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With the accumulation of experimental data, more and more exotic hadrons are observed. Among the
interpretations of these exotic hadrons, molecular state and compact multiquark are two of the most popular
pictures. However, it is still difficult to determine the structure of an exotic hadron. In this work, we propose
a possible way to detect the internal structure of an exotic state. When a molecular state composed of two
consistent hadrons is attacked by another particle, one of the constituents should be kicked out while
another quasifree constituent stays almost unaffected. It is different from a compact multiquark which has
no obvious subcluster. In this work, taking the X(3872) as an example, we perform a Dalitz plot analysis of
such reaction to find the effect of the different internal structures. Under the assumption of the X(3872) as a
molecular state or a compact tetraquark state, with the help of the effective Lagrangians, the Dalitz plot and
the invariant mass spectrum are estimated with different total invariant mass of three final particles, and the
effect of different binding energies is also discussed. Obvious event concentration can be observed as strips
in the Dalitz plot and sharp peaks in the invariant mass spectrum for the X(3872) with a small binding
energy under the molecular state picture, while such concentration cannot be observed under the compact
tetraquark picture. Such phenomenon can be applied to identify the internal structure of a new hadron state.
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I. INTRODUCTION

The study of exotic hadrons is one of the most important
topics in hadron physics. Theoretically, the basic theory of
the strong interaction, quantum chromodynamics (QCD),
allows the existence of exotic hadrons beyond the conven-
tional picture where the hadrons are composed of three
quarks or a quark-antiquark pair. Experimentally, with the
development of the experimental techniques and accumu-
lation of data, more and more exotic particles are observed
but cannot be put into the frames of the conventional quark
model [1-3]. If we deem these new particles as a genuine
state composed of quarks, there exist two main interpre-
tations: compact multiquark and hadronic molecular state.
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For most of the exotic states, both interpretations exist
simultaneously in the literature [4]. It is an interesting and
difficult problem to determine the real internal structure of
an exotic hadron.

The molecular state is a loosely bound state of two
hadrons [5]. Such idea is considerably easy understand if
we take the deuteron as a molecular state composed of
two hadrons, that is, a nucleon. It is also natural to expect
the existence of bound states from other hadrons. The
experimental observation seems to support such assump-
tions also. Considerable XYZ particles are close to the
thresholds of two hadrons [1]. The most popular inter-
pretation about such phenomenon is that these particles
are composed of the corresponding hadrons with a small
binding energy as deuteron [4,5]. The hadronic molecular
state is, in fact, a picture in the hadron level. Different
from the molecular state, the compact multiquark is a
real bound state of quarks [6]. In a compact multiquark,
no obvious subcluster can be found, and its radius is
usually assumed to be much smaller than a molecular
state. Theoretically, the mass of a compact multiquark is
irrelevant to the thresholds of hadrons. It seems to be used
to judge whether an exotic hadron is a molecular state.
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However, practically, due to the uncertainty of both theory
and experiment, many exotic states near thresholds can be
also explained as a compact multiquark. Moreover, the
multiquark is still an important picture to explain the
states which are far from any threshold.

In the literature, the masses and the decay patterns are the
most important ways to detect the internal structure of an
exotic state. However, as said above, the accordance of the
theoretical mass with the experimental mass is not enough
to determine the internal structure of an exotic state because
it often can be explained in both pictures. The decay pattern
is most promising to reflect the quark distributions in
the exotic hadrons. However, the uncertainties from both
experiment and theory make it difficult to reach a deter-
minative conclusion. Hence, it is helpful to find more ways
to detect the internal structure of the exotic states.

