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Abstract: We present a brief review of some topical issues in the study of QCD exotic hadrons. A special
emphasis of the threshold phenomena is made by taking into account the implementation of the effective
field theory study of hadronic molecules and the impact arising from the triangle singularity. A combined
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1 Introduction

The constituent quark effective degrees of free-
dom have made great successes in organizing hadron
spectra where mesons are composed of quark-anti-
quark and baryons are made of three quarks[lﬂ].
While the strong interactions between quarks or quark-
antiquark are accounted for by quantum chromody-
namics (QCD), our knowledge of its property in the
non-perturbative regime is still far from satisfactory.
Hadrons, as a composite system of quarks and gluons,
can only become stable if they are in a color singlet.
This constraint makes it interesting to perceive the
existence of more sophisticated objects, the so-called
"QCD exotics", beyond the ¢q or qqq scenario, such
as tetraquark (qqqq ), pentaquark (ggqqq ), or hadron-
ic molecule state (hadron as a bound state of two or
more color-singlet hadrons). Undoubtedly, confirma-
tion of such exotic hadrons will deepen our insights in-
to the nature of QCD.

During the past years significant progresses have
been achieved in experiment. With the availabilities of
high statistic data from BaBar, Belle, CLEO-c, BE-
SIII, and LHCDb, strong evidences for exotic hadrons
have been observed (see Ref. [3] for a recent review).
An apparent feature is that these exotic candidates
cannot be easily accommodated into the successful
quark-model predicted spectra. Moreover, some states
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have unexpected production or decay modes which are
not favored by conventional quark structures. Among
these candidates the early case X(3872) sits at the
threshold of D*D with JP¢ =1%* and has a mass
much lower than the quark-model predicted x.;(2P)
state. The most direct evidence came from the obser-
vations of charged heavy-quarkonium-like states, such
as Z.(4430), Z,(10610) and Z,(10650) at Belle,
Z.(3900) at BESIII, Belle and CLEO-c, and Z.(4020)
at BESIII. These are indications for the missing pieces
of information about the non-perturbative strong in-
teraction dynamics, and have initiated a lot of efforts
on both experiment and theory. Strong evidence for
exotic baryons came from the LHCb experiment. In
2015two possible heavy pentaquark candidates
P.(4380) and P,(4450), which decayed into J/v¢p,
were reported in A, — J/wpK*M by LHCb. While
their quantum numbers could not be well determined
based on the LHC Run-1 data, the updated analysis
including the Run-2 datal’) suggests more refined
structures in the invariant mass spectrum of J/¢p. It
shows that these narrow enhancements are closely cor-
related with the nearby S-wave thresholds.

To be brief with the present experimental status
for the search for exotic hadrons, it is quite surprising
and interesting to note the following observations in
the heavy quarkonium mass regions: (i) All the states
below open thresholds are consistent with the descrip-
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tion of potential quark models. (ii) Most of these exot-
ic candidates, which obviously deviate from the poten-
tial model predictions, have masses located in the vi-
cinity of some S-wave open thresholds and their
couplings turn out to be sizeable. (iii) The signals for
charged heavy quarkonium states are indications for
novel phenomena beyond the conventional quark mod-
el, but their structures are not indisputably estab-
lished. In fact, it seems we are facing an apparent
paradox: On the one hand, the multiquark structures
would lead to much more profound hadron spectra
and a tremendously large number of states are to be
discovered by experiment. On the other hand, the
number of states that so far we have observed is much
smaller than one would have expected.

There are some general questions to be answered:
What causes the deviations of mass locations above
the open thresholds? If there is a mechanism account-
ing for such phenomena, should it also have impact on
the states below threshold? Then, it would be natural
to question, what kind of observables could be sensit-
ive to such a mechanism? And what are the reliable
criteria accounting for their structures?

In this brief review we do not intend to give an-
swers to these questions since an indisputable answer
certainly is unavailable. However, to think about
these questions may help work out a way towards the
correct answer. Keeping these in mind, we would try
to understand some more detailed and direct ques-
tions as an initiative for the field.

As follows, we first give a brief review of the
main ingredients of the quark model, and then intro-
duce the open threshold phenomena which will add
important dynamics to the effective degrees of free-
dom inside hadrons. We will point out the special role
played by the triangle singularity mechanism as a
novel phenomena of threshold effects. Then, a discus-
sion on the X(3872) and Z.(3900) is presented as a
demonstration of the connection between threshold
phenomena and exotic candidates. Brief remarks and
prospects will be given in the last Section.

