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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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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? 

David Wilson
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Figure 1: Hadrons discovered at the LHC, plotted as mass versus preprint submission date [1].
Only states observed with significance exceeding 5� are included. Hollow markers indicate
superseded states.

quantum numbers. These symbols are supplemented by a subscript J to indicate the spin,
except for pseudoscalar and vector mesons. The mass, in units of MeV/c2, is added in
parentheses after the symbol for mesons that decay strongly, though in practice the mass
is often omitted for familiar states. The electric charge is also specified as a superscript,
as appropriate, i.e. it can be omitted for isospin singlet (I = 0) states where only one
charge is possible.

Following the discovery of charmonium-like and bottomonium-like states with I = 1,
this scheme has been expanded to introduce the symbols Zc and Zb for such states with
PC = +� (see note (1) in Table 1). The symbols ⇧c,b, Rc,b and Wc,b have likewise been
reserved for such states with PC = �+, �� and ++ respectively, although few such
states are currently known. The symbol X is reserved for states with unknown quantum
numbers.

The naming convention for qq̄0 mesons with non-zero strangeness, charm or beauty
quantum numbers is given in Table 2. As for mesons with zero net strangeness or heavy
flavour quantum numbers, the symbols are supplemented by a subscript J to indicate the
spin, though this is usually omitted for the lightest pseudoscalar and vector mesons of
given flavour quantum numbers. The mass, in units of MeV/c2, is added in parentheses
for mesons that decay strongly, and a superscript ⇤ is added for states with natural
spin-parity, i.e. JP in the series 0+, 1�, 2+. For these states, the electric charge is always
specified as a superscript. The charge-conjugate neutral mesons are distinguished by an
overline, following the convention s ! K, c ! D, b ! B. As a result, and with the
convention that the flavour quantum number and the charge of a quark have the same
sign, the K0, D0 and B0 mesons have positive strangeness, charm and beauty quantum
numbers, respectively.

2

LHCb arXiv:2206.15233
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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

JPAC arXiv:2112.13436

an exciting time for heavy hadron spectroscopy
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what is the mass ordering?

why are the masses so close?

why are the widths so different?[masses, widths from PDG]
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G. Cheung et al (HadSpec), JHEP 02 (2021) 100 arXiv: 2008.06432
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L. Gayer, N. Lang et al (HadSpec), arXiv:2102.04973

239 391
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L. Gayer, N. Lang et al (HadSpec), arXiv:2102.04973
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D⇡ ! D⌘

D⌘ ! DsK̄
D⇡ ! DsK̄

m⇡ = 391 MeV

Coupled-channel scattering 12

bound state D0*

relatively sharp features, 

possibly a second pole

G. Moir et al (HadSpec), 

JHEP 10 (2016) 011
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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

JPAC arXiv:2112.13436
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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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many-channel scattering - not easy


feasible to consider the limit where 
charm annihilation is forbidden 


have to consider all allowed decays, 
pions are light


only studies to-date consider one or 
two hadron-hadron channels

(see eg JHEP06 (2021) 035)


expect new results very soon (~2022)

light-quark mass dependence to follow


later: resonance form factors for spatial 
structure


expect several calculations of several

charmonia below about 4200 MeV soon

prospects for near-threshold charmonia

spectra from qqbar operators only, Liu et al JHEP 1207 (2012) 126

no meson-meson-like operators (essential for scattering)

indicates energy regions where resonance effects are likely
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s-channel scattering

- complicated heavy-hadron multiparticle decay process

- many puzzling XYZ states seen in three-body processes


determine the complete S-matrix

-   unitarity, causality, analyticity, …

- no missing channels                                           

(can compute obscure things like ηK to ηK)


light-quark mass dependence

- help understand resonance-threshold interplay

- eg X(3872), Tcc(3875)  DD*

- “hadronic molecule” vs “compact tetraquark” 

vs “qqbar”

resonance elastic and transition form-factors

- theory is ready

- early applications appearing:  

2105.02017, 2208.13755
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FIG. 16. Transition amplitude for �K+ ! (K⇡)I=1/2,Iz=+1/2 for three values of photon virtuality. Lines and inner band
correspond to the “global fitting” analysis using KMg for the K⇡ elastic scattering amplitude, and Eqn. 17 as transition
parameterization. The outer band shows an envelope of one-sigma variations over choices of K⇡ amplitude and transition
amplitude parameterization form. The lower panel shows the corresponding elastic K⇡ P -wave scattering amplitude for two
sample parameterizations, KMg(solid line), BWa(dashed line).