The main difference between a molecular state and a
compact multiquark is the spatial distribution of the quarks.
In a molecular state, the quarks are grouped into two
hadrons that have a distance of several more than 10 fm. In
addition to effects on the decay pattern, such structure
should be reflected when being attacked by a particle. For a
molecular state, the incoming particle, which is usually
about 1 fm can be easily attacked into the molecular state
and even pass through it. Since the distance of two
constituent hadrons is separated by long distances, the
collision happens only on one constituent. When a con-
stituent hadron is attacked, another one should be little
affected. However, for a compact multiquark, which is
usually about 1 fm, the results of the collision of an
incoming particle is to excite the multiquark and induce its
decay. Because of the compactness, the momenta of the
incoming particle should be transferred to all quarks and
then all final particles. Hence, the molecular state should
have quite different behavior after collision.

Such difference of the behavior of collision should be a
promising way to detect the internal structure of an exotic
state. However, there is an obvious difficulty. We do not
have enough stable exotic states to make a target or a beam
to perform a collision with another particle. The direct
measurement of such collision is impossible with the
current or near future experimental technology. However,
such collisions can happen in the production of the exotic
hadrons in a nucleon-rich environment, which is the
realistic scene at facilities, such as LHCb and PANDA.
If we can extract the information of collision of the nucleon
with produced exotic states, it is still promising to obtain
enough events to study such different behaviors of the
molecular state and compact multiquark.

In the current work, we try to propose a scheme to realize
such idea with the well-known exotic particle X(3872) as
an example. Despite being studied by hundreds of exper-
imental physicists and theorists, the structure of X(3872) is
not yet fully understood. The most preferred interpretation
of the structure of X(3872) nowadays is c¢ — DD* mixing

state [7,8]. There also exist other interpretations, such as
pure molecular state [9—-11], compact tetraquark structure
(ccqqg) of this exotic state [12,13], radial excitation of
the P-wave charmonium [14], and a vector glueball mixed
with neighboring vector states of charmonium [15]. Among
these interpretations, except for the nongenuine particle
explanations such as triangular singularities, the X (3872) is
a compact quark pair or tetraquark, or a molecular state, or
their mixing. In this work, we will study the behavior of the
X (3872) attacked by a nucleon in two pictures, the compact
quark state and molecular state, to study collision of the
X(3872) with a proton as p + X(3872) = p + D° + D°.

This article is organized as follows. We present
the theoretical formalism to study the reaction of the
p+X(3872) = p+ D° + D° in two pictures in Sec. IL
The numerical results will be given in Sec. III. Finally, the
article ends with a summary in Sec. I'V.

II. COLLISION OF THE X (3872) WITH A PROTON

In the current work, we will consider the process
p + X(3872) — p + D° + D° to detect the internal struc-
ture of the X(3872) with a nucleon. The LHCb experiment
definitively established that the X(3872) has JP€ = 1++
[16], which means that, even if the X(3872) is the D°D*0
molecular state, it cannot decay into a D and a D meson due
to the conservation of spin parity. But collision by a proton
may make this process possible. In Ref. [17], we studied the
nucleon-induced fissionlike process of the 7. Under an
assignment of the 7. as a molecular state, when induced
by a proton, the T, could decay into a D and D pair. Since
the T, and X(3872) have some similar features, such as
the small binding energy and narrow width, one can
legitimately predict that the X(3872) is possible to decay
into a D and D pair [18]. Furthermore, this reaction can
be used to reveal underlying structures of the X(3872).
Here, we consider both pictures of the molecular state and
compact quark state as shown in Fig. 1.

In the hypothesis of the X(3872) as a loosely molecular
state with wave function (D*°D® — D*D)/+/2, its radius
is supposed to be about 10 fm [19] (hereafter, we use the
first part of the wave function for explanations; the results
for the second part can be obtained analogously). The
nucleon and the constituent D*® and D° mesons have a
radius smaller than 1 fm. Hence, the proton should attack
on one of the constituent mesons of the X (3872). If we only
consider the process with three final particles—proton
and the D and D mesons—the proton should attack on
the D*° meson, as shown in Fig. 1(a). After the D** meson
is attacked, it is transformed to a D° meson. Since the
X (3872) is aloosely bound state, it forms a quasi-two-body
scattering, pD*® — pD°. The final D° meson should be
obviously affected by the energy transferred from the
incoming proton and that released from the transition of
the D*° to D° meson. However, another constituent of the
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FIG. 1. The sketch map (a),(c) and Feynman diagram (b),(d) of
reaction p + X(3872) — p + D° + D° with assumption of the
X(3872) as a loosely bound molecular state (a),(b) or a compact
multiquark state (c),(d). The denotations of the momenta of
particles are also given.

