X (3872) as a Universal and Composite State
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Abstract

X (3872) because of its mass that is just below D° D™ threshold and its quantum number J°¢ =1"*can be
considered as a weakly bound molecule. It can be regarded as non-relativistic system depicting universality
and compositeness. Physical observables are called universal if they are insensitive to the range and other
details of short-range interaction. Weinberg introduced compositeness criterion to classify a two-body

composite system as the sum, with different weights , of a compact core and a two distinct parts.
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1. Introduction

Hadron spectroscopy opened anew era In hadron physics called exotics. Exotics cannot be explained by
conventional view of g meson and (qq baryon .QCD does not prohibit hadrons made of two quarks and
two antiquarks (tetraquarks), four quarks and one antiquark (pentaquark), six quarks (hexaquarks) and other
combinations of quarks and gluons called hybrids and configuration of gluons or glueballs [1-7].

Various theoretical models was proposed to explain the rich phenomena of hadronic spectroscopy. A compact
tetraquark is formed by diquark and antidiquark [8,9]. A hybrid is a quark antiquark meson with exited gluons
in addition to the rotational and the radial motion of ordinary quarks [10,11]. Hadroquarkonium is a compact
heavy quark antiquark core surrounded by light quark cloud and the QCD analogue of the Vander Waals force
holding them together [12,13]. Hadronic molecule is a compound object consisted of two or more hadrons.The
hadronic molecule is founded on the deuteron which can be explained as shallow bound state of proton and
neutron [14 ]. Hadronic molecules are loosely bound , it means that the binding energies are small with respect

to QCD scale A, which is several hundred MeV.
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In 2003 the Belle collaboration discovered a new structure producing by the decay B* — K*X and
observed through decay mode J/w 7" 7~ called X (3872) [15] and later confirmed by CDF [16]. This state
had predicted 10 years earlier by Torngvist [17].

The average mass of X (3872) can be estimated as [18]

M, =3871.69+0.17MeV.

For the width only upper limit exist [19]
I'y <1.2MeV,

and it is found that the two-pion and three —pion branching ratios were of the same order of magnitude [20]

BriX »J/wn" n~ 7°]
Br( X > J/wr" 7]
Researches have shown that that the dipion inthe J/w 7" 7~ mode comes from isovector o meson while

=1.0+£0.4+0.3.

the tripionin the J/w 7" 7~ 7° mode comes from the isoscalar @ meson so this fraction shows strong

isospin violation.

The analogue of X (3872) inthe bottom sector has not been yet found. The search for it has done by CMS

Collaboration but no signal was detected in Y7z 7 channel [21-23].

The low energy Few-body observables for non-relativistic particles with short range interaction and large
scattering length have universal properties that are nottied to the detail of mechanism that creates large
scattering length. This phenomena is called low energy universality. For a >0 the elementary prediction is

that there isa 2-body shallow bound state whose binding energy for large a approaches [24]
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here 12 is the reduced mass of two parts and @ denotes scattering length. If binding energy of X (3872) is
0.5MeV its scattering length would be 6.3fm thatis much larger than natural length scale i:1_5 fm.
m

T

There is a universal prediction forthe D° D®orD® D™ wave function as [25]
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The scaling limitis an important concept that can be defined by describing phase shift J,(&) for two

body scattering. The phase shift has a simple form as [26,27]

k cot &, (k) = —i : ©)

The Weinberg compositeness criterion states that for the physical wave function of a bound state [28-30]
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here |y, ) represents the compact part of the stateand |hh,) istwo hadron partand R, <1fm.If y

denotes binding momentum the radius of confinement is more compact than R ~1/ ¥ which represents
the characteristic size of shallow bound state. y (k) is the wave function of the two hadron part and k
represents the relative momentum of two particles. A°signifies the probability of compact partof wave
function in the physical state which is analogous to wave function renormalization constant Z in quantum

field theory [27].The system could be described by the Schrédinger equation
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For two hadron Hamiltonian the Kinetic energy is given by ﬁﬁh :kz/(2,u) and the transition form

factor is
(ol V|hhy) = £ (k), (6)
where
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and for scattering length and effective range we have
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where S is the inverse range of force. For pure molecule we have A° =0 and for compact state 1° =1.

Writing it in terms of renormalization constant we have [31]
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where R is characteristic size of state and M represents corrections due to momentum scale.
The residue of a bound- state pole located close to the threshold could be shown as [27]
2
S _am2(Lya- ), (1)
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where g, is effective coupling constant of the bound system and it is maximum for pure molecule A% =0.

Weinberg criterion was expanded for resonances and are discussed for couple channels [32-34 ] . It is crucial
to note that in order to identify hadronic molecules, those observables are useful that are sensitive to effective

coupling expressed in Eq.(11).

