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CHARMONIUM BEFORE 2003
NRW-FAIR

Charmonium before 2003
Quark-Model: Eichten et al. PRD 17 (1978)
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Q̄Q POTENTIAL FROM LATTICE
Potential of two static color sources

NRW-FAIR

Q̄Q potential from lattice

Potential of two static color sources
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STRINGBREAKING
Adding light quarks: QQ̄ → (Qq̄)(Q̄q) becomes possible

496 J. Bulava et al. / Physics Letters B 793 (2019) 493–498

Fig. 2. Six-parameter fit to the string breaking data of Fig. 1 over the fit range r/a =
[11, 25]. The error band indicates 1σ bootstrap errors.

of static-light and static-strange mesons, respectively. As with V̂ , 
these energies are measured relative to 2E B . g1 and g2 are two 
coupling constants describing the strength of the mixing between 
the gluon flux and the separated colour-screened static sources. 
The off-diagonal term that would mix the two-static-light-meson 
state with the two-static-strange-meson state is set to zero. There 
is no constraint on this mixing in the energy spectrum alone as a 
basis rotation shows any non-zero value of this parameter yields 
an equivalent spectrum to the Hamiltonian of Eq. (7). Moreover, 
setting this value to zero ensures the diagonal elements of H cor-
respond to the asymptotic energy eigenvalues up to corrections at 
O(r−1) in the limit r → ∞.

A suitable choice for the function representing the string state 
is the Cornell potential [28]. Since we are modelling the string 
breaking region and not the potential at small distances, only the 
linear part of the Cornell potential

V̂ (r) = V̂ 0 + σ r, (8)

with string tension σ , is constrained by our data. Notice that we 
assume that the model parameters Ê1, Ê2, g1 and g2 in Eq. (7)
are independent of the distance. We will see that this simplest 
possible choice models our data very well in the region of string 
breaking.

The eigenstates of the Hamiltonian are mixtures of the unbro-
ken string and the two static-light- and two static-strange-meson 
states while the eigenvalues of H correspond to the three extracted 
energy levels. After diagonalising H , we perform an uncorrelated 
six-parameter fit to the spectrum, whose result is shown in Fig. 2. 
We find for our fit parameters:

aÊ1 = 0.0019(2), aÊ2 = 0.0262(6), (9)

ag1 = 0.0154(4), ag2 = 0.0080(5),

a2σ = 0.0229(3), aV̂ 0 = −0.434(5).

The model in Eq. (7) assumes a three state system. While it 
is possible that the physical eigenstates receive contributions from 
higher lying states Fig. 2 shows that our data is well-described by 
the fit parameters.

We now turn to a quantitative definition of the string break-
ing distance in the Nf = 2 + 1 case. To investigate the dependence 
of the string breaking distance on the sea quark masses, a ro-
bust definition is needed. By using the asymptotic states of our 
model, which for large distances r are given by the diagonal entries 

Fig. 3. Energy gap between ground and first-excited state (
E1(r)), as well as first-
excited and second-excited state (
E2(r)) from the model fit as well as from our 
data. The error band and error bars indicate 1σ bootstrap errors.

Table 2
Number of bound-state solutions Enl < 0 for bottomonium and charmonium of the 
Schrödinger equation.

mQ l = 0 l = 1 l = 2 l = 3 l = 4

mb 3 3 2 2 1
mc 2 1 1 – –

of our Hamiltonian, we extract two distinct string breaking dis-
tances corresponding to the light and strange mixing phenomenon. 
The string breaking distance, rc associated with the formation of 
two static-light quarks is given by the crossing distance where 
V̂ (rc) = Ê1 and a corresponding definition can be employed to de-
fine rcs using V̂ (rcs ) = Ê2. Our calculation yields

rc = 19.053(82)a = 1.224(15) fm ,

rcs = 20.114(87)a = 1.293(16) fm. (10)

The quoted errors for the physical units take into account the un-
certainty of a = 0.06426(76) fm [29].