2 Constituent quark potential with the
presence of open thresholds

The nonrelativsitic potential quark model has dif-
ferent versions while the essential ingredients are the
samelSl. With the explicit introduction of the constitu-
ent quark degrees of freedom the conventional quark
model has described a broad scope of phenomena of
hadron spectroscopy. One bold assumption made for
the quark potential is the one-gluon exchange (OGE)
type of interaction. This is because the OGE interac-

tion is literally a short-ranged interaction and it is un-
expected to contribute dominantly to physics of non-
perturbative scale. In those conventional quark mod-
els the OGE potential introduces the short-ranged
Coulomb-type spin-independent interaction, spin-spin
interaction, and spin-orbital interactions in
ation with the long-ranged confinement potential. A
typical quark model Hamiltonian!” is written as

associ-

HIY) = (Ho+ DV = E9), ()
(Za¥)
with
/ p2
. 2 2\1/2 G
i, :Z(pi +m?) _Z <mz+ 5 ) (2
and
Vi, = H o+ HY 4 H + Hy )
where

con: 3 O[S(T'i')
== [Yeory) - ) o,

. a,(ry;) [ 87
H”YP = - mﬂr;j {3Si . 81(53("“)“1‘
1 |3s;-rs;-r
L e
(%] 1]
HSO =H0  {P (4)

In the above equation the spin-orbital coupling poten-
tial is decomposed into the c.m. contribution and
Thomas processing contribution:

s(rij) | 1 1 i j
His]o:_Oé{fJ)[+} {sgﬂ LF,F,,
Tij m; m; m; m;
o) _ _ iaHifj"“t S S
g Ty Or | m? 2 '
3 @ J

()

The color operator F;-F; contributes as an overall
factor and has averaged values (F;- F;) = —4/3 in a
meson and —2/3 in a baryon.

The above nonrelativistic Hamiltonian has been
applied to both heavy and light quark system in the
literature and the success was impressive. However,
the connection between the quark model phenomeno-
logy and QCD is not obvious at all. Notice that the
Hamiltonian in the heavy quark limit will be domin-
ated by the static part Hfj‘?“f while the spin-spin and
spin-orbital parts will be suppressed. In this sense the
potential quark model in the heavy quark limit may
provide a mimic of the soft QCD behavior where the
heavy quark (antiquark) potentials can be investig-
ated by Lattice QCD simulations!® (see Ref. [9] for a
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review).

In Ref. [8] an quenched lattice QCD calculation
of the static potentials between heavy quarks and
quark-antiquark suggests that the potential in a color-
singlet indeed behaves a similar way as the spin-inde-
pendent Hf;.’“f in the quark model (see the left panel
of Fig. 1). Namely, the short-ranged interaction mani-
fests the Coulomb-type behavior from the OGE and
the long-ranged part has a linear 7 dependencel®.
This actually justifies the eigenstates extracted from

the quark model approaches. However, one should
keep in mind that these solutions can only be treated
as the leading order approximation since they are or-
thogonal states which literally would not decay at all.
Consider that physical states with sufficiently large
masses have widths and can decay strongly into chan-
nels involving light quarks, namely, the open chan-
nels. It means that the open channel contributions are
important dynamics which however are missing in the
potential quark model prescription for hadrons.

r/fm
0.3 0.6 0.9 1.2 1.5
4 T 0.2 — T T T T 0.6
(a) _ MMyt (®) .
C T A
o L Er e I 0.1+ o3
o et e
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g 0y 7 ==
| .- L0t - 1-03
= Or e g - L
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ol & Quenched 03l ) 1209
—— k=0.1575
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rir, rla
Fig. 1  (color online) Static potential simulated by a quenched® (a) and unquenched (b) LQcp!l,

The inclusion of the open-channel contributions
will lead to breakdown of the conventional quark
model potential. This was recently demonstrated by
the unquenched LQCD simulation. In Ref. [10] it was
shown that the open threshold actually levels off the
linear potential at large distance (see the right panel
of Fig. 1). Meanwhile, a color octet part becomes col-
or singlet and then follows the linear confinement be-
havior. Phenomenologically, it means that the cre-
ation of a pair of light ¢¢g from the nontrivial vacu-
um of QCD via the string breaking has provided a
color screening for the existing heavy quark and anti-
quark to form two color-singlet objects (say a char-
monium state decaying into two charmed mesons).

The impact of open channel contributions on the
hadron spectroscopy® has been broadly investigated
in the literaturel'! %) In particular, the S-wave open
thresholds seem to be crucial for understanding those
observed near-threshold exotic hadron candidates. In
fact, there have been a lot of studies proposing that
some of those states should be hadronic molecules
which are bound states of the constituent hadrons to
which they have the strongest coupling. A recent re-
view of the hadronic molecule scenario can be found
in Ref. [16]. One can also find reviews on other pos-

sible scenarios for exotic hadrons in Refs. [17-20]. As
emphasized earlier that this brief review is advocated
to identifying a minimum set of dynamical ingredi-
ents needed for accommodating the present experi-
mental observations, thus, we only focus on a number
of novel features arising from these threshold phenom-
ena.