In the coupled channel scheme in which a resonance is a mixture of a bare elementary state and multiple two

body components by using the spectral density concept we have

TW(E)dE =1->7,, (12)
0 a

where W(E) is the spectral density which gives the probability to find bare state in the continuum wave
function and Z_ gives the probability to find a bare state in the wave function of the o -th bound state
[35,36].

For unstable states the generalization of weak binding relation is obtained by adding a two-body decay
channel in the effective field theory. The threshold energy of the decay channel is setat E =—v with v >0

measured from threshold of channel 1.
h) = IX | Channell) ++1- X |others), (13)

here |h> represents the quasi-bound state of the wave function and X shows the composite component of

channel 1.



The weak- binding relation for quasi-bound state |h> can be written as
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here @ is the scattring length of channel 1 and | is the length scale associated with the threshold energy

difference v .The firstand second term take the same formas inthe weak binding relation for the bound
3

state when |—| <1 it can be neglected [37].

2. The X (3872)

Wave function of the X (3872) should be expressed in fock decomposition [38]
X zao‘//o+zai‘//i ' (16)
i

here i, is the state of neutral D mesons (D°D™ + D°D™)/+/2 and ;, to other hadronic states.

The result found by reference [39] is

|X)=0.237|cT) - 0944‘DD§ 0.228

D'D")
=0.237|cc)-0.829|DD"; | =0)-0.506

DD": 1 =1>.

" Despite of large phase space of the X (3872) for decay to Q(j and pions it has narrow width that means the

wave function have avery small overlap with the corresponding quarkonia so it better it to interpret it as
molecule [40].

Bound state of the X (3872) with no direct interaction in the mesonic channel gives [41]

(17)



where £ is the bare coupling constant between channels, by decreasing the binding energy Z also decreases

and it means a larger molecular component.

The features of the X (3872) can be explained in a universal EFT with contact interaction but there is no
Efimov effect in the system. [24,42,43]

Large scattering length is also studied in Feshbach resonance. Feshbach resonance first appeared in
literature to explain the narrow resonances observed in the total cross section for a neutron scattering of
nucleus [44]. The idea of dressed molecule which is the important idea of many- body Feshbach physics is
superposition of the closed channel bound state or pure molecule and the set of states that are in open channel

channel continuum [25,45].

|dressed) = ﬁ| closed ) ++/1-Z |open).

Table 1 The scattering length a and effective range I' are calculated in fm for the X(3872) by using Eq. (10)
for different values of Z. The masses are taken from Ref. [18]. We take B = 0.18 MeV.

L =0 Z=01 Z=03 Z =05 Z =07 Z =09 Z=1

a

r 12.40 11.80 10.40 8.80 6.40 2.60 1.40
1.40 0.20 -3.40 -9.60 -24.20 -97.60

In table 1. we use EQ.(10) and we take binding energy of the X (3872) 0.18 MeV.In order to calculate the

: . 1 : : N
scattering length and effective range the value of O (E) where 3 is the inverse range of force is estimated as

1
m_ , Where m_is the mass of 7~ meson .With this value of the binding energy we find large positive value

T

for g but negative value for r for Z >0.3.Thus if the X (3872) is a dominant molecular structure Z <0.3.

3. Conclusion

There exist different models for interpreting the X. The X has been observed in various decay modes more
than other heavy exotics. But there is no common view about its nature. X can be created in any reaction that

can generate its ingredients (D°D° +D°D)/2 , D° D and D° D*°.

Since the mass X isclose to s-wave threshold and its quantum number is similar to analogous meson



pair and has a narrow width , these characteristics motivated some physicists to take it as threshold cusps
[46,47].

The analogy between X and deuteron is motivating , but deuteron is observed directly by studying its stopping

power , but the X cannot be observed directly. The X (3872) and deuteron have been created in high energy
pp collisions. But the reason how such loosely bound heavy states be created had not been yet uncovered.
Because accurate mass of the X (3872) is important to understand its nature , new proposals based on
triangle singularities ee” — Xy have been suggested [48,49].

Regarding to heavy quark spin symmetry [50] there should be more hadronic molecules degenerate with the
X (3872) [51-53].

Lattice calculation for the X (3872) are not so successful. For the binding energy of the X (3872) the
uncertainty is comparable to its central value [54,55]. The limitations related to lattice calculation can be
recovered by the new numerical methods and increasing the computer power.

Currently we don’t know on which sheet the pole of the X(3872) is located. It can be a shallow bound state
which means which means it has a pole ona physical sheet or virtual state which means it hasa pole on
unphysical sheet [56,57].

Weinberg approach that whether or not the deuteron is composite or elementary gives insight s to other
hadronic resonances like X (3872).

The X (3872) could bea loosely bound charm meson molecule comparable in size to the largest nuclei.

Because of very small binding energy, it makes nice area for implication of effective field theory.

More measurements and detection of a large number of new decays of the X (3872) could reveal its

internal structure and production mechanism.
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