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A Lattice QCD program running in parallel with experiments is critical. 
 Guide experimental searches [e.g. ],
 Confirm existence [e.g. tetraquarks, pentaquarks],
 Understand their nature [observations are not enough!]. 
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Rooting spectroscopy in QCD 



A Lattice QCD program running in parallel with experiments is critical. 
 Guide experimental searches [e.g. ],
 Confirm existence [e.g. tetraquarks, pentaquarks],
 Understand their nature [observations are not enough!]. 

Most QCD states are
 resonances or multi-body bound states,  
 dynamical enhancement in scattering amplitudes. 
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Numerous experimental searches…
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Rooting spectroscopy in QCD 



Rooting spectroscopy in QCD 
A Lattice QCD program running in parallel with experiments is critical. 

 Guide experimental searches [e.g. ],
 Confirm existence [e.g. tetraquarks, pentaquarks],
 Understand their nature [observations are not enough!]. 

Most QCD states are
 resonances or multi-body bound states,  
 dynamical enhancement in scattering amplitudes. 

Challenges to overcome:
scattering amplitudes are direct inaccesible via lattice QCD, 
 formalism needed to access amplitudes, 
 increasingly complicated analysis,
 warm bodies, 
 …
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where ExoHad shines

https://www.exohad.org/


Lattice QCD milestones
First dispersive extractions of the  from lattice QCD at various light-quark masses  

Extension of finite-volume three-body formalism to scattering of particles with spin 

Lattice QCD calculation of the  scattering amplitude when  can form the  resonance

Analytic continuation of three-body integral equations, 

Partial wave projection of OPE, 

Integral equations for coupled-channel systems, 

Code development for finite-volume analysis. 

σ/f0(500)

3π 2π ρ

[year 3 milestones]



Generalized eigenvalue problem (GEVP), 
large basis: 
contractions: 
“diagonalization”.

Formalism:

𝒪b ∼ q̄ Γb q, ππ, KK, …,4π, …

Key requirements

C2pt.
ab (t, P) ≡ ⟨0 |𝒪b(t, P)𝒪†

a(0,P) |0⟩ = ∑
n

Zb,nZ*a,ne−Ent

short-distance dynamics 
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Generalized eigenvalue problem (GEVP), 
large basis: 
contractions: 
“diagonalization”.

Formalism:

𝒪b ∼ q̄ Γb q, ππ, KK, …,4π, …

Key requirements

C2pt.
ab (t, P) ≡ ⟨0 |𝒪b(t, P)𝒪†

a(0,P) |0⟩ = ∑
n

Zb,nZ*a,ne−Ent
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integral 
equations

short-distance dynamics 



Generalized eigenvalue problem (GEVP), 
large basis: 
contractions: 
“diagonalization”.

Formalism:

𝒪b ∼ q̄ Γb q, ππ, KK, …,4π, …

Key requirements

C2pt.
ab (t, P) ≡ ⟨0 |𝒪b(t, P)𝒪†

a(0,P) |0⟩ = ∑
n

Zb,nZ*a,ne−Ent

analytic 
continuation

M2 =
�g2

s�
�
m� i�2

�2
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integral 
equations

det
⇥
F�1(P,L) +K2

⇤
= 0
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short-distance dynamics 

M2 =
⇥
K�1

2 � i⇢
⇤�1
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 and the  imposing crossing symmetryππ σ
For , Roy Equation can used to test crossing symmetry,

Amplitudes are discriminated to have good or poor agreement with Roy Eq., 
this discriminant can be applied for to the   pole. 

ππ

σ

fMI
` (s) = cI` (s) +

Z 1

4m2
⇡

ds0 BII0

``0 (s
0, s) ImMI0

`0 (s
0)
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short-distance dynamics 

Three-body reactions from QCD

K3
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“biggest limitation to date”

short-distance dynamics 
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Satisfies integral equations:

Challenges resolved:
Partial projection angular momentum and parity, 
numerical solutions
analytic continuation. [year 3 milestones]
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mπ=391 MeV 

Hansen, RB, Edwards, Thomas, & Wilson (2020)

First & only 3-body amplitude  
(3  channel, )π+ mπ ∼ 390 MeV

103 energy levels described by 
three numbers:  mπ, aππ, 𝒦3,iso
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Analytically continuing amplitudes

iD = iM2iGiM2 +

Z qmax

0
iM2iG iD
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Three-body bound states & resonances

Dawid, Islam, RB, Jackura (2023)
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Outstanding milestone: πρ ↔ πππ
Next obvious place to explore is the  channel, which is not so trivial. 

This is a coupled-channel problem: 

Progress report:
construct operator basis, 
non-zero angular momentum, 
two-body resonances with non-zero helicity, 
get spectrum, [progress]
analytic continuing to two-body pole,
projecting to cubic irreps, 
minimizing a matrix of .  [outstanding]

I = 2

[ π(ππ)I=2, π(ππ)I=1 ]
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Arguably the most challenging  
lattice QCD calculation to date!



Lattice QCD milestones
First dispersive extractions of the  from lattice QCD at various light-quark masses  

Extension of finite-volume three-body formalism to scattering of particles with spin 

Lattice QCD calculation of the  scattering amplitude when  can form the  resonance

Analytic continuation of three-body integral equations, 

Partial wave projection of OPE, 

Integral equations for coupled-channel systems, 

Code development for finite-volume analysis. 

σ/f0(500)

3π 2π ρ

[year 3 milestones]



Symbiotic byproducts
Formal & numerical tools being developed are universal. 

These will impact studies in 
 hadron structure, 

 nuclear structure / nuclear-astrophysics, 

 fundamental symmetries, 

 universal phenomena,…. 

|niQCD = c0 + c1 + c2 + c3 + · · ·

n
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EXOHAD
EXOTIC HADRONS TOPICAL COLLABORATION

Outreach & education 

JOIN OUR SUMMER 2024 PROGRAM:
JUNE 18 - JULY 26

Join the Remote Experience for Young Engineers 
and Scientists (REYES), a program designed to 
increase STEM-H literacy, inspire and train the next 
generation of scientists.

This unique virtual learning experience offers guest 
lectures in a variety of STEM-H subjects, activities, 
and mentoring through research-based projects. 

Registration is free and open to the public.

REGISTER TODAY: 
physics.berkeley.edu/reyes

Remote Experience for 
Young Engineers and Scientists

REYES

This is a six week course
START DATE: JUNE 18, 2024
Python4Physics is a class designed to give students the key tools to write 
simple code using a programming language called Python. In this class, 
you will learn some fun concepts in Physics, Math, statistics, and, of 
course, programming. You will do this by solving problems numerically. 
You will learn to solve equations, do data analysis, and model various 
systems. You do not need any background with programming, physics, 
or calculations. You will need to be familiar with algebra.
 
FOR MORE INFORMATION 
Go to our registration form using the qr code below, 
or visit: /physics.berkeley.edu/python4physics

Registration is free and open to the public.

REGISTER TODAY 

Python!physics

Summer school, 2025

https://www.exohad.org/
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