knn — =~ A for the pure £1 is performed, and
for the pure £0 channel [39], the new data &f p — 7920 are also analyzed [40]. The fit results
of both two channels provide a new spectrunEbandA*, which are consistent with predictions of
unquenched models.

In the ¥* sector, new analyses offtkrential cross sections anx polarizations for reactions
Kn - 7~A andK~p — 7°A are performed by thefkective Lagrangian method, and the experi-
mental data are from the new high-statistic CB experimebit§Bd the early report of Ref. [38], with
the c.m. energy 15501676 MeV. In the analyses, the t-chanKgélexchange and the u-channel pro-
ton exchange amplitudes are fundamental backgrounds. €heestablished four-staZ(1189)%+,
E*(1385)§+, E*(1670)§_, andE*(1775)§_ contributions are always included in analyses. If only in-
cluding above u,t-channel backgrounds and s-channel aeses, the? of the best fit arrives 1680
for total 348 data points. Then each additional resonanc® ef 37, 3, 37 and 3" reduces thg?
to 899, 572, 943, and 1392, respectively. Obviously, tha tator a%+ >* resonance with the mass
of 1635 MeV. It is worthy to mention that polarizations dataypthe most important role, which
discriminates the&*(1620)5 ™ from £*(1635)% . This analysis shows thar (1660 " is definitely
needed, while&£*(1620);~ is not needed at all. With the further investigation, &~ with much
lower mass, as suggested by the penta-quark model [3], thenexcluded. Therefore, there is no
evidence for thee* with %_ suggested by the quenched quark model around 1600 MeV. in add
tion, otherX resonances may exi&; (1610 7, £*(1542) ~ andx*(1840)% ", wherez*(15428 is
consistent with the structure 8{1560) orx(1580) resonance in PDG [1].

In the A* sector, the reactiok~p — 7°%0, as a pure40 process, can be used to identify the
structures ofA resonances. As we known, the polarization data is crucigbmant for analyses.
However, with diferent data selection cuts and reconstructions, two groupeisame collaboration,
i.e., the UCLA group [35] and the VA group [36], gave the verffelent polarization data. By fitting
both two sets of the data, it is interesting to find that drngp‘our—starA(lGQO)%’_ only increases
¥?/N 0.004, while dropping any other resonance will increg&8N more than 0.5. In other words,
the four—starA(lGQO)g_ is not needed here, while at the same energy rand&80 MeV, there
is strong evidence for the existence of a nAV\(%+) resonance. As a result, the contribution of

the newA*(16808 " replaces the contribution from the four-sta1690% , which has important
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implications for hyperon spectroscopy and its underlyiggainics. The Ioweszl\(?) is predicted

around 1900 MeV in theqg constituent quark model [44], which is consistent \/\M(1890)(%+)
in the PDG. However, the penta-quark dynamics predicts biecdoelow 1700 MeV [3], which is
corresponding to this new*(1680)§+ here.

By these two new investigations and previous researchest dbeX* [49] and a new narrow
A(%_) [50], new spectra oE* and A* are well consistent with those expected in unquenched quark

models. NeV\E(1380)%_ and2(1635)%+ are corresponding to the predictions of unquenched quark
models,Z(%_) around 1360 - 1420 MeV anﬁ({) around 1630 & 1656 MeV [48], respectively.
On the other hand, there is no evidencem%_) around 1650 MeV as suggested in the quenched
model. ForA* resonances, the nexhﬁ(1680)§+ is consistent with the prediction of Ref. [3], and
the newA*(1670% ~ [50] with narrow width instead of the broati(1690)% ~ obviously cannot be
explained by quenched quark models. However, together tiighnewX* (15428, A*(1520) ,

N*(1520%~ and either£(1620) orZ(1690), there is a nicé ~ baryon nonet with large penta-quark
configuration.

It needs a completed low-lying hyperon spectrum to estalttie multi-quark picture for hadronic
excited states, especially the and3™ =*, £ andQ*.