X(3872), D° meson, should be little affected due to the
weak binding. Such process can be rewritten as the
Feynman diagram in Fig. 1(b).

If the X(3872) is a compact quark state, the collision
behavior is quite different, as shown in Fig. 1(c). The radius
of the X(3872) should be smaller than 1 fm for both quark-
antiquark pair [c¢] and tetraquark [ccqg] explanations
of the X(3872) (in Fig. 1(c) and hereafter, we mainly
adopt the tetraquark picture). Additionally, such state is
composed of quarks binding tightly. In such picture, the
X(3872) is excited by the collision of the proton. The
excited X(3872) decays to a DY meson and a D° meson.
The energy transferred from the incoming proton will be
acquired by both final mesons, which is different from
the molecular state picture. The Feynman diagram can be
written as Fig. 1(d).

The collision above is difficult to be performed due to
lack of the X(3872) target or beam. Here, we propose to
consider the produced X(3872) in a nucleon-rich environ-
ment. Instead of considering the initial proton and X (3872),
three final particles, the proton and D° and D° mesons,
can be collected with certain total invariant mass obtained

as W= /5= VP = \/(kp + ko + ky)? with K po p

being the momenta of final particles, which is independent
of the coordinate frames. Among these events, the Dalitz

(pp + pD‘))2 and

plot against invariant masses m,po =

m,p =/ (pp + Ppo)* can be obtained by selecting the
corresponding event. In such treatment, all observations are
invariant.

The laboratory frame with the static X(3872) will be
adopted to perform explicit deduction and numerical
calculation. In this reference frame, the cross section for

the reaction p + X(3872) — p + D° + DO reads as

1
4(pp - px)?

do = Tig 0 Mg Pa0s, (1)

—mymg]'26, A,
where p,, x and m,, x are the momentum and mass of the
incoming proton or the X(3872). Practically, the GENEV
code in FAWL is adopted to generate the event of the three-
body final state by the Monte Carlo method, that is, the

phase space
(>k-r).

where k; and E; are the momentum and energy of final
particle i. The mechanism can be described by an amplitude
M iy, With A being the helicity of the incoming proton,
X(3872), or final proton. It will be derived with the
Feynman diagrams in Fig. 1. Here the interaction between
the proton and the X(3872) is described by light meson
exchange. It has the same form in two pictures and can be
obtained with the help of effective Lagrangians,

= (27)3d® —f[%a‘*
— e = U GE

uj)ha]va ) (2)

Lony = — 9IPNN
NN \/—2'mN
_ K
Luwy = —V2gunwN, <}’ﬂ + m%ﬁ”) Vi Na, (3)

where P and V are two-by-two pseudoscalar and vector
matrices. N7 = (p,n) is a field for the nucleon. The
coupling constants g2yy/(47) =13.6, gyy/(47) = 0.84,
Pyy/(4r) =20 with « = 6.1(0) for the p(w) meson,
which are used in the Bonn nucleon-nucleon potential
[20] and meson productions in nucleon-nucleon collision
[21-23]. The 5 exchange is neglected in the current work
due to the weak coupling of 5 or ¢ mesons to nucleons,
as indicated in many previous works [20,21]. Here, a
factor f;(q%) = (m? — A?)/(g* — A?) is also introduced to
the propagator of each exchanged meson with cutoff
A =1 GeV. The left part of the amplitudes in two pictures
is different, as given below.

