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Hadron spectroscopy - an era of unexpected discoveries and new challenges

Experimental challenges for theorists

✦
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General remarks on the la�ice approach

(Not discussing la�ice in medium - significant progress there and fruitful exchange of
ideas from T=0 spectroscopy is beginning.)

Selected results - from bound states to resonances and exotics for mesons & baryons.

Summary and outlook

Many details and topics omi�ed for time constraints - APOLOGIES!
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The lattice simulation landscape

From K. Jansen et al

Not including anisotropic HadSpec ensembles with at ∼ 0.034fm and as ∼ 0.12fm
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Lattice spectroscopy: two strategies for progress
Below thresholds: “gold-plated” quantities characterised by

Using well-tried and tested and validated methods.

High statistics and improved actions for precise results.

Di�erent actions in agreement.

Most/All systematic errors accounted for e.g. continuum extrapolation, finite volume,
physical light quark masses, Nf, EM e�ects.

Above thresholds: calculation of high spin & exotic states relatively new

Physics of molecular/multi hadron states needs relevant operators.

No continuum extrapolation.

Relatively heavy pions← already changing.

Improvements underway now that methods are proven.

new ideas crucial

Distillation - quark propagation enabling isoscalars, precision spectroscopy ...

Framework for sca�ering & coupled channels.

Not th
e focu

s in this ta
lk
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A lattice QCD on 1 page
Start from the QCD Lagrangian:

L = Ψ̄
�

iγμDμ − m
�

Ψ− 1
4G

a
μν

Gμν
a

Gluon fields on links of a hypercube;
�ark fields on sites: approaches to fermion discretisation -
Wilson, Staggered, Overlap.;
Derivatives→ finite di�erences.

Solve the QCD path integral on a finite la�ice with spacing a 6= 0 estimated stochastically
by Monte Carlo. Can only be done e�ectively in a Euclidean space-time metric (no useful
importance sampling weight for the theory in Minkowski space).

Observables determined from Euclidean path integrals of the QCD action

〈O〉 = 1/Z

∫

DUDΨ̄DΨ O[U, Ψ̄,Ψ]e−S[U,Ψ̄,Ψ]
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Scattering in a euclidean theory

finite volume method 

Lose direct access to sca�ering in (Euclidean) quantum field theory. Lüscher: extract
sca�ering information in the elastic region from LQCD. [NPB354, 531-578 (1991)]

relate energy levels in a finite volume to
partial waves in infinite volume

det
�

cot δ(E∗n ) + cotϕ(En, ~P, L)
�

= 0

more points = be�er phase shi�

isovector ππ sca�ering [1507.02599]
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The method (briefly)

Using distillation - compute correlation functions

Cij = 〈0|Oi(t)O†j (0)|0〉

with a large basis of operators including relevant
structures

Ψ̄ΓD . . .Ψ;
∑

~p1,~p2

C
�

~P, ~p1, ~p2
�

ΩM1 (~p1)ΩM2 (~p2)

Solve as a GEVP Cij(t)V
(n)
j = λn(t, t0)Cij(t0)v

(n)
j to yield En

via fits to sums of exponentials.

DK thr.

Dsη thr.

mπ = 239 MeV
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The finite energy levels - example from DK I=0
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Selected results
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Spectroscopy with heavy quarks: I

Large basis of single-hadron
(only) operators

No continuum extrapolation

Relatively heavy pions (400
MeV). New data (230MeV)
consistent.

Resonances - a (near) future
challenge.

Error budgets - a future
challenge.

Charmonium
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Spectroscopy with heavy quarks: II
First determination of the excited and exotic bo�omonium spectrum
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Introduction Lattice Methods Results Summary

The D∗
0
− D∗

s0
mass hierarchy: DK ,Dπ scattering

mapped out the energy-dependence of
sca�ering amplitudes using la�ice QCD

Isospin 0, DK:
S-wave bound state, D∗s0(2317)

Isospin 1/2, Dπ:
S-wave bound state/resonance,
D∗0 (2300)

Locations of poles follow expectations
from SU(3) symmetry. Puzzling D∗0
heavier than D∗s0 not reproduced by this
study.

Exotic flavour isospin 0 DK̄ :
S-wave virtual bound state?

239 391

2100

2200

2300

2400

[JHEP 02 (2021) 100]

Future challenges

Further investigation of light quark mass dependence?

Higher up in energy, inelastic (3-hadron) sca�ering e�ects?
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Charmonium: coupled-channel scattering

0++

shallow bound state near DD̄ -
no experimental match?

broad resonance coupling to
DD̄ - X(3860)?

narrow resonance coupling to
DsD̄s - X(3915)/χc0(3930)?

2++

resonance in l = 2DD̄ -
χc2(3930)?
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[Prelovsek et al JHEP 06 (2021); Piemonte et al PRD 100 (2019)]

Future challenges

Coupled channel sca�ering in other JPC

Not all relevant operators in basis, relatively heavy pions. Future challenges!
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Heavy Hybrids
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Lightest hybrid supermultiplets[HadSpec:2008.02656]: same pa�ern and scale also seen in
D(s),B(s,c) and light[HadSpec:1106.5515] sectors. Resonance study a future challenge!
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Light exotic mesons: a first scattering calculation

A. J. Woss, et al, arXiv:2009.10034

Calculation of the sca�ering amplitudes
in exotic JPC = 1−+,mπ ∼ 700 MeV,
SU(3) point, 8 coupled channels.

Narrow π1 resonance found at heavy
pion masses

Pole couplings suggest a broad
resonance at lighter pion masses
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Understanding baryon-baryon interactions: the H dibaryon

H-dibaryon a scalar 6-quark state: uuddss

ΛΛ properties shed light on hypernuclei, neutron-rich ma�er & neutron stars

Deeply challenging for la�ice

taming signal-to-noise

complex contractions

la�ice spacing, pion mass
and operator dependence
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[Green et al, PRL 127 242003 (2021)]

A first continuum limit of H dibaryon

Weakly bound:

B
SU(3)
H = 4.56± 1.3stat ± 0.63sys MeV

Caveat emptor: unphysical pions!
A future challenge
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Summary

QCD describes the properties of observed ma�er in terms of fundamental variables and
their interactions.

Significant progress in la�ice calculations in the last 10 years although many open
questions and unsolved problems - phenomenological and theoretical - remain.

Extensive analyses already in light meson sector. �arkonia and heavy-light mesons also
underway.

Just a snapshop of activity ... ongoing work at lighter pion masses and including
three-particle thresholds. And learning from structure and radiative transitions.

Plenary talks at La�ice 2022

Hadron Spectroscopy and Interactions from La�ice QCD - Liuming Liu
Multi-particle interactions from La�ice QCD - Fernando Romero-Lopez
A review of Glueball hunting - Davide Vadacchino

Thanks for listening!
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