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ABSTRACT

In this mini-review we try to understand the present sta-
tus of the study of hidden heavy flavor pentaquark states.
Several scenarios, namely, baryon-meson molecules, di-
quark/triquark states, and anomalous triangle singularity
kinematic effects, are reviewed. Some challenging issues
concerning the internal effective degrees of freedom of
these pentaquark candidates and their manifestations in
the production and decay processes are addressed.

INTRODUNTION

In early 1960’s when more and more hadrons were ob-
served in experiments, how to arrange the “particle zoo”
had been a crucial motivation for a better understanding
of the fundamental “strong force”. The success of the
quark model proposed by Gell-Mann [1] and Zweig [2]
in 1964 exposed for the first time that more tiny struc-
tures of so-called “quarks (antiquarks)” held together by
the strong force would account for the patterns of the
particle zoo where a baryon is made of 3 quarks (qqq)
while a meson is made of quark-antiquark (qq).

During the past years high-statistics data from high-ener-
gy experimental facilities such as BaBar, Belle, CLEO-c,
BESIII, and LHCb, have revealed strong evidence for
hadrons beyond the simple quark model scenario. They
either cannot be accommodated into the successful
quark-model predicted spectra, or appear to have un-

usual production or decay modes that are different from
expectations forsimple quark model structures. The most
interesting and exciting ones are those for which the
minimum number of constituent quarks must be more
than either simple qq for a meson or qqq for a baryon.
For instance, the observations of charged heavy-quarkoni-
um-like states Z;(4430), Zp(10610) and Z,(10650) at Belle,
Z¢(3900) at BESIII, Belle and CLEO-c, and Z(4020) at
BESIII, have indicated that we must have missed certain
pieces of information about the non-perturbative strong
interaction dynamics.

In 2015 LHCb reported the observation of possible
heavy pentaquark candidates P;(4380) and P(4450) in
the invariant mass spectrum of JAyp in Ay — J/wpK~ [3].
Their masses (widths) are 4380 8 29 MeV(205 18
86 MeV) and 4449.8 1.7 2.5 MeV (39 5 19 MeV),
respectively, and their preferred JP are either 3/2° and
5/2*, or 3/2* and 5/27, respectively, depending on the
detailed experimental analysis. It revived the study of
pentaquark baryons and immediately initiated many
theoretical efforts to understand their nature.

One of the obvious features that make the heavy pen-
taquarks with hidden flavors interesting is that their
masses are much higher than the conventional 3-quark
N’ baryons and their widths should be much narrower
than the typical widths of N's. For instance, for a pen-
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taquark with hidden charm, its mass should be at least
around My, +My =4 GeV, and in such a mass region, any
N’ state of qqq will become extremely broad and cannot
be identified from background. However, if there are
hidden heavy flavors involved in the quark wavefunction
of such a heavy baryon, the constituent degrees of free-
dom may develop into more stable systems and manifest
themselves as heavy narrow baryons above the conven-
tional gggN"~ states as suggested by Refs. [4,5]. There are
also suggestions on searching for their production signals
in experiment [6,7]. The observation of the P,(4380) and
P.(4450) in the J/yp invariant mass spectrum may shed
light on such a dynamic mechanism.

Interestingly, it shows that there are still many unan-
swered questions following this exciting experimental re-
sult. While there have been efforts towards tackling some
of those questions, it is worth addressing some of those
challenging issues concerning their structures, produc-
tion mechanisms, and decay modes. A review of the pres-
ent status of the study of the heavy pentaquark states will
be presented in Section II. Discussions on some of those
challenging issues will be given in Section III.

PENTAQUARKS IN DIFFERENT SCENARIOS

Different theoretical interpretations for the structures
of these two observed pentaquark candidates have been
proposed in the literature. They are based on different
dynamical scenarios but none of these is indisputable
although they may have captured some specific features
concerning the underlying dynamics.

