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The particle zoo the remake 

60+ hadron candidates @ LHCb

Numerous other experimental searches…

https://arxiv.org/abs/2206.15233


Tetraquarks? 
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https://arxiv.org/abs/1904.03947
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Euclidean spacetime:  
 Monte Carlo sampling

finite temporal extent: 
finite spacial volume:  
lattice spacing: 
quark masses: 

tM → − itE

T ∼ 1 − 100 fm
L ∼ 1 − 10 fm

a ∼ 0.03 − 0.1 fm
mq → mphys

q

a
L

Euclidean lattice gauge theories the ugly



The bad #1
the vast majority of observables are directly inaccessible

e.g. low-lying spectrum

 knowing what’s the right operator requires 
diagonalizing the Hamiltonian
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“thermal effects”

“excited state 
contamination”



More bad
 Nielsen–Ninomiya theorem [doublers/chiral symmetry] and other discretization effects,
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More bad
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More bad
 Nielsen–Ninomiya theorem [doublers/chiral symmetry] and other discretization effects,
 signal to noise,
 IR and UV symmetry breaking effects, 
 contraction costs,
 exponentially suppressed volume effects, 
 no asymptotic states, 
 critical slowing down, 
 sign problems,
…
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The good - algorithmic
Improvement in actions (clover, HISQ, domain wall, overlap, twisted mass, …),
 Improvements in invertors (multigrid, deflation , all mode averaging, mixed-precision…),

Improvements in operators (non-local, multi-hadron, …), 

 Smart smearing (distillation, gradient flow, …)  

….

clover term Peardon et al.
0 1 2 3 4 5 6 7 8 9 10

r/a
s

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Ψ
(r

)

N=64
N=32
N=8

<latexit sha1_base64="2w75qpNrshgkavO2Gqsdg0nwI7w="></latexit>

⇤(t) = V (t)V †(t) =) ⇤xy(t) =
NX

k=1

v(k)x (t)v(k)†y (t)



More good

Wilson, RB, Dudek, Edwards, & Thomas (2015)
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Precision era
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hadron vacuum polarization (HVP)

μ
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hadronic light-by-light (HLbL)
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El-Khadra et al. (2025)

μ
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dispersive result using 
experimental input

the thing to beat!
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Light cone parton distribution functions (PDFs)

inaccessible on Euclidean lattices



Partonic physics
e

f(x)
X

<latexit sha1_base64="S7eiDqymmuW7kobOAdYyIuoeVn8="></latexit>

fq/p(x) =
1

4⇡

Z
dz� eixP

+z�
hP |  ̄q(0) �

+ W(0, z�) q(z
�) |P i

<latexit sha1_base64="Vit5V2TJYkKvWPza2RgHvPOag6g=">AAACHnicbVDLSgMxFM3Ud31VXboJFqGC1BnxtSy6cVnBVqFTh0x6pw0mmWmSEctQf8SNv+LGhSKCK/0b09qFVi8kHM45l+ScMOFMG9f9dHITk1PTM7Nz+fmFxaXlwspqXcepolCjMY/VZUg0cCahZpjhcJkoICLkcBFenwz0ixtQmsXy3PQSaArSlixilBhLBYV9XzNx5zNpAvfKw/42bt3aC0dB1t2p9ku3W5aznrYgQQZd38QYuv2gUHTL7nDwX+CNQBGNphoU3v1WTFMB0lBOtG54bmKaGVGGUQ79vJ9qSAi9Jm1oWCiJAN3MhvH6eNMyLRzFyh5p8JD9uZERoXVPhNYpiOnocW1A/qc1UhMdNTMmk9SApN8PRSnHNuSgK9xiCqjhPQsIVcz+FdMOUYQa22jeluCNR/4L6rtl76B8cLZXrByP6phF62gDlZCHDlEFnaIqqiGK7tEjekYvzoPz5Lw6b9/WnDPaWUO/xvn4ArZ7oQk=</latexit>

⇠
Z 1

0
dx fq/P (x)�eq!eq

Light cone parton distribution functions (PDFs)

Quasi/pseudo PDFs [Ji (2013), Radyushkin (2017)]:

z = 0

z ≠ 0
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match 
perturbatively 



Partonic physics

Constantinou et al. (2021) 
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now an industry 
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Inclusive reactions

De Santis et al. (2025) 
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Euclidean correlator



Scattering theory Lattice QCD

Re[s]
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Re[s]

scattering via Euclidean lattices



Scattering theory Lattice QCD
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Im[s]Im[s]
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= 0

Two-step non-perturbative correspondence:

Spectrum to K matrices:

applicable only in a 
restricted kinematic region 

short-distance dynamics 
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scattering via Euclidean lattices



Scattering theory

short-distance dynamics 

Lattice QCD
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Two-step non-perturbative correspondence:

Spectrum to K matrices:

absence of 
asymptotic states

scattering via Euclidean lattices



Scattering theory

short-distance dynamics 

Lattice QCD
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Two-step non-perturbative correspondence:

Spectrum to K matrices:

