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The Hadron Spectrum

Quark models give gross structure of the hadron spectrum

e.g. light isovector mesons
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The Hadron Spectrum

Quark models give gross structure of the hadron spectrum
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The Hadron Spectrum

Modern experiments have been finding new states which don't fit the conventional quark models
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The Hadron Spectrum

Modern experiments have been finding new states which don't fit the conventional quark models
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QCD allows for non-quark model hadrons
What is the nature of these states?

How do we being to find a global explanation?



The Hadron Spectrum

How to connect QCD to the hadron spectrum?
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The Hadron Spectrum

How to connect QCD to the hadron spectrum?
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The Hadron Spectrum

How to connect QCD to the hadron spectrum?
* Need to understand how to quantify what the hadrons are in nature
* Need to find non-perturbative approach to access these hadrons rigorously
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Few-Body Physics from QCD

Lattice QCD offers a systematic approach to compute hadrons from QCD
* Numerically evaluate QCD path integral via Monte Carlo sampling
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Lattice QCD offers a systematic approach to compute hadrons from QCD

* Numerically evaluate QCD path integral via Monte Carlo sampling

&

1z

Euclidean spacetime, t — —it
Finite volume, L
Discrete spacetime, a

Heavier than physical quark mass, m

Zaco = [ DYDIDA, eSaco A

r

Correlation functions yield discrete spectrum

(O(M)O10)) = (0[O m)|” e~ B




Few-Body Physics from QCD

Lattice QCD offers a systematic approach to compute hadrons from QCD
* Numerically evaluate QCD path integral via Monte Carlo sampling

3000 |
|
e —
- [ ]
' L m
2500 | - 4
- 4 If 4 -
- — -
o ]
i (- T —m L 4
B | = =
2000 | . . 1
> o R -
é ‘. - 27— 2——|—
= o o
g 1500 | —
1—!—— 2++
1++
1000 by mee ¢ —
L w___
1
L 7”__
500 L

0—+

J. Dudek, R. Edwards, P. Guo, and C. Thomas
Phys.Rev.D 88, 094505 (2013)

my = 391 MeV

243 % 128
ls
isoscalar

1sovector




Few-Body Physics from QCD

Lattice QCD offers a systematic approach to compute hadrons from QCD
* Numerically evaluate QCD path integral via Monte Carlo sampling
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Few-Body Physics from QCD

All our knowledge of the hadrons comes from scattering experiments
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How to quantify such a process
with Lattice QCD?
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Few-Body Physics from QCD

Path to few-body physics from QCD

* Link finite-volume spectra and matrix elements to scattering amplitudes
» Tools: Lattice QCD, Scattering Theory, & Effective Field Theory
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Scattering Theory & QCD Spectrum

Resonances & Bound states are pole singularities of scattering amplitudes
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Scattering Theory & QCD Spectrum
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Connecting Scattering Physics to QCD

Q: How do we connect a finite-volume spectrum computed from QCD...
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Connecting Scattering Physics to QCD

Q: How do we connect a finite-volume spectrum computed from QCD...
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Connecting Scattering Physics to QCD

Employing scattering theory and EFTs to all-orders

connects lattice QCD spectra to scattering observables

M. Lischer
Commun.Math.Phys. 105, 153 (1986)
Nucl.Phys. B354, 531 (1991)
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Connecting Scattering Physics to QCD

JgP —ot| &Y kT
_ 3 ® O
qq (°Po)
O'
- @ ®
O
o 00'® f, ot
- @ o
K EO
m, = 391 MeV
50}

o Sheet Il CL()
a ‘N

| /{ Sheet IV

|(|3 ) 700 800 900 1000 1100 1200 1300
= o

Sheet |
£ uf ..
—-100 |
Sheet Il

pipjlti;|?

pipjlti;|?

mRzRe\/%

had/spec

0.8

0.6

04

0.2

0.7

0.6 |

0.5F

0.4}

0.3}

0.2 }f

0.1}

180 |
150 |
120 |
90
60 |

30 b

30k

| m,; = 391 MeV
B CT T — T
KK - KK
: Jo
i o — KK
| I ] ]
o
800 1000 1200 1400
E}m/NkV
KK - KK
a ™ — 7
™m — KK
1 1 1
A
1000 1100 1200 1300
fkm/va
TK

nk

1000 1200 1400 1600
E.m / MeV

R.A. Briceno et al. [HadSpec]
Phys. Rev. D97, 054513 (2018)

J.J. Dudek et al. [HadSpec]
Phys. Rev. D93, 094506 (2016)

J.J. Dudek et al. [HadSpec]
Phys. Rev. Lett. 113, 182001 (2014)

13



Connecting Scattering Physics to QCD

First determination of hybrid candidate, //'“ = 1", m_~ 700 MeV
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Connecting Scattering Physics to QCD