For a system of five quarks (4 quarks plus one anti-
quark), quark clusterings have been a useful effective de-
grees of freedom for studying the structures and underly-
ing dynamics. There are two categories to which one can
assign the multiquark phenomena. One is that the five
quarks are separated as two color singlet states bound by
a colorless nuclear force. This is similar to the binding of
a proton and a neutron by the nuclear force to form deu-
teron. Such states are labeled as hadronic molecules. The
other one is that the quarks will cluster into either di-
quarks or a colored triquark (q (q'q")) where the effective
interactions between the clusters are still colored. Namely,
the pentaquark will be an overall color-singlet state. There
are also non-resonance interpretations in the literature.
In the following we will discuss these scenarios and try to
gain some insights into such a multiquark system.

(A) Baryon-Meson Molecules

The long-range pion exchange potential plays a crucial
role in the hadronic molecule scenario. It behaves dif-
ferently in different spin-isospin channels which can be
either attractive or repulsive. This has been recognized
long ago e.g. in nucleon-nucleon scatterings. Térnqvist
did the first systematic analysis of the charmed meson
system and predicted the existence of a DD"+c.c. mo-
lecular state with 1 = 0 and J?¢ = 1** due to the attrac-
tive pion exchange potential in this channel [8]. The
X(3872) discovered by the Belle Collaboration [9] has
been the best candidate that fits many aspects of this
prediction[10].

If the long-range pion exchange potential is indeed the
key mechanism driving the formation of hadronic mo-
lecular states, there are certain general features that one
would expect: (I) The interacting hadrons should carry
isospin to allow the pion to be exchanged. For instance,
the D4 system does not allow single pion exchange to
contribute to D4 — D Ae. Coupled channel contribu-
tions may become important here via e.g. D"4; — D"2%.
However, so far, it is not clear how reliable it is to include
such an effect in the potential model calculations. (II)
For two states with spin and isospin, the pion exchange
potential to be attractive or repulsive will depend on the
total spin and total isospin of the system. This will pro-
vide practical criteria for a bound or unbound system
[11,12]. However, it is not clear what is the role played by
the short-distance interactions.

Following the publication of the LHCb data [3], an
immediate theoretical interpretation of P,(4380) and
P-(4450) was given by Ref. [13] where the authors pro-
posed that these two states are molecular states formed
by the D"X¢(2455) and D"X;"(2520) state via the long-
range pion exchange potential. Notice that both P,(4380)
and P.(4450) have fixed isospin 1/2 since they decay into
J/wp. The quantum number favored by Ref. [13] are
(1, IP)=(1/2, 3/27) and (1/2, 5/27) for P,(4380) and
P-(4450), respectively. This assignment of quantum num-
bers is actually different from the favored ones from the
experimental partial wave analysis. Taking into account
the spin-isospin symmetry with the pion exchange po-
tential, the authors of Ref. [13] predicted possible part-
ner states with (1, J?)=(3/2, 1/27) and (3/2, 1/27) for the
DX:(2455) and D"X;"(2520) system, respectively. These
two states will then decay into 4(1232) JAy and 4(1232) #.
due to isospin conservation.
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It is interesting to note some early studies of the relevant
phenomena. In Refs. [4,5] the interactions between
charmed mesons and charmed baryons were investigated
in the framework of a coupled channel unitary approach.
In the system composed of ground state charmed bary-
ons (e.g. Ac, ¢, Zc) and charmed mesons (e.g. D, D', Ds
and Dy’), several dynamically generated narrow meson-
baryon resonances with hidden charm were predicted
with masses above 4 GeV and widths smaller than 100
MeV. One interesting feature arising from this predic-
tion is that the widths of those states appear to be rather
narrow although plenty of phase space is allowed for
their decays. The crucial reason is because only t-channel
vector meson exchange is considered. The propagator is
approximated by g*/MZ, namely, by assuming that the
three-momentum and kinetic energy are much smaller
than the vector meson mass. This assumption can be
applied to weakly bound systems which also means that
significant uncertainties may arise from such a treatment.
Then, it should also be noted that in case of [_)*EC(ZC*)
interaction, long-range pion exchange is allowed and its
impact on the binding condition should be investigated.