2.2 Lowest Q" within sss & sssqq

Five quark components play an important role in the exoitatf baryons. Then the excited
baryon may have bothigq and qqqqqg configurations, which involves the transition between two
components. The key point of transition is a corrggtcreation mechanism. However, in various
models, such ad3Py model [51], string-breaking models [52] and others [53E ¢ pair creation
operator only provides th#P state ofga. However, for low-lying five-quark configurations with the
negative parity, five quarks are all supposed to be relative®. As a result, thesgg pair creation
operators cannot contribute to the transition betwgggnandqqqqg.

In recent Refs. [31, 32], the instanton-induced interactiad NJL model are applied for neyg
pair creation mechanisms, which createpairs with quantum number®, and1Sy. By applying
these three-quark and five-quark transitions in the Hamdto matrix, the lowest excitation @b
is predicted to be around 1780 MeV Wi§1_. This result is very dferent from the prediction of
the quenched model where the lowest is around 2020 MeV with relative angular momentum
L=1 [54]. On the other hand, if only with the five-quark compaiseithe lowesQ* was predicted
around 1820 MeV [55], and Ref. [56] also predicts the low@stas KE bound state around 1805
MeV. It shows that predicted mass of the low€xst in multi-quarks models is much lighter than
that in the three-quark model. It is very important to measuhere is the loweg2* experimentally.
Recently, the Beijing Spectrometer II (BESII) collabooatiat Beijing Electron Positron Collider
(BEPC) has already observed tf€2S) — QQ which branch ratio is (5 2) x 107° [57]. Now with
the upgraded BEPC, billions gf(2S) events will be collected by BESIII Collaboration [58], whi
is two orders of magnitude higher than what BESII experinggnt The mass upper limitation 6f
in ¥(2S) —» Q*Q is 2030 MeV. So it is a nice place to examine the existence efXhresonance
predicted by the multi-quark models. Once the lowsts fixed, there will be a clear picture for the
internal structure of2* states.

3. From Strangenessto Charm and Beauty

As discussed in the introduction, a lot of well establisiNdand A* resonances were proposed
to have large five-quark configurations, suchNg#$1535) andA*(1405). However, they are hard to
distinguish from classical quark model states due to tunadgredients and possible large mixing of

various configurations in these models. In the PDG-2010, [i58}ill claimed: “The cleam\(2595)
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spectrum has in fact been taken to settle the decades-lengsgion about the nature of thé1405)

— true 3-quark state or mekeN threshold &ect — unambiguously in favor of the first interpretation.”
Obviously, this claim is not justified, and it disappearshe tater versions of PDG [1]. Actually,
Refs. [60, 61] propose th&gc(2595)%_ to beDN molecule.

Now the question is that how to distinguish three-quark areduark components in baryons. It
is too dfficult for us to answer. Then making the question simpler: wligthe five-quark dominant
state? Here we only consider sugtgygzqq state whereg and g have the same flavor. Thus the
exotic penta-quark states are not discussed here, sic¢hnath jududs >, since up to now there is no
convincing evidence for these states. A possible altermablution of the five-quark dominant state is
to extend lighter quark-antiquark pair to the heavy quartigaark pair. If baryons have the hea@@

(Q = ¢, b) components, their masses will be definitely much largen thrdinary baryons composed
of three light quarks, while with much narrower width. THere, such super-heavy baryons are
definitely beyond the naivgqq consistent quark model. For example, if tNé(1535) is theKX
quasi-bound state owdl][us]s diquark-diquark-antiquark state with hidden strangeneasurally,

by replacingss ascc or bb, some super-heaviN* states with hidden charm or beauty may exist.
The possible states would be strongly coupled With, and BX, channels, respectively. In the first
subsection, the predictions of sudhandA* resonances will be introduced. In the second subsection,
we will introduce the study for searching baryons with hiddbarm and beauty in experiments.