First determination of hybrid candidate, //'“ = 1", m_~ 700 MeV
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Connecting Scattering Physics to QCD

First determination of hybrid candidate, //'“ = 1", m_~ 700 MeV
At physical point, 3, 4,.. body decays
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Few-Body Physics from QCD

Path to few-body physics from QCD
* Link finite-volume spectra and matrix elements to scattering amplitudes
» Tools: Lattice QCD, Scattering Theory, & Effective Field Theory
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Three-Body Dynamics

On-shell scattering relations

Unitarity condition
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M. Mai, B. Hu, M. Déring, A. Pilloni, and A. Szczepaniak g
Eur. Phys. J. A53, 177 (2017)

AJ et al. [JPAC]
Eur. Phys. J. C 79, no. 1, 56 (2019)

AJ et al. [JPAC] ) .
Phys. Rev. D 100, 034508 (2019) cf. two-body case.
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Three-Body Dynamics

On-shell scattering relations

Unitarity condition
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Three-Body Dynamics

Connecting to finite-volume spectra

Finite-volume quantization condition

0 —E1
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M. Hansen and S. Sharpe

Phys. Rev. D 90, 116003 (2014), Phys. Rev. D 95, 034501 (2017)

M. Mai and M. Déring
Eur. Phys. J. A 53, 240 (2017), Phys. Rev. Lett. 122, 062503 (2019)

AJ, arxiv:2208.10587
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Three-Body Dynamics

Examine toy-model — 3¢ — 3¢

- Assume exchange dominance — No short-range three-body forces
- Scalar system — J =0

- Two-hadron pair forms bound state — 20 — b

Toy model version of 3N — 3N with 2N — d
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AJ, R. Briceno, S. Dawid, M.H. Islam, and C. McCarty
Phys. Rev. D 104 014507 (2021)
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Three-Body Dynamics
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Applications to 37
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Three-Body Dynamics

Three-body physics contains more degrees-of-freedom
* Find new features not encountered in two-body systems

'&Q'?( +...+>M+...

Bump in the spectrum due to exchange
— NO three-body resonance

Taylor Powell (W&M)
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Few-Body Physics from QCD

Path to few-body physics from QCD
* Link finite-volume spectra and matrix elements to scattering amplitudes
» Tools: Lattice QCD, Scattering Theory, & Effective Field Theory

[ Electroweak Probes ]
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Hadronic Structure & Electroweak Probes

Mapping between matrix elements and 2 4+ 7 — 2 amplitudes
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Hadronic Structure & Electroweak Probes

On-shell representation of 2 + 7 — 2 amplitudes

=) é/( + Was

After considerable manipulations...

Wag=M-(A+f-G) - M

AJ, R. Briceno, F. Ortega-Gama, K. Sherman, <m‘ j “(1>L ~ Wdf + M ’ f ’ GL ’ -/\/l

Phys. Rev. D 103 114512 (2021) 26



Hadronic Structure & Electroweak Probes

On-shell representation of 2 4+ 7 — 2 amplitudes

=) %( + Was

After considerable manipulations...

Wdf:./\/l°(—|—f'G)°./\/l

Unknown short-distance function
— Constrain using Lattice QCD
— Constrained by Ward-Takahashi identity

AJ, R. Briceno, F. Ortega-Gama, K. Sherman,
Phys. Rev. D 103 114512 (2021)

Single hadron form-factors

L

Hadronic scattering amplitude

-

Triangle diagram
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Hadronic Structure & Electroweak Probes

On-shell representation of 2 4+ 7 — 2 amplitudes

=) é/( + Was

After considerable manipulations...

Wa=M-(A+f-G)-

AJ, R. Briceno, F. Ortega-Gama, K. Sherman,
Phys. Rev. D 103 114512 (2021)

Rigorous definition for resonance form factors

9 9
Wdi 'fp'

fp:92(A+f'G)

Sf=8;=8yp

~




Two-current systems

Coupling two currents to hadronic systems — Compton-like processes

R. Briceno, Z. Davoudi, M. Hansen, M. Schindler, A. Baroni
g 1 _I_ \7 — 1 + j Phys. Rev. D 101 014509 (2020)

F. Ortega-Gama, K. Sherman, AJ, R. Briceno,
Phys. Rev. D 105 (2022)

AJ, R. Briceno, A. Rodas, J. Guerrero
In preparation
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Summary

Few-body interactions play a key role in many outstanding problems in nuclear & hadron physics

Lattice QCD, EFTs, & Scattering theory combined provide useful tools to extract physics from QCD
» Rapid development in formalisms relating lattice QCD observables to amplitudes

» Scattering phenomenology is advancing in tandem

Latest developments in three-body scattering & two-body matrix elements
 First applications appearing in literature

« Can address increasingly complicated processes
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Much more to come!
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