In a following work [14] the authors formulated the
coupled-channel calculations for dynamically generat-
ing P,(4380) and P:(4450) via J/yp, D"4¢, D"X;, DX and
D2.". The authors showed that the P.(4450) should be
dominated by the D"3¢(2455) and D"X;"(2520) configu-
ration which is consistent with the results of Ref. [13].
However, for both of the pictures in Refs. [13] and [14],
the production mechanism shown in Ref. [3] does not
support the creation of the isovector states ¢ at leading
order if the initial u and d quark are always combined
together as an isospin-0 diquark in the transitions. It
was then proposed in Ref. [14] that the J/yp rescatter-
ings into DX will give access to the production of the
molecular pentaquark states. However, since the masses
of the pentaquark candidates are quite far away from the
J/yp threshold, the J/yp component in the pentaquark
wavefunction should indeed be negligibly small. Thus,
the configuration of D"'X¢’ generated by the J/yp rescat-
terings will be further suppressed.

In Ref. [15] it was pointed out that the diquark cluster
is not necessarily spatially compact. Therefore, the weak
decay of b — ¢(cs), which is an extremely short-distance
process, will allow the € to pick up an initial light quark
to form a D meson. Alternatively, it can equally be said
that the interacting range of b — ¢(Cs) is much smaller
than the size of the light ud diquark. Then, with an ad-

ditional light quark pair created from the vacuum, a X¢’
can be produced at leading order. Note that the color
suppression factor of such a process (see Fig. 1 (c) of Ref.
[15]) is the same as the process of A, — Jiyd — J/ypK™.
This mechanism will allow leading-order interactions
between D and X¢, which may form the pentaquarks as
suggested by Refs. [13,14].

In Ref. [16], noticing that the mass of the P,(4450) sits
almost exactly at the threshold of X p, the authors dis-
cussed the possibility that the P;(4450) might be a X p
resonance that is enhanced by kinematic effects.

In order to understand the potential model results,
better understandings of various potential models
[13,14,17,18] and the reaction mechanisms [19] are cer-
tain to be needed.

(B) Pentaquark as an Overall Color Singlet State

The quark clustering picture is an alternative prescrip-
tion for the multiquark hadrons beyond the simple
quark model states. The idea of diquark correlations
was proposed by Jaffe in his seminal works [20,21].
A further elaborated picture was presented in Ref. [22]
following the discovery of the light pentaquark @*(1540).
Although the @%(1540) faded away with high-statistics
experiments, the property of diquark clusterings were
broadly explored and initiated many theoretical investi-
gations.

In Ref. [23], it was proposed that the pentaquark can-
didates P;(4380) and P,(4450) contain (cq) and (qq’) di-
quarks associated by an anti-charm €. In order to match
the experimentally favored quantum number 3/2” and
5/2" for Py(4380) and P¢(4450), respectively, the authors
propose that these two states have spin structures of
Pe(3/27)=A1clcqls=1 [q'q"]s=1, L=0} and P(5/2%)=
{clcqls=1 [q" "Ts=0, L=1}, respectively. The spin-1 di-
quarks are classified as the so-called “bad diquarks” by
Jaffe [24] that are less favored to form stable multiquark
hadrons than the “good diquarks” with spin 0 and color
3. This may explain why the P;(4380), if assigned by
JP=3/9-, appears to be broader. For the narrow P,(4450),
the orbital excitation will be compensated by the mass
splitting between the spin-0 and spin-1 diquarks. Thus,
its mass is less than 100 MeV heavier than that of the
P-(4380). But it is not clear why its width should be much
narrower than the latter.

An interesting feature arising from the diquark cluster-
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ings is that there will be certain numbers of states to be
expected based on the spin and flavor symmetry. For in-
stance, it would be curious to ask whether the “good di-
quarks” of {c[cqls=0 [q'q"]s=0, L=0} can form stable pen-
taquark states or not? Whether there exist flavor partners
of these pentaquark states? And what would be their
mass range and decay modes? Some of those questions
are explored in Refs. [25-28] while more can certainly
be raised. One can see that there might have been some
channels for which the experimental data have been ac-
cumulated. Thus, experimental examinations of these
different theoretical scenarios should be highly recom-
mended.

