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Different regions of QCD

High energy

Asymptotic freedom

Perturbative

Low energy

Nonperturbative

Confinement: quarks and gluons are confined in color-neutral hadrons

Hadron spectroscopy and interactions

PDG 2013 review on QCD
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Ordinary and exotic hadrons

Glueball: 
only gluons, no valence quarks

Hybrid meson: 
qq with gluonic excitations

Gluonic excitations

Ordinary hadrons

q q

q q q
q

q

Meson (qq) Baryon (qqq)

Valence quarks: (definition given in Wikipedia)
the quarks and antiquarks which give rise to the quantum numbers of the hadrons
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Lattice results for the lightest hybrid mesons

Dudek et al, PRD88(2013)094505
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Ordinary and exotic hadrons

Compact tetraquark: 
Two valence quarks and two valence antiquarks

Hadronic molecule: 
Extended, composed of two or more color-neutral hadrons
E.g., deuteron (proton-neutron bound state)

Multiquark states
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Why are hadronic molecules interesting?

One realization of color-neutral objects. Analogue of the deuteron.

Important for understanding hadron-hadron interaction.

Useful to identify other types of exotica including hybrids

Model-independent statements can be made
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Outline

Charmonium spectrum

Hadronic molecules and how to identify them

Examples of hadronic molecules

– X(3872)

– Ds0(2317) 

Outlook

*
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Charmonium spectrum c c

Godfrey, Isgur, PRD32(1985)189
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Charmonium spectrum c c

Excellent agreement, many states were still missing
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c d
u

c

Charmonium spectrum: evidence for exotica!

c c

CLEO-c
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Coupled-channel effects

Eichten et al, Cornell model
Törnqvist et al, unitarized quark model

Eichten, Lane, Quigg, PRD73(2006)014014
Pennington, Wilson, PRD76(2007)077502
Barnes, Swanson, PRC77(2008)05206
Danilkin, Simonov, PRD81(2010)074027
… 

The quark model spectrum can be renormalized by coupled open-
charm channels

Coupled-channel effects can have a large effect on chiral extrapolation of 
lattice results of excited states                         Guo, Meißner, PRL109(2012)062001 

The coupled-channel threshold increases 
with a speed different from that of M
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Coupled-channel effects

The coupling constant is large

Nonperturbative interaction, bound states (hadronic molecules) may 
emerge

If the coupled-channel effects are large

Key to identifying hadronic molecules

Relation between coupling constant and bound state?
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Hadronic molecule: size

Consider a two-body bound state with a mass Mmol=m1+m2−EB

Energy of the two constituents  m1+m2+p2/(2μ)

Size of the hadronic molecule 

range of forces:

The binding energy is small, the size is large

R >> r, scale separation, expansion with a controlled uncertainty

R

exex
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Compositeness (1−Z)

The probability of finding the physical state in the two-body continuum

Hadronic molecule: compositeness

Consider a system  with a Hamiltonian 

free Hamiltonian interaction potential

: bare state : physical state

Z = 0: pure bound state
Z = 1: pure elementary state

S-wave loosely bound hadronic molecules 
can be identified model-independently! 
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Hadronic molecule: compositeness

Schrödinger equation

Compositeness

When R >> r , small momentum expansion. 
For S-wave, 

Compositeness
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Model-independent relations

In this case, an analytic expression for the compositeness is obtained

           

Coupling constant measures the compositeness for an S-wave bound 
state with a small binding energy (model independent) Weinberg PR137(1965) 

Z can be measured directly from observables, such as scattering 
length and effective range.

Example: deuteron,  E
B 
= 2.2 MeV, a

3S1
= −5.4 fm

Here, the sign convention for a: k cot δ = 1/a + … 

Equivalent to the pole counting method        
                   Morgan, Pennington PLB258(1991); Morgan, NPA543(1992); Baru et al, PLB586(2004)

    Weinberg PR137(1965) 
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X(3872)

  Basics

– Discovered by Belle in 

–                            LHCb, PRL110(2013)222001

–

–

– Good candidate for a        hadronic molecule 
                   Törnqvist (2003), Voloshin (2004), Braaten, Kusunoki (2004), Hanhart et al (2007)…