In the molecular state picture as shown in Fig. 1(a), the
exchanged light meson interacts with the D** meson in
the X(3872). In terms of heavy quark limit and chiral
symmetry, the corresponding Lagrangians have been con-
structed in the literature as [24]

Lppp = — JT 9 (PPl + P PLIP,,. (4)

Lppy = =2V 20y 01 €305,(Py P + PFPLOV,,,  (5)

where PUT = (DO DM)*) is the field for the D)
meson. The parameters involved here were determined
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in the literature as g = 0.59, = 0.9, 1= 0.56 GeV~!,
gy =5.9, and f, = 132 MeV [24,25].

In the molecular state picture, the amplitude A A0 for
the split of the X(3872) — D**DP for the first term of the
wave function is [17]

Aja \/8mymp

X~ D*O XmD*OmDO

2 2 == l//(k:‘?)eix ’ 627*0’ (6)
P — My, my — Mpo + Mpo D

where 1y and 4.0 are helicities for the initial X(3872) state
and intermediate D*® meson. The p and mpo are the
momentum and mass of the intermediate D** meson. Here
my po po is the mass of the X(3872), D**, and D°. The ¢;_
and ¢, , are the polarized vectors of the X(3872) and D™

meson, respectively. The wave function w (k) = /8xz/a/
(k* + 1/a?) with normalization [d°k/(2x)3|y (k)| =1
[26]. Scattering length a = 1/1/2uEp with the reduced
mass u = mpompo/(mpo + mpo) with Ep being the
binding energy.

Different from the molecular state, the X(3872) has no
obvious subcluster in the compact quark state picture. In the
molecular state picture, the large radius and distance
between two constituents make the collision happen on
one of the constituents. If the X(3872) is a compact binding
state of quarks with small radius, the proton should attack
the X(3872) in the whole, which will be excited by the light
meson emitted by the proton and decays into two D
mesons. In the current work, we do not consider its explicit
mechanism. However, such interaction should happen in a
small space and short time, which can be taken as a four
particle vertex as shown in Fig. 1(d). Such vertex can be
written as effective Lagrangians,

Exppp = gXX/‘aMIPPP, (7)
Expp\/ ES gxeaﬁénaa\/ﬂa‘:X”PP. (8)

Since no explicit mechanism is introduced, the coupling
constant gy for each exchange cannot be determined, which
will be discussed later.

III. NUMERICAL RESULTS

Since the incoming momentum cannot be measured in
the scene of the nucleon-rich environment, we consider the
process p + X(3872) — p + D° + D° with a total invari-
ant mass W = \/E With certain W, the event distribution
can be obtained as the Dalitz plot and invariant mass
spectrum against m,po and m,po. The different internal
structures of the X (3872) will be exhibited in the Dalitz plot
and invariant mass spectrum. The experimental binding
energy of the X(3872) is every small and even above the
thresholds. In the current work, we would like to take it as
an example to explain how to detect the internal structure of

an exotic hadron. Hence, different values of binding energy
will be adopted to show the variation of the Dalitz plot
and spectrum with the binding energy. The results in
the molecular state picture are shown in Fig. 2, where
the Dalitz plot in the m,po-m,po plane for the reaction
p+X(3872) —» p + D° + D° is calculated with different
binding energies of the X(3872) as Ez =0.1,1, and
10 MeV. Correspondingly, the invariant mass spectrum
against m o is also presented under each Dalitz plot. The
momentum of the incoming proton p, = |p,,| will affect the
event distributions and is chosen as 0.1, 1, and 3 GeV,
which corresponds to total invariant mass W = 4.814,
5.147, and 6.341 GeV, respectively.