2.1 Weinberg's compositeness theorem

Weinberg's compositeness theorem provides a
handle for understanding the structure of near-
threshold states on the basis of effective field theory
(EFT)[QI_Q?’]. The basic idea is to introduce the long-
ranged interaction potential between two S-wave
hadrons which can bind these two constituent had-
rons and lead to the near-threshold pole structure in
the scattering amplitude below the open threshold. A
necessary condition or a unique feature is that these
should be stable (narrow)
particles. Thus, they can propagate almost on shell
such that the hadronic degrees of freedom can be re-
cognized in the wavefunction. Quantum mechanically

constituent hadrons

the hadronic degrees of freedom correspond to the
long-distance part of the wavefunction where the con-
stituents are well separated. Such a scale is described

(DMore sophisticated approaches including multi-channel effects and keeping unitarity are often called coupled-channel method.
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by the size parameter R ~ 1/ =1/y/2uEy, where
= My My [(Mp, +mMy,) is the reduced mass and
Ey = —(E —my, —my,) is the binding
Quantity v is the typical momentum scale for the
constituent hadrons. It is possible that such a long-
range structure can mix with the so-called "element-

energy.

ary" part of the wavefunction in a physical state? due
to the strong coupling between the constituent had-
rons and the elementary state. A detailed review of
the definition for hadronic molecules can be found in
Ref. [16]. Here we only outline the essence of an EFT
prescription of such exotic objects.

By extending the QM Hamiltonian H in Eq. (1)
to include the couplings of orthogonal states to the
continuum, one can express the eigen equation as

moy = (Vg Jw=Ew.  ©

where H,. corresponds to the quark model Hamiltoni-
an and HY, =my,, +my, + |k|>/2u denotes the sum
of the mass and kinetic energy of the two-hadron sys-
tem®; V' denotes the transition operator for the QM
eigenstate coupling to the two-body continuum state;
and |U) denotes the wavefunction of the physical
state which is a linear superposition of the short-range
QM eigenstates (|Uy)) and the long-range component
of the two-hadron system (|h,hs)):

(N
9= (won ) g

In the above equation A is the probability amp-
litude of the short-distance component in the physical
state, and A? is the corresponding probability. By de-
fining (U,|V|h hy) = f(k) and substituting the above
wavefunction into Eq. (6), one has

3= (i o) 0
B (hyhal V| 00)
AT oy ey RO

where FE, (containing the constituent masses) is the
eigenvalue of the short-ranged wavefunction that can
be related to the eigenvalue of e.g. Eq. (1). Although
the above two relations can both help determine the
structure of the physical state, technically speaking,
Eq. (8) would depend on our knowledge about the
short-range Hamiltonian since Hamiltonians such as
Eq. (1) are always model-dependent. In contrast, Eq.

(9) can be better controlled with the essence of the
EFT[QI_QQ].

By defining the binding energy F=—(E—
Mp, — mhz) and with the normalization condition, one
arrives at

e dk (O|VIhha)? |
W = {1 e m |k|2/<2m12} - 1(’1 O

where the integral is the energy derivative of the self
energy represented by the two-point loop function and
A% is actually the wavefunction renormalization con-
stant of the hadron. Note that the integral takes a
positive value for the case of a bound state. It thus
leads to a probability interpretation for A?> as the
probability for finding the physical state in an ele-
mentary state (driven by the short-ranged dynamics)
or (1 —)\?) as the probability for finding the physical
state in a hadronic molecular state (driven by the long-
ranged dynamics).

For near-threshold phenomena the probability in-
terpretation becomes problematic if the poles appear
on the second Riemann sheet (the nearest unphysical
sheet to the physical one). In such a case the two-
point loop function is no longer a real number and the
states cannot be normalized. However, the observ-
ables can still be affected strongly by the poles when
they are close enough to the physical one. Namely, the
hadronic degrees of freedom inside such states can
manifest themselves in observables. Thus, the concept
of hadronic molecules is actually extended. Further
discussions on the extension of the Weinberg's com-
positeness theorem can be found in the literature (see
Ref. [16] and references therein).

The integral in Eq. (10) converges if the coupling
function (Uy|V]h hy) is a constant, i.e. gy = (Uy|V]|
hihs). This occurs as a good approximation for an S-
wave coupling with the interaction range much smal-
ler than the size of the molecular state. Using /5 to
denote the inverse of the interaction range, it means
B >> ~. One then arrives at

o)) o

Or, it can be expressed as

1=X |1+

27y
2

Yo = /\293

(12, (12)

where g, is the coupling for the physical state to the

(DSuch states are often interpreted as the eigen-states of the potential quark model Hamiltonian which only involves the quark-quark or

quark-antiquark interactions, namely, the short-ranged interactions.

@Here, we keep the mass term in order to connect the nonrelativistic quark model eigenvalues to the eigenvalues of H..
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continuum. This relation allows the definition of the
wavefunction renormalization constant Z = A2, It
relates the physical coupling constant to the probabil-
ity of finding the state in an elementary configuration
(Z) or in a molecular one (1 — Z).

The presence of the nearby open threshold con-
tinuum naturally requires a renormalization of the
bare state propagator via the self-energy corrections.
The physical propagator can then be extracted by the
two-state scattering amplitude. It will redefine the
wavefunction renormalization constant 7 at the
physical pole in the NREFTE242], To save space, we
refer readers to Ref. [16] for details about the extrac-
tion of physical observables in the NREFT frame-
work.

2.2 Novel threshold phenomena caused by the tri-
angle singularity mechanism

Apart from the possible existence of hadronic mo-
lecular states near threshold, there could also be lead-
ing contributions arising from the open-threshold phe-
nomena even without a genuine pole
present. This is referred to the kinematic "triangle sin-
gularity"(TS) mechanism which has initiated a lot of
discussions in the study of hadron spectroscopy.