Another possible quark clustering picture was proposed
in Ref. [25] where the author arranges the five quark
system as a color-antitriplet diquark cu and color-triplet
c(ud), which will rapidly separate before hadronization,
namely, before decaying into final-state color-singlet
hadrons. It was argued that the color-rearrangement in
such a situation will bring suppression to the decays and
lead to relatively narrow decay widths. Another analysis
based on the diquark-triquark picture was presented in
Ref. [29]. It should be mentioned that a similar quark
clustering scenario was proposed earlier by Karliner and
Lipkin to understand the light pentaquark @*(1540) [30].

(C) Non-resonance interpretations

The appearance of Py(4380) and P.(4450) close to some
open charm thresholds also raises questions of whether
they could be produced by kinematic effects. During
past years it has been recognized that special kinematic
effects may generate measurable effects near threshold
and some of those near-threshold enhancements may
not be genuine states. Here, the special kinematic effects
refer to the anomalous triangle singularity (ATS) for the
three-point loop functions in the final-state interactions.

The ATS was first noticed by Landau [31] who identified
that there exist several kinds of singularities for a 3-point
loop function and that the location of the singularities in
the complex plane of the external momentum variables
can be determined by a set of Landau equations [31]. In
specific kinematic regions it would allow that all the three
internal lines approach their on-shell conditions simul-
taneously. This situation defines the ATS which corre-
sponds to the leading singularity of the triangle diagram
[32]. It should be noted that the ATS is different from
the branch singularities in which only two of the internal
lines are on-shell. Such singularities are actually lower-

order singularities in comparison with the ATS.

In a series of recent papers [33-38], it has been shown
that the ATS indeed occurs in various processes and
produces visible threshold enhancement effects in the
invariant mass spectrum. Such effects, although created
by non-resonance kinematics, may mix with the near-
threshold pole structures and complicate the threshold
phenomena [35].

For the decay of A, — J/wpK~, the ATS is found to con-
tribute via intermediate processes. In Refs. [15,39], it
was shown that the intermediate process Ap — Xcl/l*(p) —
J/wpK™ would allow the ATS condition to be fulfilled
within the physical region, where the rescattering X¢p —
J/yp is implied. The singular threshold is located almost
exactly at amass of 4.45 GeV which is the same as the
mass of the narrow P;(4450).

It can also occur that the Ap weak decays go through the
transition A, — A¢’ Dsy (D) — J/ypK™ where A¢’ D"
— J/wp is implied. For the exchange of D meson in the
rescattering of 4¢(2595) and Dg), the satisfyingof the ATS
condition will create singular peaks at the threshold mass
of 4,(2595) D, which is also located at the mass of the
P-(4450).

It should be noted with caution that the ATS peaks in
Ap— J/wpK~ suffer from some model-dependent ambi-
guities when higher partial wave couplings are involved.
For the production of the P;(4380) and P;(4450) with
quantum numbers beyond the S wave meson-baryon
couplings, the ATS peak will generally become less pre-
dominant. Another effect that will make the ATS peaks
less significant is the widths of the intermediate states. In
general, with the broad intermediate states the ATS peak
will flat out. However, it was also shown by Ref. [15] that
in some channels, the ATS peak can survive even with
P-wave couplings and relatively broad widths for the
intermediate states. In such a sense, the ATS non-reso-
nance scenario needs further investigations.

MORE INSIGHTS INTO THE PENTAQUARK
CANDIDATES

Although there has been much theoretical work provid-
ing interpretations, as mentioned in the previous section,
there are also essential questions that should be ad-
dressed in a coherent way in future efforts. Some urgent
ones that can be regarded as messages from the observed
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pentaquark candidates P;(4380) and P,(4450) are listed
as follows:

heavy pentaquark production should occur via the

« What are the effective degrees of freedom in the for-
mation of heavy pentaquark states?