Because of the symmetry in the wave function, analogi-
cal distributions for m,p and m,p can be observed.
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FIG. 2. Event distribution for the p + X(3872) — p + D° + D°
reaction assuming the X(3872) as a loosely molecular state.
The momentum of the incoming proton or total invariant mass
p,/W =0.1/4.814,1/5.147, and 3/6.341 GeV, and the binding
energy Ez = 0.1, 1, and 10 MeV, respectively. For each example
choice of p,/W, the figures represent the Dalitz plot
do/dm ,podm ,po in the m,po-m ,po plane in a bin of ub/0.002 x
0.002 GeV (upper) and invariant mass spectrum do/dm,,po
against m,po in a bin of ub/0.002 GeV (lower). The results
are obtained with 10'! simulations.
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For example, the Dalitz plot in the first column of the
third row in Fig. 2, with an incoming momentum or total
invariant mass p,/W = 3/6.341 GeV, obvious and similar
strips can be found at both m,p and m,p of about
4.19 GeV in the Dalitz plot. With the elevation of the
incoming proton p, /W, the phase space of the final states
becomes larger. The area of Dalitz plots in the m ,po-m o
plane for p,/W = 0.1/4.814 GeV is much smaller than
that for 3/6.341 GeV. Hence, the results are rescaled; that
is, different ranges are adopted for three momenta.

The X(3872) has a very small binding energy. Here,
different binding energies are adopted to discuss the effect
of the binding energy on the Dalitz plot and invariant mass
spectrum. The plots from the first to the third column
in Fig. 2 are for binding energies 0.1, 1, and 10 MeV,
respectively (the results of 100 MeV are shown in the
second column of Fig. 3 and will be discussed later). An
obvious concentration of events can be found for the small
binding energy 0.1 MeV in the first column. For p,,/W of
1/4.814 and 3/6.341 GeV, sharper strips can be found at
m,po at about 3.2 and 4.2 GeV, respectively. The invariant
mass spectrum against m,p0 also exhibits a very sharp
peak. Such concentration of events is from the mechanism
of collision as shown in Fig. 1(a). The peak against
invariant mass m,p0 is due to the quasifree D° meson in
the X(3872). The energy from the incoming proton and the
transition of the D** to D° meson is mostly carried by the
final proton and D° meson. The small binding energy
means a large radius, that is, the large distance and weak
attraction between two constituents. With the increase
of the binding energy, the attraction of the constituents
becomes stronger, and the radius becomes smaller. More
momentum will be transferred to the D° meson, which will
be dragged by the stronger attraction of the D*? meson. It is
confirmed by comparing the results in the first and the third
columns of Fig. 2, where, with the increase of binding
energy, the strips in the Dalitz plots become vague, and the
peaks in the invariant mass spectra become wider also. In
addition, because the radius decreases with the increase of
the binding energy, the cross section is also reduced.

The results with different incoming momenta or total
invariant masses are also presented in the first to third rows
in Fig. 2. Generally speaking, if the incoming proton moves
fast, the quasifree D° meson will be less affected. It can be
reflected in the Dalitz plots where the strips become more
sharp with the increase of the momentum of the incoming
proton. The invariant mass spectra have more sharp peaks
(for binding energy of 0.1 GeV, the peak is more sharp
because the strips are near the edge). However, sharp peaks
can be found for all incoming momenta. Additionally, the
cross section decreases rapidly with the increase of the
incoming momentum due to shorter interaction time.

Now we turn to the compact quark state picture. The
Dalitz plots and the invariant mass spectra with different
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FIG. 3. Event distribution for the p + X(3872) — p + D° 4+ D°
reaction under the assumption of the X(3872) as a compact quark
state in the first column and under the assumption of the X(3872)
as a molecular state with binding energy Ez = 100 MeV in the
second column. The p,/W is chosen as 0.1/4.814, 1/5.147, and
3/6.341 GeV. For each example choice of p,/W, the figures
represent the Dalitz plot do/dm ,podm,po in the m,po-m,po
plane in a bin of ub/0.002 x 0.002 GeV (upper) and invariant
mass spectrum do/dm,p against m,p in a bin of
ub/0.002 GeV (lower). The results are obtained with 10'!
simulations.