Lattice

– X(3872) was calculated on the lattice with L = 2 fm. No conclusion 
on its nature was made. But they gave

Belle, PRL91(2003)262001
Most cited Belle paper

Prelovsek, Leskovec, PRL111(2013)192001

These values correspond to Z < 0.29              

                        the X(3872) is mainly a molecule!
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X(3872) in charmonium radiative transitions Guo et al, PLB725(2013)127

Assuming X(3872) to be a DD*+c.c. hadronic molecule, it should be 
produced via intermediate DD* 

Enhanced production at an S-wave threshold

BESIII found no signal of the X(3872) in e+e−→γX(3872) at 4.04 GeV       
                                                                                                C.Z.Yuan 

Above 4 GeV, S-wave charmed meson + P-wave charmed meson

The most enhanced case: both vertices are in an S-wave

Guo et al, PRD83(2011)034013, 
Guo, Meißner, PRL108(2012)112002, … 
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X(3872): prediction for its production        Guo et al, PLB725(2013)127

The best energy regions for 
producing the X(3872)+photon 
in e+e- are around the Y(4260) 
and around 4.45 GeV!

Production further enhanced if 
the Y(4260) is a D1D molecule

Prediction confirmed!
X(3872)γ recently observed at 4.26 GeV 
by BESIII ! arXiv:1310.4101[hep-ex]

Binding energy of the X(3872)

Coupling constants fixed assuming Z=0
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D
s0

(2317)

 They could be DK and D*K bound states           Barnes, Close, Lipkin, PRD68(2003)054006

*
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DK scattering and D
s0

(2317)

Strategy: 
     Calculate the DK I=0 scattering length and extract the value of Z
Method:
     Unitarized chiral perturbation theory
     Parameters fixed from fitting to lattice results of scattering lengths for 
     channels free of disconnected Wick contractions

Liu, Orginos, Guo et al, PRD87(2013)014508

Oller, Oset, Pelaez, Meißner, ...

*
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DK scattering and D
s0

(2317)

Bands: Our predictions for DK I=0 using unitarized CHPT
Data:  Direct calculation including disc. Contractions

At the physical pion mass, a pole at                        corresponds to 
 

Liu, Orginos, Guo et al, PRD87(2013)014508

Mohler et al, PRL111 (2013) 222001 

The main component of the D
s0

(2317) is DK molecule.*

*
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Summary

Identify (the nature of) exotic states from experimental signals / 
lattice data is challenging

S-wave hadronic molecules can be studied in a relatively clean 
way
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Outlook

Exp.-related: Decays and production of hadronic molecules 

Lat.-related: Using EFT to develop methods extracting hadron 
properties in lattice simulations

 Plan:
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Decays and production of hadronic molecules

Project E-1:

Detailed study of decays of hadronic molecules, which is essential 
towards identifying them and distinguishing them from hybrid states

Example: Y(4260)

– Discovered by BaBar in ISR process

–

–

– Hybrid candidate          Zhu (2005), Kou&Pene (2005)164, Close&Page (2005), …

– Alternative explanation:  D
1
D molecule     Wang et al, PRL111(2013)132003

BaBar, PRL95(2005)142001
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Decays and production of hadronic molecules

Fits

Prediction

Prediction

Wang, Cleven, Guo et al, arXiv:1310.2190
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Decays and production of hadronic molecules

Project E-2:

Study of three-body hadronic molecules in effective field theory

Example:

D
s0

(2317)*

D K

D*

X
(3

87
2)

A
ttractive, resonant

Spectrum? Width?
A new type of nuclear physics?
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Decays and production of hadronic molecules

Project E-3:

Photoproduction of the hadronic molecules at energies relevant for Jlab 
12 GeV upgrade

For producing a D+ D− pair Target proton deuteron

E
γ

11.2 GeV 7.5 GeV

Heavy flavor or light-flavor hadrons above 2 GeV?