For the diquark-diquark or diquark-triquark models
such quark clustering pictures imply the existence
of more pentaquark states (or in general, more mul-
tiquark states) than observed in experiment. It will
be essential to understand how detailed dynamics
would compensate such a situation. Namely, on the
one hand, there are observations that can be possibly
interpreted in the paradigm of quark clusterings, but
on the other hand, the number of observed states are
much less than expected.

For the molecular scenario the hadron interactions
involving the hadronic degrees of freedom will drive
the dynamics for the pentaquark. A major character
of such a scenario is that the hadronic molecules are
expected to be close to the threshold of the constitu-
ent hadrons. Although the long-range pion exchange
potential will play an important role, in many cases
the short-distance interactions are also crucial for the
constituent hadrons to be bound. As a result, it is hard
to predict unambiguously whether hadronic states
can be formed or not, and how many states will be ex-
pected. Such a situation becomes even more unclear
if kinematic effects such as the ATS mechanism are
involved. We will come back to this later.

« How are the heavy pentaquarks produced and what
should be their dominant decay channels?

The pentaquark production mechanisms in
Ay — J/wpK~ should be better understood. As men-
tioned earlier, if the initial ud diquark behaves as
a compact spectator in the decay and conserves its
isospin 0 to form either A" or A" after the weak decay
of the b quark, the interpretation of the pentaquarks
based on the D¢ interactions will encounter serious
problems since the ¥ states can only be created as
subleading contributions. The proposed mechanism
in Ref. [15] will allow the production of X¢’ at leading
order given that the diquark cluster is not necessarily

spatially compact.

Another interesting production mechanism was pro-
posed in Ref. [40] where the authors argue that the

QCD factorizable diagram where the cC is created
from the intrinsic charm of the A, while the weak de-
cay will be via the charmless b decay, b — u(0s). Such
a process can be a complementary production source
given that the intrinsic charm component is sizeable
in the A, wavefunction. But even so, it 1s nontrivial
to describe that the highly virtual cc in the A, wave-
function becomes (almost) on-shell in the final state
pentaquark. Momentum transfers from the decayed
b quark to the cC pair are thus needed and it is not
necessary to have the gluon exchanges absorbed into
the final state wavefunction.

The decay of the pentaquarks in different scenarios
may shed some light on their internal effective de-
grees of freedom. The narrow width of P;(4450) can
be reasonably understood if it is a molecular state of
D™’ since its decays into charmonium and light
meson will be via the loop transitions [4,14,41]. In
contrast, in the scenario of color-singlet pentaquarks,
there is no obvious suppression mechanism for the
color rearrangement into the final charmonium and
light meson. With the large phase space, one would
expect that, for instance, the J/yp should be the domi-
nant decay channel for the P states. Therefore, it
should be useful to investigate the relative branching
fractions of these pentaquark decays into open charm
and charmonium states in various models.

With the SU(8) flavor symmetry and even hidden bb
considered, the existence of the flavor partners of
the P: states were explored in different scenarios. In
Refs. [27,42-44] the heavy pentaquark partners with
strangeness have been surveyed and some possible de-
cay channels were suggested for future experimental
searches.

Where to look for more pentaquark states?

There must be other processes which allow the pro-
duction of pentaquark states and can be accessed by
experimental measurement. Apart from A, — JiypK~,
other production processes were also proposed for
these hidden charm pentaquarks in A5—J/ypr~ [45],
J/y photoproduction [46-48], zN scattering [49-51],
and heavy ion collisions [52,53]. Proposals for the
search for their partners with strangeness S = -1, such
as Ay — JiwK°A [54], Ap— J/ymA [55], and Zp — J/wKA
[56], or with double charm [57], can also be found in
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the literature. The natural thinking is that if the pen-
taquark states do exist, there cannot be just one or two
to be observed. One would expect more states with ei-
ther different spin-parity, or different flavor contents.
Otherwise, there must be an extreme reason behind
the observed signals.