Fig. 3 shows that the energy gap 
E1(r) = V 1(r) − V 0(r) be-
tween the ground and first-excited state does not exhibit a mini-
mum, thus making it impossible to use the minimal gap distance 
to define rc . It can also be observed that in the string breaking 
region, 
E1(r) is twice as large as 
E2(r) = V 2(r) − V 1(r), the en-
ergy gap between the first-excited and second-excited state.

Only one previous study [6] of string breaking for Nf = 2 QCD 
on the lattice exists with mπ = 640 MeV. However, the differing 
definitions and quark content of the vacua mean it is not possible 
to make a statement on quark mass dependence. Using the posi-
tion of the minimal energy gap, they find r̂c ≈ 1.248(13) fm. Even 
though in this study the pion mass was relatively heavy, r̂c is of 
the same order of magnitude as our result and falls between our 
values for rc and rcs .

4.1. Phenomenology

To make a first, simple comparison between our data and 
the experimentally observed quarkonium spectrum, we use the 
ground-state energy computed from our model Eq. (7) as input 
potential in the Schrödinger equation and extract the bound state 
energies of quarkonia in the Born-Oppenheimer approximation. 
We use input bottom- and charm-quark masses mb = 4977 MeV, 
mc = 1628 MeV from quark models [30,31].

Bulava et al., PLB793(2019)493

mπ = 280 MeV, mK = 460 MeV

=⇒ string breaking for energies above first open flavor threshold

B(∗)
s B̄(∗)

s

B(∗)B̄(∗)
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... PROVIDES NEW PHENOMENASETTING THE STAGE: XYZ ET AL.
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Figure 22: Summary of ordinary charmonia, XYZ and pentaquarks listed by the PDG [1].

Such a state was actually claimed to be narrower in other analyses [277, 278] with p = 120 MeV, but
no consensus was reached [279, 281, 282]. A recent CLAS analysis finds actually two N(1720) with similar
mass and widths, but different Q2 behavior in electroproduction [283]. The ANL-Osaka analysis finds two
poles with masses 1703 and 1763 MeV and widths 70 and 159 MeV, respectively [284]. Since quark models
predict several 3/2+ states in this energy region [18, 261, 262, 264], it is possible that the data analyses
are not able to resolve each pole individually. Further research is necessary to establish the number and
properties of resonances in this energy region, before discussing their nature.

2.5. Heavy quark spectroscopy

The unexpected discovery of the X(3872) in 2003 ushered in a new era in hadron spectroscopy [285].
Experiments have claimed a long list of states, collectively called XYZ, that appear mostly in the char-
monium sector, but do not respect the expectations for ordinary QQ̄ states, summarized in Figure 22. An
exotic composition is thus likely required [3, 9]. Several of these states appear as relatively narrow peaks
in proximity of open charm threshold, suggesting that hadron-hadron dynamics can play a role in their
formation [4, 286]. Alternatively, quark-level models also predict the existence of supernumerary states, by
increasing the number of quark/gluon constituents [2]. The recent discovery of a doubly-heavy T+

cc [287, 288]
and of a fully-heavy X(6900) [289] states make the whole picture extremely rich. Having a comprehensive
description of these states will improve our understanding of the nonperturbative features of QCD. Most
of the analyses from Belle and BaBar suffered from limited statistics, and strong claims were sometimes
made with simplistic models on a handful of events. Currently running experiments like LHCb and BESIII
have overcome this issue, providing extremely precise datasets that also require more sophisticated analysis
methods and theory inputs. The status of ordinary and exotic charmonia is summarized in Figure 22. De-

30

JPAC, PPNP127(2022)103981

cc̄ cc̄qq̄ cc̄qs̄ ccq̄q̄ ccc̄c̄ cc̄qqq

Quark model works up to
first S-wave thresholds
Beyond those: “Exotics”
Many near thresholds
=⇒ what is their structure?

November 16, 2022 Slide 2 20
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How can one disentangle the different multiquark structures?
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DISCLAIMER
In what follows I focus on individual scenarios, in the spirit of

What if the exotics were pure .... (put your favourite appraoch)

So far little work on the possible mixing of the structures.