3.1 Predictions of N* and A* resonances with hidden charm and beauty

By following the Valencia approach [62], the model is extetidrom three flavors to four.
Refs. [41, 42] consider two sets of coupled-channels, pssaadar-baryonKB) channels including
DX, DA¢, andncN, and vector-baryonB) channels includind*X., D*A¢, and J/yN. With the
interaction by exchanging vector meson, the T matriBf— PB andVB — VB can be obtained
by solving the coupled channels Bethe-Salpeter (BS) enjuaiithe Valencia approach of Ref. [62].
Then we look for poles of T matrix in the complex plane$. If pole appears in the first Riemann
sheet below threshold, it is considered as bound stateseafét located in the second Riemann
sheet and above the threshold of some channels is identffiesanance. This meson-baryon model
dynamically generates six narrow states frBB and VB channel: twoN* resonances and foux™
resonances . As shown in Tab. |, all of these resonances #tamnaiss around 4.3 GeV and width
smaller than 100 MeV. In the Valencia approach, a statictlimassumed, which leads to neglect
spin and momentum dependent terms of interaction poteit@refore, only S-wave is considered
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here. The predicted resonances frB channels havadP = {, while from VB channels there are

degenerated® = %_ and%_ states. Obviously, these super-he&yandA* resonances have nearly
pureqggcc (q = u, d or s) components because they are all the qusi-bound statediahanmed
meson-charmed baryon with negligible couplings to chaawéhout charm.

Table I. Pole position Zgr), mass M and total width (including the contribution from the light meson and
baryon channel). The units are in MeV.

PB channel VB channel
(1,9) Zr M r Zr M r
(1/2,0) 4265-116i 4261 569 4415-95i 4412 473
(0,-1) 4210-29i 4209 324 4547- 2.8 4368 280
4398-8.0i 4394 433 4368-6.4i 4544 366

To investigate the possible influence of the assumption térg@l in the Valencia approach,
Ref. [63] uses EBAC approach to re-check the prediction oydres with hidden charm. In this

[~



approach, the T matrix is solved from the three dimensiocettsring equation which is a reasonable
assumption of BS equation. It is benefit to avoid any assumpif the potential. In this calculation,
the N* and A* resonances are also dynamically generated although the andswidth of them are
slightly different. _

On the other hand, by replaciragg with bb and using the same meson-baryon model with the
Valencia approach, twdl* resonances and fow* resonances with hidden beauty are dynamically
generated. Because of the super hdavpairs involved in these states, masses of them are all around
11 GeV while widths are only a few MeV. In order to study the entainties from the assumption
of the Valencia approach, especially from the momentum rldgrat terms, we also used the conven-
tional Schroedinger Equation approach to confirmMhevith hidden beauty fronBX, channel [64].
The consistent result gives some justifications of the snvallencia approach. Before the new ob-
servations from the LHCb collaboration [43], there weretafqredictions about these super-heavy
states with hidden charm in other meson-baryon models, withses abové/y p threshold [65—-67]
in consistent with ours [41,42] although there were somkeggredictions with masses belody p
threshold [68, 69]. It shows that a series of super-hddiyand A* resonances possibly exist around
4.3 GeV and 11 GeV in various meson-baryon scattering models

Unlike above meson-baryon scattering models, penta-cgtati&lqgggq > can be also consisted
of the colored quark clustegd[qq] and g. Ref. [70] uses three kinds of schematic interactions, the
chromomagnetic interaction, the flavor-spin dependemtrawtion and the instanton-induced inter-
action, to study low-lying energy spectra of penta-quarstesy withuudcc andudscc. The lowest
penta-quark state has an S-wave orbital angular momentdndag: 1/2-, and they are predicted
with the mass around 4.1 GeV. The interesting thing is thed tiee predicted lowest massudscc
state is heavier than theidcc state, because the strange quark is heavier. However, \as ghdab. I,
the lowestA* resonance is lighter than tié&' resonance in the meson-baryon scattering model, be-
cause the threshold @sA¢ is below that ofDX;. The diferent mass order betwed and A*
resonances can be used to distinguish these two modelsfittine.