For producing a D+ D*− pair Target proton deuteron

E
γ

11.9 GeV 7.9 GeV
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Decays and production of hadronic molecules

When there is a near-threshold hadronic molecule, the near-threshold 
production rate is enhanced by final state interaction (formation of the 
hadronic molecule)

One possible method:

Hadronic molecules live here

Monte Carlo event generators 
+ effective field theory

Example: 
Production of charm-strange 
hadronic molecules at LHC
                Guo et al, arXiv:1403.4032
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Methods extracting hadron properties on the lattice

Project L-1:

Hadronic molecules on the lattice, method to extract the compositeness

Method: 
using finite volume and twisting angle dependence (twisted boundary 
condition)

Already had preliminary results for the case of the D
s0

(2317) using 
synthetic lattice data                        Agadjianov, Guo, Rios, Rusetsky, in preparation

*
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Methods extracting hadron properties on the lattice

Project L-2:

Extracting the coupling constant for excited states

Idea: 
When changing some parameters on the lattice (e.g., M

π 
or twisting 

angle), a cusp can appear. The cusp strength is controlled by the 
coupling constant.                       

*
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Conclusion

Identifying the QCD exotics is a difficult task, and needs a close 
collaboration between experimentalists and theorists!

Thank you for your attention!Thank you for your attention!
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Spares
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Lattice results for charmonium spectrum

Liu et al, PRD88(2013)094505
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Top Physics highlight in 2013: Four-quark matter

BESIII, PRL110(2013)252001 Belle, PRL110(2013)252002

Discovery of the Z
c
+(3900)
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Confirmation and more

Xiao,Dobbs,Tomaradze,Seth, PLB727(2013)366
an analysis using CLEO-c data BESIII, PRL112(2014)022001

BESIII, PRL111(2013)242001 BESIII, arXiv:1308.2760[hep-ex]
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X(3872) in radiative charmonium transitions

● Γ(D*0→D0γ)>>Γ(D*+→D+γ),    Γ(D
1

0→D0γ)>>Γ(D
1

+→D+γ)

● Type-I: S-wave charmed meson + S-wave charmed meson

● Type-II: S-wave charmed meson + P-wave charmed meson

Possible loops
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Nonrelativistic, D-meson velocity    

three-momentum                ; energy

Propagator

Nonrelativistic effective field theory (NREFT)

Power counting           

Examples

● S-wave charmonium ● P-wave charmonium

P-wave
coupling

S-wave
coupling

Guo et al PRL103(2009)082003; PRD83(2011)034013; PRL109(2012)062001 …
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X(3872) in radiative charmonium transitions

Type-II

The loop integral is convergent

1--

X (3872)

γ

D*0

D̄0

D1
0

S-wave couplings
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X(3872) in radiative charmonium transitions

Type-I

m0 is a quantity of the dimension mass. 

For a soft photon, Eγ<<m0~1 GeV                                  

              type-I is suppressed relative to type-II

1--

X (3872)

γ

D*0

D̄0

D0

S-wave coupling
P-wave coupling
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X(3872) in radiative charmonium transitions

● For Y(4260)→γX(3872), we assume Y(4260) to be 
a hadronic molecule with the main component 
being
     Ding (2008), Li, Wang, Dong, Zhang (2013), Wang, Hanhart, Zhao (2013)

                                                           

D1(2420) D̄+c.c.

● Coupling constants

X(3872)DD*:

 Y(4260)DD
1
:

from uncertainties of binding energies
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Production of the X(3872)

Including the D
1
 width

neglecting the D
1
 width
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Remarks on disconnected contractions

E.g., consider D0K+ →D0K+, two possible contractions: 

                     Guo et al, PRD88(2013)074506

Singly disconnected Direct connected

The singly disconnected contraction is of leading importance

Singly disconnected Direct connected

N
c
 counting O (N

c
) O (1)

Chiral expansion Single trace, LO Double trace, NLO

Any lattice calculations of tetraquarks or meson-meson scattering 
should calculate the singly disconnected contractions whenever 
they contribute. 
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Photoproduction of pairs of charm hadrons

When there is a near-threshold hadronic molecule, the near-threshold 
production rate is enhanced by final state interaction (formation of the 
hadronic molecule)   See e.g., Artoisenet&Braaten, PRD81(2010)114018
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Summary

S-wave hadronic molecules with a small binding energy can be 
identified by measuring compositeness

Coupling constant contains important structure information, a 
large coupling constant to two hadrons would mean the two 
hadrons provide a large component
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