The TS mechanism is also known as "Landau sin-
gularity"[%]
triangle loop amplitude caused by a special on-shell
kinematic condition. In Fig. 2 a typical triangle dia-
gram is shown with kinematic variables. Without los-
ing generality the corresponding scalar loop function
can be expressed by the Feynman parametrization:

structure

which describes a singular property of a

1(517 527 53)
1 J‘ d*q,
i(2m)t ) (qf —m3 +i€)(g3 —m3 +i€) (g3 — m3 + ie)

=1 ot 0(1—ay —as — ay)
= 167 Io jo Io da, da; da D —ic :
(13)

where

3
1
D= Z a;ia;Yi;, Y = 2 [m? +m] — (6 —q;)°] -

i,j=1

The TS kinematics corresponds to such a neces-
sary condition when all the internal particles ap-
proach their on-shell conditions simultaneously with-
in the physical boundary. Mathematically, it can be
constrained by the Landau equation, 9D/da; =0,
which leads to:

det[Y;;] =0, (14)

where det[Y;;] is a function including three external

%37 %

Pa

9

P
a9,

q;
Py
Pe

Fig. 2 Illustration of the three-body decay of a had-

ron via the triangle loop diagram. The internal
masses are m? =gq? and the external kinematic
variables are defined as P2 =s1, (pp + pc)? = s2,
and p2 = s3

invariant masses ./s; and three internal masses m;
(i=1,2,3).
By fixing the internal masses m; and the extern-

al invariants s; and ss, one obtains the solutions of
Eq. (14) for s,, i.e.,

1
82i :(m1 + m3)2 + 572 [(mf + mg — 83)
2
(sy —m3 —m3) — 4mim,ms
+ )\1/2(81,7713,m§)A1/2(53,mf7m§)], (15)

with A(x,y,2) = (x —y — 2)? — 4yz . Likewise, by fix-
ing m;, s, and s; one obtains the solutions for si,
i.€e.,

1 2 2
2 [(m? +mj — s5)

1

(s5 —m? —m3) — 4m3imyms
+ A2 (s2,m7, m3)A?(s5,m7, m3)]. (16)

st =(my +ms)* +

Within the physical boundary only the solution of sy
or s, corresponds to the TS condition as discussed in
details in Refs. [26—27].

To see the leading contributions from the TS
mechanism, one can take the single dispersion repres-

entation of I(sy, ss,ss) in s, (25732

1 oo ds,,
1(51752333) = 7J‘ 2

’
" N 0'(51’32’83)a
T J(mi+m3z)® Sy — Sg — 1€

(17)

where o (s, $2,83) is the spectral function and can be
obtained by the Cutkosky's rules3):

—1 1 1 p1
:ﬁ L J‘() L da1 da2 da3 5(1_
ay — ay — ag)d(D) , (18)

O'(Sl, Sa, 83)

which results in
o(81,82,83) =04 —0_, (19)

with
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-1
B 1671')\1/2(817 So, 83)
S3— Sy +m3 +m2 —2m3)—
(51— 83)(m? —m?2) + X\/?(s4, 5, 53)

N2 (s5,mi, m3)].

0. (51,82,53) log[ — sa(s1+

(20)

One can see that for the fixed s;, s; and m;, the
spectral function o(sy, $s,83) has logarithmic branch
points s3 given by solving the Landau equation (Eq.
(14)). As shown in Ref. [34], two singularities of the
integrand in Eq. (17), i.e. s; and s, +ie, will pinch
the contour of integration in the sj-plane, and this is
a direct manifestation of the TS as the leading singu-
larity in I(sy, s2, S3).

As the TS enhancement is closely associated with
the thresholds of interest, it actually introduces rich
but sometimes mysterious phenomena to threshold en-
hancements. Some of the key features can be itemized
as follows];

e Although the TS mechanism arises from the
special kinematic condition for the triangle loop (we
restrict to the scalar loop as an example), it unavoid-
ably involves dynamics. For different decay processes
the structure of the triangle loop will depend on the
vertex couplings. For instance, in Refs. [35-36] it was
shown that under the TS condition the scalar loop
contribution is only part of the loop amplitude.
However, we emphasize that the TS contribution
should contain all the triangle loop amplitudes in-
stead of the scalar loop exclusively[35].

e The nonvanishing vertex couplings suggest that
the intermediate particle (e.g. particle 2 in Fig. 2)
should have a width. As a consequence the logar-
ithmic divergence will become limit and the TS contri-
bution will become milder. A systematic treatment of
the width effects by a complex mass was presented in
Ref. [35].

e If the main contributions of a triangle loop
amplitude is given by the TS mechanism, for some
physical processes the motions of the internal particles
could be treated nonrelativistically. Then, the scalar
triangle loop can be directly integrated out, and the
leading logarithmic singularity can be explicitly ex-
tracted. In particular, for nonrelativistic heavy meson
loop transitions where the TS mechanism is present,
the loop amplitudes can be analyzed in the nonrelativ-
istic effective field theory (NREFT) framework and a
power-counting scheme can be established??).

e In contrast, for light hadron loop transitions
sometimes the
hardly be justified, and analyses of the triangle loop in

nonrelativistic approximation can

the Mandelstam representation should be more appro-
priate. For most cases an empirical form factor has to
be included to cut off the ultraviolet divergence and
model-dependence would be unavoidable. However,
the absorptive part of the amplitude can still keep rel-
atively model—independent[%’m.

