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multichannel, multiparticle system!
hard, but not obviously impossible...
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theoretical needs ¢ structural understanding




Theoretical tools

¢ Phenomenological analysis of data

¢ dispersive techniques,...
¢ essential for analysis
¢ zero to little predictive power
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Theoretical tools

¢ Phenomenological analysis of data

¢ Models




Theoretical tools

¢ Phenomenological analysis of data
¢ Models

¢ EFT-inspired results

¢ yPT and U yPT
$ systematic expansion about the chiral limit & threshold

¢ restricted predictive power
$ strange quarks are fairly heavy
¢ systematic errors of SU(3) yPT: hard to asses
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Theoretical tools

¢ Phenomenological analysis of data

¢ Models
¢ EFT-inspired results “nevertheless, there’s been impressive
progress. 8 parameters describe all of the low
lying partial waves in all of the isospin
— v channels...this shouldn’t work this well!”
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Theoretical tools

¢ Phenomenological analysis of data
¢ Models

¢ EFT-inspired results

(.@ Lattice QCD }-\

¢ only systematic tool for studying QCD
$ remarkably challenging

$ one of the more computationally costly theoretical efforts
$ requires a substantial formal effort

$ scattering / reactions are among the most challenging obs.
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Lattice QCD in a nutshell

¢  Wick rotation [Euclidean spacetime]: t); — —ilE

¢ Monte Carlo sampling

phys.

¢ quark masses: mqy — m,

¢ lattice spacing: a ~ 0.03 — 0.15 fm

¢ finite volume

Never free!
No asymptotic states!
No scattering!




Lattice QCD in a nutshell

¢  Wick rotation [Euclidean spacetime]: tps — —1tp

¢ Monte Carlo sampling

phys.

¢ quark masses: mqy — m,

¢ lattice spacing: a ~ 0.03 — 0.15 fm

¢ finite volume rt

FV spectrum

S

no continuum of states:

-) no cuts

—> no sheet structure
—3 No resonances
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Status of the field

¢ Simple properties of QCD stable states [non-composite states]
$physical or lighter quark masses [down to m;~120 MeV] J
¢ non-degenerate light-quark masses: Ni=1+1+1+1 J
¢ dynamical QED

¢ One of the frontiers of lattice QCD: multi-particle physics
¢ scattering/reactions
¢ composite states

€ bound states

Formal development:

¢ hadronic resonances ¢ under way
€ more needed

¢ electrocouplings Benchmark calculations:

& unphysical quark masses

¢ exploratory
¢ proof of principle
$...




Meet the team -
LQCD spectroscopy efforts at JLab and abroad
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Challenges

Numerical

& operators basis

& correlation functions D

(]

Analysis

& spectra D

& amplitudes from spectra

& elastic D
]

& inelastic

& three-body D
¢ amplitude analysis

& K matrix D

&dispersive tech. D

Formalism

& amplitudes from spectra

& elastic

€ inelastic
& three-body
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New “old-school spectroscopy”

Evaluate: C’z
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P) = (0|0, (t,P)O! (0,P)|0) =

Zan Fint

..a large number [10-30] of local ops, Oy ~ q1'y q
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Narrow width approximation

& Op. basis did not include multi-hadron ops: K w, Kn, Ko, Kmn, Knn, . ..
& Unstable nature of the states ignored

¢ Finite-volume states are not resonances

& Must use Liischer and its extensions

& Spectrum does suggest where some resonance might lie

not all thresholds shown
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Spectrum: S-wave dominant

C2Ph(t,P) = (0|0y(t, P)OL(0, P)|0) =

Zan Font

¢ Use local and multi-hadron ops: T, K, K1, Keommeettmmetony . . [_ I ]
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Spectrum: S-wave dominant

CPh(t,P) =

(0|0, (t, P)OI (0, P)|0) =

Zan Fint

& Use local and multi-hadron ops: Ty, K, Kn. N, R o K
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Spectrum: P-wave dominant
C2Ph(t,P) = (0|0y(t, P)OL(0, P)|0) = Zzbn Ent

& Use local and multi-hadron ops: wF% Kr, Kn T
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Spectrum: P-wave dominant

C2Ph(t,P) = (0|0y(t, P)OL(0, P)|0) = Zan Ent

& Use local and multi-hadron ops: ¢F¢7 Kr, Kn R
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Spectrum: D-wave dominant
C2Ph(t,P) = (0|0y(t, P)OL(0, P)|0) = Zzbn Ent

& Use local and multi-hadron ops: wF% Kr, Kn T
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Spectrum: D-wave dominant

C2Ph(t,P) = (0|0y(t, P)OL(0, P)|0) = Zan Ent

& Use local and multi-hadron ops: ¢F¢7 Kr, Kn R
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Challenges

Numerical

& operators basis M’

& correlation functions M’

Analysis

€l

& spectra
& amplitudes from spectra
¢ elastic
¢ inelastic
¢ three-body
& amplitude analysis

¢ K matrix

0 0ogd

&dispersive tech.