FIG. 17. K⇤+ ! K+� resonance transition form factor, as
defined in Eqn. 3. Lines and inner band correspond to the
“global fitting” analysis using KMg for theK⇡ elastic scattering
amplitude, and Eqn. 17 as transition parameterization. The
outer band shows an envelope of one-sigma variations over
choices of K⇡ amplitude and transition amplitude parameter-
ization form. Also shown an estimate for the Q2 = 0 value
extracted from the experimental radiative decay width.

A somewhat comparable14 quantity can be extracted from
the experimental partial decay width, �(K⇤+ ! K+�).

14
Experimental analyses do not typically perform an analytic con-

tinuation to the pole, rather they assume a Breit-Wigner energy-

dependence and factorize the numerator into production and

decay partial widths.

Given an amplitude for K⇤+ ! K+�,

T�K⇡,�� = e ✏⇤µ(��)K
µ(�K⇡) f ,

where Kµ is the same kinematic factor defined in Eqn. 2,
the decay width is given by

�(K⇤+ ! K+�) =
4

3
↵
k?3K�

m2
K

��f
��2 .

The argument leading up to Eqn. 3 suggests an association
between fR(0) and f in the above equations that would
be exact for a stable K⇤. Using the PDG average [26] for
the radiative partial decay width, and the physical values
of hadron masses, we extract

��fpdg
�� = 0.206(10) ,

which we show in Figure 17. We note that our
|fR(0)| = 0.185(15), despite being computed with
unphysically heavy light quark masses, is in reasonable
agreement with this value15.

15
The analysis done for �⇡ ! ⇡⇡ in Ref. [27], extended simplisti-

cally to the current case, would seem to suggest that it is the

quantity fR/mK that is approximately constant with changing

light quark-mass. The kaon mass in this calculation is only 5%

larger than the physical kaon mass, leading to a modest correction

that worsens slightly the apparent agreement.
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<latexit sha1_base64="eb+ffJu26VxPvRas+m21/fYYPL4=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY8OKxgv2AdinZNNuGJtmYZIWy9E948aCIV/+ON/+NabsHbX0w8Hhvhpl5keLMWN//9gobm1vbO8Xd0t7+weFR+fikbZJUE9oiCU90N8KGciZpyzLLaVdpikXEaSea3M79zhPVhiXywU4VDQUeSRYzgq2Tun3FqmpALgflil/zF0DrJMhJBXI0B+Wv/jAhqaDSEo6N6QW+smGGtWWE01mpnxqqMJngEe05KrGgJswW987QhVOGKE60K2nRQv09kWFhzFRErlNgOzar3lz8z+ulNr4JMyZVaqkky0VxypFN0Px5NGSaEsunjmCimbsVkTHWmFgXUcmFEKy+vE7a9Vrg14L7q0qjnsdRhDM4hyoEcA0NuIMmtIAAh2d4hTfv0Xvx3r2PZWvBy2dO4Q+8zx9XXI9y</latexit>
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<latexit sha1_base64="0ldYaTOwKYJUjb6KWwcIaa7Dmws=">AAAB7XicbVBNSwMxEJ31s9avqkcvwSLUS9ktgh4LXgQvFewHtEvJptk2NpuEJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMixRnxvr+t7e2vrG5tV3YKe7u7R8clo6OW0ammtAmkVzqToQN5UzQpmWW047SFCcRp+1ofDPz209UGybFg50oGiZ4KFjMCLZOat1VVD+66JfKftWfA62SICdlyNHol756A0nShApLODamG/jKhhnWlhFOp8VeaqjCZIyHtOuowAk1YTa/dorOnTJAsdSuhEVz9fdEhhNjJknkOhNsR2bZm4n/ed3UxtdhxoRKLRVksShOObISzV5HA6YpsXziCCaauVsRGWGNiXUBFV0IwfLLq6RVqwZ+Nbi/LNdreRwFOIUzqEAAV1CHW2hAEwg8wjO8wpsnvRfv3ftYtK55+cwJ/IH3+QOjeY5z</latexit>

