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spectroscopy from first-principles is a hard problem

models are useful, but what does QCD say?

many puzzles - new and old

the quark model is a good guide for low-lying states
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hadron spectroscopy from lattice QCD 3

Lattice QCD provides a rigorous approach to hadron spectroscopy 
- as rigorous as possible 
- all necessary QCD diagrams are computed 
- excited states appear as unstable resonances in a scattering amplitude 

tremendous progress in recent years 
but not yet ready for precision comparisons 
 -  physical pions are very light 
 -  most interesting states can decay to many pions 
 -  control of light-quark mass is a useful tool 
 -  small effects not considered in general: 
    finite lattice spacing, isospin breaking, EM interactions

goal: what does QCD say about the excited hadron spectrum? 
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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 = 120MeV, but
no consensus was reached [279, 281, 282]. A recent CLAS analysis finds actually two N(1720) with similar
mass and widths, but di↵erent Q

2 behavior in electroproduction [283]. The ANL-Osaka analysis finds two
poles with masses 1703 and 1763MeV and widths 70 and 159MeV, 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 su↵ered 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-
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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 = 120MeV, but
no consensus was reached [279, 281, 282]. A recent CLAS analysis finds actually two N(1720) with similar
mass and widths, but di↵erent Q

2 behavior in electroproduction [283]. The ANL-Osaka analysis finds two
poles with masses 1703 and 1763MeV and widths 70 and 159MeV, 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 su↵ered 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

resonances with charm quarks 5

JPAC arXiv:2112.13436

Godfrey & Isgur



David Wilson

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 = 120MeV, but
no consensus was reached [279, 281, 282]. A recent CLAS analysis finds actually two N(1720) with similar
mass and widths, but di↵erent Q

2 behavior in electroproduction [283]. The ANL-Osaka analysis finds two
poles with masses 1703 and 1763MeV and widths 70 and 159MeV, 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 su↵ered 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-
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local qq-like constructions

2&3-hadron 
constructions

uses the eigenvector from the 
variational method performed in  
e.g. pion quantum numbers 

using distillation (Peardon et al 2009) 
many channels, many wick contractions

anisotropic (3.5 finer spacing in time) 
Wilson-Clover

L/as=16, 20, 24  
mπ  = 391 MeV

L
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• compute a large correlation matrix 
• solve generalised eigenvalue problem 

to extract energies

rest and moving frames
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C(~p1, ~p2; ~p)⌦⇡(~p1) ⌦⇡(~p2)

Nf = 2+1 flavours 
all light+strange annihilations included 
no charm annihilation
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- spectra from qqbar operators only, 
Liu et al JHEP 1207 (2012) 126 

- indicates energy regions where 
resonance effects are likely 

-  add meson-meson operators

chicJ resonances
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“0++” “2++” “2++ & 3++”



charmonium 11

“0++” “2++” “2++ & 3++”

only very  
small shifts 
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“0++” “2++” “2++ & 3++”

“extra” level ?
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“0++” “2++” “2++ & 3++”

similar on  
L/as=20
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“0++” “2++” “2++ & 3++”

“extra” level ?



what’s going on near DDbar threshold? 15
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what’s going on a DDbar threshold? 16
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higher scalar amplitudes 17

“0++” “2++” “2++ & 3++”



higher scalar amplitudes - from rest energies only 18
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three channels open close together: 

consider 7-channel system

      has been seen to be 
important in some places

operator overlaps suggest 
is important

K-matrix pole terms become necessary 
to obtain a good quality of fit
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peaks at a similar energy

very small DsDs amplitudes - 
some phase space suppression

DD* is large - 
similar phase space to DsDs

7-channels, mixture of S and D



“background” waves - P=- 20

we also computed lattice irreps 
with non-zero total momentum

P=- partial waves can then contribute

very little going on

an ηc2 2-+ state arises below DD*
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extra level and resonance higher up
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two classes of amplitudes were found: 
- zero D*D* coupling 
- finite D*D* coupling 
- all had significant DD* coupling 
- amps very small below 4050 MeV           

(at Ecm=0.715)
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poles - tensor 25
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additional poles were found 
- don’t appear to be important 

“coupling-ratio” phenomena seen in K-matrix pole parameters 
- possible to rescale K-matrix gi factors and obtain similar amplitudes 
- t-matrix couplings are found to be well-determined
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DDbar threshold - other lattice QCD studies 27

Results from Prelovsek et al, 
suggest effects at DDbar and 
DsDsbar thresholds  

- pion mass ~ 280 MeV 

- light quark heavier than physical, 
strange quark lighter than 
physical 

hard to justify such a large change 
due to the light quark mass (no 
one-pion-exchange term) 
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other work 28

Several suggestions of a near-threshold state in DDbar scattering 
- ɣɣ to DDbar (BaBar, Belle)  
- near threshold structure partly due to Born/t-channel photon exchange 
-   see e.g. Guo & Meißner 2012, Wang et al 2021, Deineka et al 2022

Recent LHCb analyses find a peak at DDbar threshold but attribute this to 
“feed-down” from X(3872) decays 

Many models with meson-meson components find strong effects in S-wave DDbar

arXiv:1903.12240 
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Lattice QCD provides a first-principles tool to do hadron spectroscopy

These methods are widely applicable 
- baryons (see John Bulava’s plenary this morning, and the next talk) 
- doubly-charmed systems, b-quarks 
- form factors, radiative transitions (incl. resonances) 
…

Control of 3+ body effects needed for 
 - lighter pion masses 
 - higher resonances

Charmonium systems are difficult, but achievable 
-   overlapping effects in several JPC 
- many open channels 
- quark mass dependence is readily accessible

Scalar and tensor scattering amplitudes in the charmonium energy region have been 
determined 
-   at m𝛑=391 MeV, the level counting is not obviously different from the quark model 
-   large coupled-channel effects in OZI connected D-meson channels 
-   OZI disconnected channels look small everywhere 
-   also found a 3++ resonance 