Promising approach: Dyson-Schwinger equations for multiquark states

J. Hoffer, G. Eichmann and C. S. Fischer, [arXiv:2402.12830 [hep-ph]].

So far exploratory studies for spectra, no uncertainty estimates yet ....
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HEAVY TETRAQUARKS
Straightforward extension of the quark model

M. Gell-Mann, PL8(1964)214

Mesons as diquark–anti-diquark systems
Jaffe, PRD15(1977)267, Maiani et al., PRD71(2005)014028

Building blocks: Spin 0 and 1 heavy-light diquarks

Separated by potential well
Selem and Wilczek, hep-ph/0602128; Maiani et al., PLB778(2018)247

..
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Heavy Tetraquarks
→ Straightforward extension of the quark model

M. Gell-Mann, PL8(1964)214

→ Mesons as diquark–anti-diquark systems
Jaffe, PRD15(1977)267, Maiani et al., PRD71(2005)014028

→ Separated by potential well
Selem and Wilczek, hep-ph/0602128; Maiani et al., PLB778(2018)247

..
Q

q

q
Q

alternative approaches, e.g., Cui et al., HEPNP31(2007)7; Stancu, JPG37(2010) 075017

→ To account for spectrum spin-spin interaction needs to be
dominant within diquarks Maiani et al. PRD89(2014)114010

→ and tensor force, S12, needs to be considered
Ali et al. EPJC78(2018)29

M = 2MQ +
BQ
2

L2 + 2aY L · S+
bY
4
S12 + 2κcq (Sq · Sc + c.c.)

• Already many ground states

• Each level has isovector and isoscalar state (cf. ρ and ω)
Lecture series onQCD Exotics in the Heavy Quark SectorPart III: The Q̄Q sector – p. 8/19

Spin-spin interaction dominant within diquarks Maiani et al. PRD89(2014)114010

and tensor force, S12, needs to be considered Ali et al. EPJC78(2018)29

M = 2MQ +
BQ

2
L2 + 2aY L · S +

bY

4
S12 + 2κcq (Sq · Sc + c.c.)

alternative approaches, e.g., Cui et al., HEPNP31(2007)7; Stancu, JPG37(2010) 075017; Bhavsar et al., NPA1000(2020)121856

→ Already many ground states

→ Each level has isovector and isoscalar state (cf . ρ and ω)
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RESULTS FOR NEGATIVE PARITY STATES
Ali et al. EPJC78(2018)29

four 1−− ground states: P-wave &
[0, 0]0, [1, 0]1+[0, 1]1, [1, 1]0, [1, 1]2

BESIII claims 2 in J/ψππ

Results for negative parity states
Ali et al. EPJC78(2018)29

→ four 1−− ground states

→ BESIII claims 2 in J/ψππ
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→ Without tensor force very light 3−− Cleven et al., PRD 92(2015)014005

→ Many more states predicted than observed!

Maybe since di-quark picture too restrictive/constraining?
Richard et al., PRD95(2017)054019
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BESIII, PRL118(2017)092001

Results for negative parity states

→ four 1−− ground states

→ BESIII claims 2 in J/ψππ
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Without tensor force very light 3−−
Cleven et al., PRD 92(2015)014005

Many more states predicted than observed!
Maybe since di-quark picture too restrictive/constraining?

Richard et al., PRD95(2017)054019
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HADROCHARMONIUM
Extra states are viewed as compact Q̄Q
surrounded by light quarks M. B. Voloshin, PPNP61(2008)455

Provides natural explanation why, e.g., Y (4260)
is seen in J/ψππ final state but not in D̄D

THE NAME OF THE GAME:

Q

q

Q
q

Q

q

Q

q

Q
q

Q

q

Q

Q

HADRO–
QUARKONIUM

HADRONIC 
MOLECULE

TETRAQUARK

GLUEBALL

HYBRID

Picture by Soeren Lange

How can one disentangle the different structures?