Recognition of the presence of the TS mechanism
in hadron productions and decays turns out to be cru-
cial for our understanding various threshold phenom-
ena. The first strong case manifesting the TS mechan-
ism was proposed in Refs. [38—39]. Applications to
physical processes can be found in Ref. [34] and two

recent reviews[w’m}.

3 Hadronic molecules and threshold
phenomena near the D*D+c.c.
threshold

As mentioned earlier, there are numerous newly
observed enhancements located near some S-wave
open thresholds to which the couplings turn out to be
sizeable. We make some general discussions on the
emergence of threshold structures and some observed
enhancements can be possibly interpreted as hadronic
molecules.

In the meson sector the lowest-lying "stable"
particles are pseudoscalar (P) and vector (V) mesons.
Their S-wave couplings give access to quantum num-
bers which can be identified as candidates for hadron-
ic molecules. For some of the low excitations, e.g. the
first orbital excitation states, there also exist narrow
states with which the strong S-wave couplings may
give access to more quantum numbers. Whether a P-
wave coupling can lead to hadronic molecular struc-
tures is still a question under debating. We will com-
ment some issues concerning the P-wave interactions.

In Table 1 the possible quantum numbers access-
ible via the "stable" states are listed. In the heavy
meson sector there are candidates that can fit in the
category. The observation of X(3872) by Belle in
200" is often marked as the first evidence for exotic
heavy-quarkonium-like states. Since then, a large
number of the so-called " XY 7 states" have been ob-
served in experiment and initiated a lot of theoretical
studies. See e.g. recent reviews and different theoretic-
al interpretations therein % 20). As mentioned earlier,
one interesting features with these XY Z states is
that most of them are located near some S-wave open
channels to which these states seem to have very
strong couplings.

As an example to demonstrate the threshold phe-
nomena, we focus on the D*D + c.c. threshold where
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Table 1  Quantum numbers accessible via the pseudoscalar, vector, and axial vector meson two-body interactions.
Two-body channel S-wave (L =0) P-wave (L=1) Open charm Open bottom
PP 0t+®) 1-(F) DD BB
PV 1+(H) 0=, 1=(F), 2=(#) D*D + c.c. B*B +c.c.
vV ot+(+) 1-(H) D*D* B*B*
1+(5) 0-(2), 1-(5), 2=(=)
2+(+) 1=, 2=(), 3=(H)
PA == DD + c.c. BB +c.c.
VA O*H:)7 1-(F), 92— () D*D; + c.c. B*Bq + c.c.

two exotic candidates, X (3872)1*!] and Z,(3900) 42744,
have been observed in experiment. With their masses
close to the D*D + c.c. threshold and the quantum
numbers measured in experiment, ie. (I¢, JFPC) =
(0*, 1**) and (17, 177), they can
couple to the D*D + c.c. via the following configura-
tions with fixed C-parity:

respectively,

5 (D*D + DD*), for X(3872),

HS‘H

E(D*D — DD*), for Z,(3900) . (21)
Here, CM = M is adopted for the C-parity trans-
formation.

Another advantage for the heavy meson system
with a small binding energy is that it allows the im-
plementation of the non-relativistice effective field
theory (NREFT) approaches which are improvable or-
der by order with the inclusion of local operators and
pion exchanges, and the short-distance physics is en-
coded in the coefficients of the local operators. The
compositeness theorem by Weinberg then connects the
effective coupling constant of the physical state to the
open channel continuum with the probability of find-
ing the compact short-distance component in the
wavefunction (see Eq. (12)).

The success of the EFT approaches can be recog-
nized via the indication of a universality of the long-
distance wavefunction which is insensitive to the bind-
ing mechanisms. It should be noted that the physical

coupling, g2, = \?g2 = 2”%@(1 — A\?), suggests that
there must be a short-distance component inside a
hadronic molecular state given that Fy > 0. However,
a quantitative determination of the short-distance dy-
namics is nontrivial. For a bound state the probabil-
ity of finding the compact component in the physical
wavefunction, i.e. A?, is insufficient for disentangling
the detailed dynamics since they are hard-scale phys-
ics which have been integrated out and absorbed into
some unknown coefficients. Thus, observables sensit-
ive to the short-distance physics thus should be identi-

fied and investigated.

To be slightly specific here, we discuss some in-
teresting threshold phenomena with the exotic candid-
ates X (3872) and Z.(3900). We skip details about
the experimental status and theoretical models since
one can refer to the recent reviews!'%2 and refer-
ences therein, but only focus on some key points
which turn out to be strongly associated with the
threshold dynamics and kinematics, and need further
attention or investigations.