total invariant masses are shown in the first column of
Fig. 3. Because the coupling constant gy is not determined,
we choose a value of 30 GeV~! to scale the invariant mass
spectrum. The result shows that, with each momentum of
incoming proton or total invariant mass, the events are
almost evenly distributed in the Dalitz plot and no strip, as
in the molecular state picture, can be found in the Dalitz
plot. There is also no peak or structure in the invariant
mass spectrum. If the binding energy of a molecular state is
very large, the small radius and strong attraction between
the constituents will make the behavior of such state in
the reaction considered similar to a compact state.
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For comparison, in the second column of Fig. 3, the Dalitz
plots for the X(3872) as a molecular state with a large
binding energy Ez = 100 MeV are also presented. As we
can see, these two cases give quite similar results, espe-
cially in the row with p,/W = 3/6.341 GeV, which is
because the hadronic molecular state tends to a compact
tetraquark state with increasing binding energy.

The radius is an important metric for the internal
structure of a hadronic state, which will also influence
the probability of collision of the incoming proton in our
work. As we know, the radius of a D or D* meson is smaller
than 1 fm. For a molecular state of binding energy smaller
than 10 MeV, the distance between the D and D* meson in
the X(3872) is larger than 1 fm. In this case, the incoming
proton will easily collide with the D* meson, and a D
meson is produced, such as shown in Fig. 2. If the binding
energy is larger than 10 MeV, the distance between the D
and D* meson in the X(3872) is smaller than 1 fm, which
makes the probability of collision of the incoming proton
with D* in the X(3872) very small. The radius also affects
the relative values of the differential cross section of
different total invariant masses W. Comparing the results
in Fig. 2 and the second column of Fig. 3, the decrease of
the invariant mass spectra do/dm 0 with the increase of
pp/W becomes slower if the binding energy becomes
larger. If the X(3872) is a compact state, the total cross
section even increases with the increase of the p, /W, as
shown in the first column of Fig. 3.

IV. SUMMARY

In the current work, we propose a new possible reaction
approach to reflect an exotic structure of a hadronic molecular
state. Taking the X(3872) as an example, the Dalitz plot and
the invariant mass spectrum are estimated for p + X(3872) —
p+D°+ D°. Two pictures of the internal structure of the
X (3872), the molecular state and compact multiquark state,
are considered in the calculation. In the molecular state
picture, obvious strips and peaks can be observed in the
Dalitz plot and invariant mass spectrum, respectively. With
the increase of binding energy, the strips and peaks vanish
gradually, and the Dalitz plot and invariant mass spectrum
tend to these in the compact multiquark picture.

The strips and peaks are obviously from the internal
structure of the exotic state. As a molecular state, the
large radius and two-constituent structure makes the
incoming proton only attack on one constituent and
the other one remains almost unaffected. However, a
compact binding state of quarks, either a quark-antiquark
pair or tetraquark, the exchanged light meson should
affect the state in the whole, and no obvious strip and
peak can be produced. Though in the current work we do
not consider the explicit mechanism of the reaction of the
light meson with the compact state, the conclusion should
be unaffected with different explicit models. Such con-
clusion can be further confirmed with a calculation of an
unphysical large binding energy as 100 MeV, which
corresponds to a very small radius.

Although the direct collision is unrealistic due to the lack
of exotic state target or beam, we suggest observing such
phenomenon in the production of an exotic state in a
nucleon-rich environment, such as at LHCb and PANDA.
The produced exotic state will interact with the surrounding
nucleons and decay into two final particles, for example,
D° and D° mesons here, combined with a proton. With
different total invariant masses, the strips in Dalitz plots and
the peaks in invariant mass spectra appear in different
invariant masses of two final particles. Such proposal can
provide a more determinative confirmation of the molecular
state structure of an exotic state and exclude the compact
multiquark assignment.
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