Formalism

¢ amplitudes from spectra

& elastic D
€ inelastic D

& three-body D




Scattering amplitudes
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A partial wave
FVspectrum & oy o -—————) , ___) resonance
amplitudes

...................

FE;, = finite volume spec.

| det[F_l(ELyL) —|— M(EL)] p— O L = finite volume

F' = known function

"~ | M = scattering amp.

& Liischer (1986, 1991) [elastic scalar bosons]
¢ Rummukainen & Gottlieb (1995) [moving elastic scalar bosons]

¢ Kim, Sachrajda, & Sharpe /Christ, Kim & Yamazaki (2005) [QFT derivation]

¢ Feng, Li, & Liu (2004) [inelastic scalar bosons]

¢ Hansen & Sharpe / RB & Davoudi (2012) [moving inelastic scalar bosons]
¢ RB (2014) [general 2-body result]
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P-wave
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D-wave
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Resonances
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[sospin=3/2
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Challenges

Numerical

& operators basis

& correlation functions M

i

Analysis

¢ spectra M

¢ amplitudes from spectra
¢ elastic
¢ inelastic M
¢ three-body D
¢ amplitude analysis
¢ K matrix [Z
L]

&dispersive tech.

Formalism

¢ amplitudes from spectra

¢ elastic

€ inelastic
& three-body
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&
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Challenges

Numerical

& operators basis

¢ correlation functions

Analysis Formalism

¥ spectra ¢ amplitudes from spectra

¢ amplitudes from spectra, ¢ elastic ,
¢ elastic Vv ¢ inelastic
¢ inelastic [t ¢ three-body @
& three-body D

¢ amplitude analysis

& K matrix p
the remaining real challenges for studying
F ¥ dispersive tech. . resonant systems using physical quark masses




Need for dispersive analysis - the “p”
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Need for dispersive analysis - the “0”
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Need for dispersive analysis - the “«” and K*
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Need for dispersive analysis - the “«” and K*
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Need for three-body formalism

rf
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Need for three-body formalism

&Needed for:
& resonances

¢ Kaons

& baryons [e.g., the Roper]
& ...

& 3N-force

_ e e = —

Fy 0 Ko Kas
det |1 — 0
e[+<0 F3)(7C32 /Cdf:s)]

Y

RB, Hansen & Sharpe (2016) b

& Polejaeva & Rusetsky (2012) [spectrum depends on S-matrix]
& RB & Davoudi (2013) [1+shallow bound states]
¢ Hansen & Sharpe (2014-15) [relativistic mtmr]

& RB, Hansen & Sharpe (2016) [relativistic coupled, 2-,and 3-mesons]
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Need for three-body formalism
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analysis code under construction!
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Challenges

Numerical

¢ operators basis [Z

€ correlation functions M

Analysis

¢ spectra M

¢ amplitudes from spectra
¢ elastic
¢ inelastic M
¢ three-body D

¢ amplitude analysis

¢ K matrix
[ ¢ dispersive tech. m

Formalism

¢ amplitudes from spectra
¢ elastic

€ inelastic

C ¢ three-body
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more numerical - JLab

Dudek

The team and some references

more numerical - Europe

Wilson

Peardon

more formal

Ryan Thomas Sharpe
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Narrow width approximation vs. mx
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Narrow width approximation vs. mx
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Status of the field

¢ Simple properties of QCD stable states [non-composite states]
$physical or lighter quark masses [down to m;~120 MeV] J
¢ non-degenerate light-quark masses: Ni=1+1+1+1 J
¢ dynamical QED
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Status of the field

¢ Simple properties of QCD stable states [non-composite states]
$physical or lighter quark masses [down to m;~120 MeV] J
¢ non-degenerate light-quark masses: Ni=1+1+1+1 J
¢ dynamical QED
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Other efforts - (I=1/2, P-wave)
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Other efforts - (I=3/2, S-wave)
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