3.1 Decays of X(3872) and Z.(3900)

The strong attractive S-wave interaction
between D*D + c.c. was studied by Toérnqvist and the
X(3872) with (I€, JPC) = (0*, 1t+) was literally
predicted as a D*D + c.c. bound state which is an
analogue of the deuteron®’)
role played by the long-ranged pion exchange poten-
tial. The mass of X(3872) almost sits at the
D*°D° 4 c.c. threshold with a small binding energy
Bx = Mpo + Mpw — Mx = 0.00+0.18  MeVH6l 1t
makes X(3872) an ideal candidate for the hadronic
molecule. In contrast, the potential quark model did
not predict any state in such a mass region[ﬁ].

The small binding energy, or large scattering
length for the S-wave D*°DOC+ c.c. scattering im-
plies a universality of the long-distance wavefunction
of X(3872) to be insensitive to the binding mechan-
ism. Effective field theories were developed to study
the dynamics arising from the S-wave D*°DO + c.c.
scattering in association with the production and de-
cays of X (3872)[47_50}. However, the case for the
D*D + c.c. interactions should be significantly differ-
ent from the proton-neutron long-range interactions
since in the potential for the
D*D + c.c. interactions the exchanged pion can be on-
shell and contribute to the potential with an imagin-
ary part. This gives rise to a three-body cut in the
scattering amplitude and makes the potential approx-
imation for the pion exchange invalid*™ 50, A de-
tailed review of the hadronic molecule interpretation

in a sense of the crucial

pion exchange
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of X (3872) can be found in Ref. [16].

It is crucial that the quantum numbers of
X (3872) have been unambiguously determined as
(1€, JPC) = (0%, 17+). This makes it natural to in-
clude the S-wave open channel contributions and al-
lows a separation of different energy scales. Thus, the
EFT approaches can be implemented.

For scatterings between two heavy flavor mesons
the heavy quark spin symmetry (HQSS) in the limit
of infinitely large mass for the heavy quarks can be
implemented. In the limit of infinitely large heavy
quark mass the heavy quark spin will decouple from
the light ones, thus, conserve in the scattering. For
convenience, the heavy-light meson can be labelled by
the total angular momentum carried by the light
quark, i.e. j©, with j =1+ s, and P for the meson
parity. In the HQSS limit, D and D* (similarly B
and B*) form a spin doublet j© =1/27. Thus, the
light quarks in the D*D + c.c. system with the relat-
ive orbital angular momentum =0 can form
j¥ =0 and 1+.

By assigning X (3872) as a hadronic molecule of
the D*°D° + c.c. pair with (I¢, JP9) = (0F, 17%), it
implies the possible existence of accompanying states
in the multiplet of j =1 with JF¢ =0t+, 1+—, 2++,
However, note that such a scenario is only based on
the HQSS. In reality, the HQSS is broken and more
complicated phenomena are anticipated. Firstly, the
D and D* mass splitting will lead to different mass
corrections in different channels. Secondly, the role
played by the pion exchange potentials is different in
different channels. For instance, the pion exchange is
forbidden in the DD channel. One need understand
how crucial the pion exchange potential is in the
formation of hadronic molecule states.

Taking the pion exchange potential in the chan-
nel of (I¢, JP¢) = (0F, 1**) for X(3872) as a refer-
ence, the light quarks couple to j =1, while the
isospin is zero. This gives a sign constraint indicating
the attractive pion exchange potential: (o - o3)
(11 -T2y =1x(-3)=-3 with (o7+02)/2=1 and
(1 + 1) =0. Note that o, =2s; and o, =s, are
the Pauli operators for the interacting light quarks. If
the pion exchange also provides an attractive poten-
tial for Z.(3900), it should require that (o) + o03)/
2=0, (o) - o) (T - To) =(=3) x 1 =-3.
However, one notices that in such a case Z.(3900) be-
longs to the multiplet with j, = 0. Thus, Z.(3900)
and X(3872) cannot be connected with each other by
the HQSS. This seems to be able to provide some
hints about the production mechanisms for X (3872)
and Z.(3900). Meanwhile, one notices that the 1+-

hence

HQSS partner of X (3872) is generated by the D*D=*
coupling which can be related to Z.(4020/4025) ob-
served in experiment. However, in this case the pion
exchange provides a repulsive potential.

An interesting consequence is that in the limit of
the HQSS the Z.(3900) decays into 7n.p will be sup-
pressed. However, the recent BESIII measurement
shows that the ratio of B.R.(Z*(3900) — p*n.)/
B.R.(Z*(3900) — J/yr*) = 2.3 + 0.8 OU, which seems
to be contradicting with the expectation of the had-
ronic molecular picture. Such a conclusion needs to be
cautioned because p meson is broad. The decay chan-
nel of Z*(3900) — p*n. will be affected significantly
by the phase space correction due to the broad width
of the p meson. Meanwhile, comparing the rescatter-
ings between D*D + c.c. — pn, and J/v7 by exchan-
ging a D meson, one sees that the exchanged D
meson can become highly off-shell in the J/¢¥7 chan-
nel due to the large mass difference between J/v and
m. This will introduce more suppressions into the
J/¢m channel. In addition, the HQSS breaking al-
lows the transition between D*D* and D*D + c.c.
and the pr. channel may get further enhanced. Fu-
ture detailed studies are needed to clarify these issues.