3.2 Experiment evidence and further exploration

Just after this conference, two sta@g4380) andP; (4450) were claimed to be observed in the
invariant mass spectrum dfyp in decay reactiom, — J/yvK~p by the LHCb Collaboration [43].
Their masses are found to be 438@ + 29 MeV and 44438 + 1.7 + 2.5 MeV, with corresponding
widths of 205+ 18 + 86 MeV and 39+ 5 + 19 MeV, respectively. The preferrelf assignments are
of opposite parity, with one state having séirand the otheé. This new observation attracts a lot of
theoretical interests. There are threffatient views of these two new states: a) anticharmed meson-
charmed baryon molecular states [71-74], b) penta-quatksstonsisted of colored quark cluster
based on diquark models [75, 76], and c) a kinematiffalcefor one peak [77, 78].

Obviously, the first and the second views which both regagdehwo states as multi-quark states
are consistent with previous Refs. [41,42, 63, 65-67] arfd [R@], respectively. In order to confirm
whether they are genuine physical states or just some kineahaffects, as well as to find other
such heavy states withftierent quantum numbers, new experiments for these supey-Bestes is
essential. In Refs. [41, 42,63, 79, 80], the reactipn— J/y¢p has already been proposed to look for
the N* within hidden charm, possibly at the CEBAF-12 GeV-upgradédferson Lab. Furthermore,
other possible channelgp andYp are also suggested for searching the Minesonance within
hidden charm and beauty, respectively. For the PANAR, with a pbeam of 15 GeV one can get
the total energy opp collisions arrive 5470 MeV, which allows one to obselNeresonances ipX
production up to a maddly ~ 4538 MeV or aA* resonances ilYA production up to a madsly ~
4355 MeV. It will be a nice place to examine the existence gfestheavyN* and A* resonances.
These super-healy* andA* could also be looked for fromap andK p experiments [81,82], possibly
at JPARC. And for theN* with hidden beauty, the available center-of-mass eneigjiggp andep



collisions are larger than 13 and 14 GeV, respectively, aogscsections opp — ppY ande™ p —
€ pT should be larger than 0.1 nb. It is expected new facilitidgtiore, such as proposed electron-ion
collider [13].

4. Conclusions

With more and more hadronic states being discovered in arpats, the quenched quark mod-
els become too simple to explain properties of various hajrahile the unquenched quark models
are needed. Comparing to the orbital angular momentumadiait mechanism in quenched quark
models, thegq dragged out from gluon field is another important excitatisechanism for hadrons.
It is necessary to go beyond the classical quenched quarklnmbd number of quarks in a hadron
is not a constant. New experimental observations of the @Bmplay a key role for understanding
hyperon spectrum, and new analyses of these data strongbhpdwnquenched quark model. Fur-
thermore, based on the transition betwessiand sssqg with the NJL model and instanton-induced
interaction, the new lowe$R* is predicted around 1780 MeV. It is expected to be observatan
¥ (2S) — QQ* reaction at BESIII. In order to avoid the mixture between-fiumrk and three-quark
components in baryons, we extend several models of bargotigtcases with hidden charm and
beauty. Then a series of super-hedViyyand A* resonances with hidden charm and beauty are pre-
dicted to be around 4.3 GeV and 11 GeV from various unquengbark models. Fortunately, two of
suchN* with hidden charm might have been observed by the LHCb exyt. Confirmation from
other experiments and some further detailed investigatainthese newN* resonances from both
experimental and theoretical sides are essential to bpijgbata-quark dynamics. Searching for their
partners of various quantum numbers are also crucial foenstahd the multi-quark dynamics.
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