Slide 9 23

Heavy quark spin symmetry demands that spin of the core is
conserved in decay to charmonia

Explaining e+e− → hcππ

needs mixing between states
with sc̄c = 0 and sc̄c = 1
leading to Y (4260) and Y (4360)

Li & Voloshin MPLA29(2014)1450060

Hadrocharmonium
M. B. Voloshin, PPNP61(2008)455

→ Extra states are viewed as compact Q̄Q
surrounded by light quarks

→ Provides natural explanation why, e.g., Y (4260)

is seen in J/ψππ final state but not in D̄D

Q

q

q

Q

→ Heavy quark spin symmetry demands that spin of the core is
conserved in decay to charmonia

→ Explaining e+e− → hcππ

needs mixing between states
with sc̄c = 0 and sc̄c = 1

leading to Y (4260) and Y (4360)
Li & Voloshin MPLA29(2014)1450060
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Lecture series onQCD Exotics in the Heavy Quark SectorPart III: The Q̄Q sector – p. 10/19
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HADROCHARMONIUM: NEW STATES
The above mentioned mixing suggests for the unmixed states:

Ψ3 ∼ (1−−)cc̄ ⊗ (0++)qq̄ Ψ1 ∼ (1+−)cc̄ ⊗ (0−+)qq̄ ,

where the heavy cores are ψ′ and hc .

−→ get spin partners via ψ′ → η′c and hc → {χc0, χc1, χc2}

Hadrocharmonium: new states
The above mentioned mixing suggests for the unmixed states:

Ψ3 ∼ (1−−)cc̄ ⊗ (0++)qq̄ Ψ1 ∼ (1+−)cc̄ ⊗ (0−+)qq̄ ,

where the heavy cores are ψ′ and hc.

−→ get spin partners via ψ′ → η′
c and hc → {χc0, χc1, χc2}

Cleven et al., PRD 92(2015)014005

Special feature: very light 0−+ state that should not decay to D∗D̄
Lecture series onQCD Exotics in the Heavy Quark SectorPart III: The Q̄Q sector – p. 11/19

Cleven et al., PRD 92(2015)014005

Special feature: very light 0−+ state that should not decay to D∗D̄
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HADRONIC MOLECULES
review article: Guo et al., Rev. Mod. Phys. 90(2018)015004

are few-hadron states, bound by the strong force

do exist: light nuclei.
e.g. deuteron as pn & hypertriton as Λd bound state
are located typically close to relevant continuum threshold;
e.g., for EB = m1 + m2 − M (γ =

√
2µEB; µ = m1m2/(m1 + m2))

Edeuteron
B = 2.22 MeV (γ = 40 MeV)

Ehypertriton
B = (0.13 ± 0.05) MeV (to Λd) (γ = 26 MeV)

can be identified in observables (Weinberg compositeness):

g2
eff

4π
=

4M2γ

µ
(1 − λ2) → a = −2

(
1 − λ2

2 − λ2

)
1
γ
; r = −

(
λ2

1 − λ2

)
1
γ

where (1 − λ2)=probability to find molecular component in
bound state wave function

Are there mesonic molecules?
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GENERAL CONSIDERATIONS
Constituents must be narrow. Heavy candidates (M, Γ in MeV)

D (0−,M = 1865, Γ ≃ 0); D∗(1−,M = 2007, Γ ≃ 0.1)
D1(1+,M = 2420, Γ ≃ 30); D∗

2(2
+,M = 2460, Γ ≃ 50)

D0(2400) and D1(2430) with Γ = 300 MeV too broad ...

General considerations
Constituents must be narrow. Heavy candidates (M,Γ in MeV)

D (0−,M = 1865,Γ ≃ 0); D∗(1−,M = 2007,Γ ≃ 0.1)

D1(1
+,M = 2420,Γ ≃ 30); D∗

2(2
+,M = 2460,Γ ≃ 50)

D0(2400) and D1(2430) with Γ = 300 MeV too broad ...
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X(3915)

DD̄

DD̄
∗

D ∗ D̄ ∗

D ∗ D̄ ∗
2

DD̄1

D ∗ D̄1

→ Explains mass gap between
JP = 1+ and 1− states:

MY (4260)−MX(3872)=388 MeV
≃MD1(2420)−MD∗=410 MeV

→ Predicts, e.g.,
M(0−)−M(1−) ≃
MD∗ −MD ≃ +100 MeV,

if it exists

Note: for hadrocharmonium:
M(0−)−M(1−) ≃ −100 MeV

Cleven et al., PRD 92 (2015) 014005

Lecture series onQCD Exotics in the Heavy Quark SectorPart III: The Q̄Q sector – p. 13/19

Explains mass gap
MY (4260)−MX(3872)=388 MeV ≃

MD1(2420)−MD∗=410 MeV

Predicts, e.g.,
M(0−)− M(1−) ≃ MD∗ − MD

≃ +100 MeV
microsopic calc.: T. Ji et al. PRL129(2022)102002

For tetraquark:
M(0−)− M(1−) ≃ + 50 MeV

Ali et al. EPJC78(2018)29

For hadrocharmonium:
M(0−)− M(1−) ≃ −100 MeV

Cleven et al., PRD 92 (2015) 014005
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EXAMPLE: Y (4230) AS D1D̄ MOLECULE

Inclusion of D1D̄ intermediate states (gYD1D large for molecule)
Inclusion of charmonium ψ(4160) (Mψ(4160) = 4191 MeV)

L. von Detten, V. Baru, CH, Q. Wang, D. Winney, Q. Zhao; arxiv: 2402.03057

Y (4330)
only seen in J/ψππ
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IMPACT OF ψ(4160)
Well established c̄c state

Parameters from RPP2023:
2023 update of R. L. Workman et al. [PDG], PTEP2022 (2022)083C01

mΨ(4160) = (4191±5) MeV
ΓΨ(4160) = (70±10) MeV

Experimental extractions:

D0D∗−π+: ΓY=(77±6.3±6.8)MeV
BESIII, PRL130(2023) 121901

J/ψπ+π−: ΓY=(41.8±2.9±2.7)MeV
BESIII, PRD106(2022)072001

in both cases ψ(4160) omitted

µ+µ−: ΓY=(47.2±22.8±10.5)MeV
BESIII, PRD102(2020)112009

with ψ(4160) included
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ROLE OF D1D̄ CUT
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SUMMARY AND PERSPECTIVES
These are exciting times in (heavy meson) spectroscopy
The recent and future data have the potential to allow us to identify the
prominent components in XYZ states

to-do for experiment
Continue great performance! Especially needed:

data for different quantum numbers and
data for line shapes

to-do for theory
Provide more predictions for the different scenarios
Go beyond most simple approaches
e.g. study interplay of regular quarkonia with exotics

potentially significant mixing
Kalashnikova et al., PRD80(2009)074004; Takizawa et al., PTEP(2013)093D01; Ortega et al., JPG 40(2013)065107;

Coito et al., EPJC73(2013)2351; Cincioglu et al., EPJC76(2016)576

negligible mixing
van Beveren et al., PLB641(2006)265; Hammer et al., EPJA52(2016)330, C.H. et al., PRD106(2022)114003

Thanks a lot for your attention
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QQq̄q̄ TETRAQUARKS
Recently growing number of claims for those tetraquarks, e.g.

from QCD sum rules Du et al., PRD87(2013)014003

from lattice QCD Francis et al. PRL118(2017)142001

from phenomenology Ader et al., PRD 25(1982)2370

Karliner and Rosner, PRL119(2017)202001; Eichten and Quigg, PRL119(2017)202002E.g. from the last work
m(QQq̄q̄)− m(QQq) ≃ m(Q̄q̄q̄)− m(Q̄q)

exploiting heavy quark-diquark symmetry:

expansion in rQQ/rq ∼ ΛQCD/(MQv) Savage and Wise, PLB248(1990)177

One finds: The heavier QQ, the more deeply bound QQq̄q̄

cc: From mass of Σcc : At most very shallow
State found (Tcc) — consistent with molecule LHCb, Nature Commun. 13(2022)3351

bb: No bb-baryon mass available; all groups agree that
there should be a tetraquark structure
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OTHER CHANNELS
L. von Detten, V. Baru, CH, Q. Wang, D. Winney, Q. Zhao; arxiv: 2402.03057
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