« How to distinguish a genuine pentaquark state from
possible kinematic effects?

An interesting and natural feature arising from the
ATS mechanism is that the threshold peaks are pre-
dictable and they only appear when the kinematic
conditions are satisfied. As a consequence, it implies
that such threshold peaks will disappear in processes
where the ATS conditions are not fulfilled. Such a fea-
ture will provide criteria for judging whether a thresh-
old enhancement is created by the ATS kinematic ef-
fects or by a genuine pole via final state interactions.

In Refs. [46] it was proposed to probe the structure of
the pentaquarks in J/ photoproduction off a nucleon.
Similar ideas were also presented in Refs. [47,48]. It
can be seen that the J/ photoproduction does not al-
low the same ATS kinematics, as in A, — JAypK_, to be
recognized. Meanwhile, it can benefit from the experi-
mental fact that the pentaquark states are coupled to
J/yp. Note that S-channel pentaquark productions via
high energy photon-nucleon scatterings can imple-
ment the vector meson dominance (VMD) model for
photon-J/y coupling. Then the strong production
and decay of the pentaquarks can be consistently con-
nected to their couplings to J/wp. Apart from a cut-off
parameter introduced for the strong interaction form
factor, the photoproduction of the S-channel pen-
taquarks will be constrained.

Recently, the new data for A9—J/ypz~ from LHCb
[568] indicate further signals for the exotic pentaquark
states in the J/yp invariant mass spectrum. Interest-
ingly, it was shown by Ref. [59] that the ATS mecha-
nism is still located within the physical region and the
ATS peak can still account for the enhancement in
the spectrum. This makes the J/y photoproduction
extremely useful for the purpose of searching for and
confirming the heavy pentaquark exotics.

« Can lattice QCD provide a better insight into the pen-
taquark dynamics?

There are calculations of the pentaquark states in the
framework of QCD sum rules [60-62] where differ-
ent interpolating currents were applied. In principle,
different forms of the interpolating currents can be
related by the color rearrangement and Fierz trans-
formation. Their overlap with the state will reflect, to
some extent, the nature of its internal structure. How-
ever, it should be realized that since the interpolating
currents are local ones, it may still occur that two dif-
ferent types of currents both have large overlaps with
the state. In Refs. [60] and [61] the authors both find
that P.(4380) and P.(4450) favor J°=3/2~ and 5/2°, re-
spectively. But the constructed interpolating currents
are based on different scenarios for the pentaquarks,
namely anti-meson-baryon interaction current [60]
and diquark-diquark-antiquark current [61,62]. This
may indicate that these pentaquark states are quite
deeply bound in the molecular scenario and cannot
be distinguished from the diquark-diquark-antiquark
picture.

Taking into account other uncertainty sources, our ul-
timate knowledge about the multiquark systems may
have to rely on the lattice QCD (LQCD) simulations.
Although it is still not possible to carry out a full cal-
culation of the hadron spectra, physicists are making
significant progresses and the development is moving
forward quickly. Recent LQCD calculations for the
exotic candidates X(3872) and Z¢(3900) have revealed
interesting insights into their exotic nature.

In summary, in this short review we hope to have cap-
tured the present main progress in the study of the topic
heavy pentaquark candidates P,(4380) and P.(4450).
Several scenarios were reviewed, including the meson-
baryon molecules, overall color-singlet five quark states,
and kinematic effects due to the ATS mechanism [64]. As
emphasized earlier, the experimental progress has pro-
vided important information that has prompted theo-
retical developments. Obviously, there have been many
novel insights into the underlying dynamics based on
different prescriptions and phenomenological models.
We anticipate that more data from those high energy ex-
perimental facilities, such as LHCb, Belle-1I, PANDA etc,
would bring more interesting and surprising results. And
we expect that systematic theoretical studies in the end
would lead to an overall coherent picture for our under-
standing of exotic hadron dynamics.
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