The HQSS symmetry breaking also leads to
isospin-breaking effects in X (3872) decays into J/¢p.
Experimentally,thebranchingfraction, B.R.(X (3872) —
J /Yyt~ w%)/B.R.(X (3872) — J/¢mtn~) ~ 1, where
the 7t7~ 7% and #*7n~ are dominantly from the w
and p° decays, respectively. This result can be under-
stood by the large mass splitting between the
D*°D°® +c.c. and D**D~ +c.c. thresholds and to
both of them the physical state has large couplings.
The isospin breaking effects can then be accounted for
by the nonvanishing cancellation between the charged
and neutral D*D loop amplitudes. In addition, the
J/YrTa~w® channel is relatively suppressed by the
phase space in comparison with the J/¢7t7~. This
measurement provides a strong evidence for the had-
ronic molecule interpretation for X (3872).

In the hadronic molecule scenario observables,
which are driven by mechanisms involving the had-
ronic degrees of freedom, should be useful for probing
the corresponding structures in the wavefunction. For
instance, the strong decay of X(3872) — D°Dx°
should be dominated by the constituent pD*° decays
into D7. The radiative decay of X (3872) — D°D°y
was also regarded as a probe of the long-distance
wavefunction via the radiative decays of D* — D-~.
However, one should be cautioned by the observation
that the long-distance wavefunction contributes to the
partial width via the A1 transition. In contrast, the
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transition of X, (nP) — DD can pick up a E1
transition operator followed by a strong vector char-
monium coupling to DD. So, a small short-distance
component of ¢¢ may contribute to the radiative de-
cay the same order of magnitude as the long-distance
component. This actually raises the question on the
role played by the short-distance component of the
X (3872) wavefunction®?.. Proper criteria which are
sensitive to the underlying by mechanisms still need
to be explored.

3.2  Productions of X (3872) and Z.(3900)

The production mechanisms for both X(3872)
and Z.(3900) have been explored in experiment and
theory[lﬁ_m. Instead of going through various model
prescriptions, we again focus on some key issues which
turn out to be closely related to the threshold phe-
nomena.

As candidates for the hadronic molecules the pro-
duction mechanisms for these two states seem to be
very controversial. An intuitive argument would be
that their productions should be driven by the pro-
ductions of their constituent hadrons, i.e. D*D + c.c.,
in order to feed the long-distance wavefunctions.
Namely, their productions should be dominantly via
the D*D + c.c. rescatterings. This argument is based
on the wavefunction dominance of the long-distance
component and the short-distance part is neglected.
However, this is not the case in the production pro-
cesses. One point to recognize this problem is that the
virtual momentum for the charged D*D + c.c. pair is
at the order of 120 MeV, which is lower than the typ-
ical Agcp scale and should be explicitly considered.
Some detailed discussions on the role of the short-dis-
tance component can be found in Ref. [16]. Here, we
discuss the productions of X(3872) and Z.(3900) in
B meson decays to show that the short-distance com-
ponent cannot be neglected.

For B — D*DK via B — X(3872)K the pro-
duction mechanisms can be illustrated by Fig. 302,
The relevant Feynman rules for the X (3872) in the
EFT can be set up following the scheme of Sec. 2.1.
The propagator can be expressed as

K K
B X B X
(a) (®)

Fig. 3 Leading diagrams for B — X(3872)K —
D0 p0 i 19 The solid lines in the loop and final

state represent the charm and anti-charm mesons

1z (22)

G(E)X: = . ’
E+ B+ XY(E)+il'/2

where T' denotes the non- D*0D° partial decay width
of X(3872). Note that a factor of /2Mx has been
absorbed into the X (3872) field operator. In this con-
vention a boson field has the dimension of 3/2 and
the Feynman rule for an external boson is v/2M . The
vertex coupling for X D*°D0 is given as

2

. 9o 9 \1/2

= =i(= 23

i =i (23)
where the factor 1/ V2 is due to the definition of the
C-even state (D*°D° + D°D*°)//2.

The leading order transition amplitudes in Fig. 3

can be explicitly written as

. Axk ﬁg *
’LMu = - =, , Pk - €,
V2 E+ B+ Y/(E)+il/2
2/ =2uE —1
iM, =Bppx K J a e €", (24)

W E+B+Y(E) +ir/2 "

where py is the momentum of the K meson in the B
meson rest frame; €* is the polarization vector of the
outgoing D*°; Axx and Bppg denote the production
vertices B — X (3872)K and B — D**D°K , respect-
ively. Near the threshold of D*°D0, the two form
factors Axx and Bppx are treated as constants.

