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spectroscopy from first-principles is a hard problem

CERN-Munich, ANL, BNL
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many puzzles - new and old
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models can be useful, but what does QCD say?
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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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resonances in a finite volume
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m. = 239 MeV
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m. = 391 MeV
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my = 391 MeV
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local gg & 2-hadron operators
conservatively 57 energy levels
dominated by S-wave interactions
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extracting the scattering amplitude 15/27

det[1 4+ ip(E) & (E) 41 +iM (B, L))] = 0

LUscher et al
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determinant condition:

- several unknowns at each value of energy

- energy levels typically do not coincide

- underconstrained problem for a single energy

one solution: use energy dependent parameterizations
- Constrained problem when #(energy levels) > #(parameters)
- Essential amplitudes respect unitarity of the S-matrix
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part from ip

e Kisreal for real energies
e we use a broad selection of K-matrices
e neglects left-hand cut



given some scattering amplitude 16/27
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S-wave amplitudes 18/27

2
An example S-wave spectrum fit PiPj ‘tij ‘
' 1o k!4 0.8
] ; 0.6 T — T
a+tbs c+tds e — —
K(s)= " c+ds f g ¥ 0.4 KK — KK
e g h
0.2 mr — KK
, ) 44.0 ) l l O l O l l a’t Ecm
1 2/N gof = =15 - 0% 0.14 0.16 0.18 0.20 0.22 0.24
0.2 nm — KK
57 energy levels : : I — nn — mw

0.14 0.16 0.18 020 0.22 024 M=

CERN-Munich. ANL. BNL
2
‘A‘ I T T T

H




scattering amplitude poles
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scattering with spinning particles

stable vector w scattering
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- first computation of the decays of an exotic hybrid
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p transition FF

Briceno et al, PRL115(2015) 242001
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p transition FF

Briceno et al, PRL115(2015) 242001
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Summary & outlook 27/27

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

These methods are widely applicable

- coupled-channel scattering

- baryons

- charm quarks, beauty quarks

- form factors, radiative transitions (incl. resonances)

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