<latexit sha1_base64="2qOgq5TDIoZUhdrFWFbRjAK01ao=">AAAB73icbVBNSwMxEJ3Ur1q/qh69BItQL2VXBD0WvXisYD+gXUo2zbah2WxMskJZ+ie8eFDEq3/Hm//GtN2Dtj4YeLw3w8y8UAlurOd9o8La+sbmVnG7tLO7t39QPjxqmSTVlDVpIhLdCYlhgkvWtNwK1lGakTgUrB2Ob2d++4lpwxP5YCeKBTEZSh5xSqyTOj3Fq6pPzvvlilfz5sCrxM9JBXI0+uWv3iChacykpYIY0/U9ZYOMaMupYNNSLzVMETomQ9Z1VJKYmSCb3zvFZ04Z4CjRrqTFc/X3REZiYyZx6DpjYkdm2ZuJ/3nd1EbXQcalSi2TdLEoSgW2CZ49jwdcM2rFxBFCNXe3YjoimlDrIiq5EPzll1dJ66LmezX//rJSv8njKMIJnEIVfLiCOtxBA5pAQcAzvMIbekQv6B19LFoLKJ85hj9Anz9ZIo+A</latexit>

<latexit sha1_base64="ZvB+y60ovl89AOcTLSRXeWRph8A=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPRY9CJ4qWA/oF1KNpttY7PJkmSFsvQ/ePGgiFf/jzf/jWm7B219MPB4b4aZeUHCmTau++0U1tY3NreK26Wd3b39g/LhUVvLVBHaIpJL1Q2wppwJ2jLMcNpNFMVxwGknGN/M/M4TVZpJ8WAmCfVjPBQsYgQbK7XvqskgPB+UK27NnQOtEi8nFcjRHJS/+qEkaUyFIRxr3fPcxPgZVoYRTqelfqppgskYD2nPUoFjqv1sfu0UnVklRJFUtoRBc/X3RIZjrSdxYDtjbEZ62ZuJ/3m91ERXfsZEkhoqyGJRlHJkJJq9jkKmKDF8YgkmitlbERlhhYmxAZVsCN7yy6ukfVHz3Jp3X680rvM4inACp1AFDy6hAbfQhBYQeIRneIU3RzovzrvzsWgtOPnMMfyB8/kDq1OOhQ==</latexit>

<latexit sha1_base64="eb+ffJu26VxPvRas+m21/fYYPL4=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXspuEfRY8OKxgv2AdinZNNuGJtmYZIWy9E948aCIV/+ON/+NabsHbX0w8Hhvhpl5keLMWN//9gobm1vbO8Xd0t7+weFR+fikbZJUE9oiCU90N8KGciZpyzLLaVdpikXEaSea3M79zhPVhiXywU4VDQUeSRYzgq2Tun3FqmpALgflil/zF0DrJMhJBXI0B+Wv/jAhqaDSEo6N6QW+smGGtWWE01mpnxqqMJngEe05KrGgJswW987QhVOGKE60K2nRQv09kWFhzFRErlNgOzar3lz8z+ulNr4JMyZVaqkky0VxypFN0Px5NGSaEsunjmCimbsVkTHWmFgXUcmFEKy+vE7a9Vrg14L7q0qjnsdRhDM4hyoEcA0NuIMmtIAAh2d4hTfv0Xvx3r2PZWvBy2dO4Q+8zx9XXI9y</latexit>
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Lattice QCD provides a first-principles 
tool to do hadron spectroscopy

These methods are widely applicable

- coupled-channel scattering

- baryons

- charmonium, b-quarks

- form factors, radiative transitions (incl. resonances)

…

Control of 3+ body effects needed for

 - lighter pion masses

 - higher resonances

D and Ds systems 

- readily accessible in lattice QCD calculations

- useful place to compare lattice with experiment 
& other theoretical approaches


significant recent progress in every area

David Wilson