The relative strength between M, and M, can
be examined by the NREFT power counting. Note
that near threshold the binding momentum -~ =
(2uB)Y? and the three momentum of the charmed
meson p are the same order, i.e. v, p ~ O(p). Thus,
we count E, B~ O(p?) and g~ O(p/?)P>] 1t
leads to M, ~ O(p~3/?) and M, ~ O(p°). From the
power counting, one can see that the short-distant
production mechanism is more important than the
long-distance one. Interestingly, it should be noted
that M, is proportional to the factor v/Z. Therefore,
it will be suppressed given that X(3872) is domin-
ated by a molecular component. In the limit of Z — 0
the term of M, will vanish. Then, the production of
X (3872) will be via the long-distance production
mechanism M,. As shown in Ref. [52], lineshape of
the D*9DO spectrum in B — D*°*D°K is sensitive to
the contributions from the short-distance production
of M,. This feature naturally accounts for the short-
distance production of hadronic molecules in various
processes. See e.g. a similar analysis of the production
of Y(4260) as a hadronic molecule of
D, (2420)D + c.c. in e*e~ annihilations[3753756],

The production of Z.(3900) shares some similar
features as X(3872) if it is a hadronic molecule.
However, there are certain aspects that its production
in B decays is different. In Fig. 4 we compare the
production mechanisms for X (3872) and Z.(3900) via
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(a) short-distance and (b) long-distance processes.
Since Z.(3900) is an isovector, its short-distance
wavefunction (whatever it could be) cannot be pro-
duced directly. Only the long-distance process is al-
lowed for its creation via the D*D scatterings. In con-
trast, X(3872) contains a short-distance component
(e.g. a mixture of y.(2P) state) and a direct produc-
tion via the c¢ component is allowed and can be even
dominant. This naturally explains why X (3872) is
richly observed in high-energy production processes
while Z.(3900) so far has not been observed in the ex-
clusive B decays.

(a)

B _
b — T c
X(3872)
—c
I=0
b
(b) X
L >Y)o0)
i ¢ X(3872);
gt 0 Z,(3900)
a- - D*(D
-7 (D)
1=0,1

Fig. 4  (color online) Schematic diagrams for the pro-

duction of X(3872) and Z.(3900) in B — D*DK .
The isoscalar short-distance component of
X (3872) allows its production directly via a ce
configuration in (a) while both can be produced
via the long-distance component of p*p scatter-
ings in (b)

A novel phenomenon with the productions of
X(3872) and Z.(3900) is associated with the role
played by the TS mechanism. Being located in the vi-
cinity of the D*D + c.c. threshold, these two states
can be significantly affected by the TS mechanism in
their productions. Following the observations of
Z.(3900) and Z,.(4020) in experiment*27 57 it was
first proposed in Refs. [53,58] that the productions of
these two states are closely related to the S-wave
open thresholds, D;(2420)D + c.c. and D,(2420)D*+
c.c., in eTe™ annihilations. These two thresholds have
large couplings to the nearby charmonium-like states,
Y (4260) and Y (4360), which make it possible to in-
terpret them as hadronic molecule states composed of
these constituent hadrons. Furthermore, the produc-
tions of Z.(3900) and Z.(4020) via the decays of
Y (4260) and Y(4360) will be enhanced by the TS
mechanism. This phenomenon has been investigated
by a series of works[37:93756:58-60] yhich provide a self-
consistent prescription of the so-far available experi-

mental observables. It is interesting to note that it
seems that all the present signals for Z.(3900) are as-
sociated with the production of Y (4260). Apart from
those observed in ete~ annihilations, the D0 Collab-
oration observed Z.(3900) in the decays of Y (4260)
which are produced in semi-inclusive decays of b-
flavored hadrons/0!.

Similar phenomenon was predicted by Ref. [62]
where the TS mechanism plays an important role to
enhance the production rate for X(3872) in the en-
ergy region of Y (4260) in ete~ annihilations. It was
later confirmed by the experimental datal® which has
provided very useful information about the structure
of both X (3872) and Y (4260). Recently, it was pro-
posed by Ref. [64] to precisely measure the mass posi-
tion of X (3872) in its productions via the TS mechan-
ism. Although X(3872) has been confirmed in vari-
ous processes and can be regarded as a well-estab-
lished state, its mass position still has sizeable uncer-
tainties. A precise measurement of its mass position is
crucial for understanding its nature via the pole struc-
ture of the scattering amplitude in the energy com-
plex plane. The intriguing idea of Ref. [64] will help
experimentalists achieve a high-precision
ment of this quantity.

measure-

4 Remarks and prospects

In this proceeding we make a general review of
threshold phenomena which are associated with many
experimental observations of exotic candidates bey-
ond the conventional quark model. We stress that the
strong interactions between the open threshold had-
rons can result in crucial changes to the quark poten-
tial in a quark model Hamiltonian and produce struc-
tures near threshold. Some of these structures can be
accounted for as hadronic molecules depending on the
analytic property of the scattering amplitudes in the
complex energy plane. We also introduce the novel
scenarios which are caused by the TS mechanism.
This is a unique threshold phenomenon which was
overlooked before, but turns out to be crucial for our
understanding of those nontrivial threshold phenom-
ena observed in experiment. As we know that, in prin-
ciple, the QCD strong interaction could allow much
richer hadron structures beyond the conventional
quark model picture to exist, an unavoidable step to-
wards a better understanding of the hadron spectro-
scopy is thus to understand the dynamics arising from
the open thresholds. Future experimental data from
BESIII, Belle, Belle-II, and LHCb, and progresses on
LQCD may help gain a deeper insight into the nature
of non-perturbative QCD.
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