K matrices to amplitudes:
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M = M [K]

e.g. two-body scattering scattering (2m)2 ≤ P2 ≤ (3m)2
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…in general, this is an integral equation relation…

scattering via Euclidean lattices



Hansen, RB, Edwards, Thomas, & Wilson (2020)
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det[F�1(P,L) +M(P )] = 0

ππ scattering  
(I=2 channel, )mπ ∼ 390 MeV
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det[F�1(P,L) +M(P )] = 0

ππ scattering  
(I=2 channel, )mπ ∼ 390 MeV

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



Coupled  scattering  
(I=0 channel, )

ππ, KK
mπ ∼ 390 MeV

det


F�1
⇡⇡ +M⇡⇡,⇡⇡ M⇡⇡,KK

M⇡⇡,KK F�1
KK

+MKK,KK

�
= 0Above -threshold, spectrum satisfies:

 No one-to-one correspondence, 
 Parameterize amplitude and perform global fit. 

KK
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Scattering theory

short-distance dynamics 

Lattice QCD
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K

<latexit sha1_base64="rM/bgC2A8W/BjxsL1SOFGBi3m4c="></latexit>

det
⇥
F�1(P,L) +K(P 2)

⇤
= 0

Two-step non-perturbative correspondence:

Spectrum to K matrices:

K matrices to amplitudes:
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M = M [K]

Bottlenecks in this program:

accessing the finite-volume spectrum, 

deriving and implementing these equations.

scattering via Euclidean lattices



scattering via QC
Proposal for studying reactions with real-time evolution:

 finite-volume formalism no real quantum 

advantage! 



scattering via QC
Proposal for studying reactions with real-time evolution:

 finite-volume formalism 

wave packets [Jordan Lee, & Preskill (2014)]
no real quantum 

advantage! 
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scattering via QC
Proposal for studying reactions with real-time evolution:

 finite-volume formalism 

wave packets [Jordan Lee, & Preskill (2014)]

real-time estimators for scattering observables (RESOs)  

[RB, Guerrero, Hansen, & Sturzu (2021), Burbano, Carrillo, Urek, Ciavarella, RB (2025)] 

no real quantum 

advantage! 

claim: any scattering 
amplitude can systematically 
be obtained from these matrix 
elements 

𝒯 = ∫𝒱 ∏
n

d𝒱n eiqn⋅xn ⟨Pf |T [ ∏
n′ 

𝒥n(xn′ 
) ] |Pi⟩  

+ binning 
+ boost averaging

+iϵ



Four-point functions in a finite, Minkowski spacetime
Recap of RESOs

𝒯 ∼ ∫
T

0
d4x eit(ω+iϵ) ⟨nf | 𝒥(t) 𝒥(0) |ni⟩∞

[only considering one time ordering, 
introduced  as a regulator]ϵ

= ∑
n

∫
T

0
d4x eit(Ef+ω−En+iϵ) ⟨nf | 𝒥(0) |n⟩⟨n | 𝒥(0) |ni⟩∞

[inserting a complete set of discrete 
finite-volume states]

≈ ∑
n

i
⟨nf | 𝒥(0) |n⟩⟨n | 𝒥(0) |ni⟩∞

(Ef + ω − En + iϵ) (1 − eT(iEf+iω−iEn−ϵ))

for general proof, see Ivan’s talk



E?, L 6= 1
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“take an  step away from the poles”ϵ

 For large enough 
 and small enough  

L
ϵ

Constructing RESOs

for general proof, see Ivan’s talk

 Determine time-dependent matrix elements 
 Introduce an  by hand iϵ

𝒯L(ϵ) ∼ ∫
∞

−∞
dτ eiq0 t−ϵ|t| ⟨nf | T[𝒥2(t) 𝒥1(0)] |ni⟩L

[easier said than done #]
[makes sense $]



 Determine time-dependent matrix elements 
 Introduce an  by hand 

Binning [“wave packets like”] 
Impose/enhance symmetry:

Physical amplitudes only depend on Lorentz scalars.
Boost average  reduce finite-volume effects.

iϵ

𝒯L(ϵ) ∼ ∫
∞

−∞
dτ eiq0 t−ϵ|t| ⟨nf | T[𝒥2(t) 𝒥1(0)] |ni⟩L

⟺

[easier said than done #]
[makes sense $]

[makes sense $]
[uh? %]

for general proof, see Ivan’s talk

Constructing RESOs
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Toy model investigation for 𝒯



Following the recipe
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By averaging over  boost with ,  and binning in energy and virtualities.mL = [20,25,30] d ≤ mL
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scattering

electroweak

g-2

misc.

leptonic 
decays

form factors

couplings

moments

upper bounds 
of energies
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elastic scattering
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15yrs ago



leptonic 
decays

upper bounds 
of energies

multi-particle 
ops

elastic scattering

semi-
leptonic

finite temp.

Parton distribution functions

Transverse momentum distributions 

Generalized parton distributionslower bounds 
of energies

tetraquarks

pentaquarks

inelastic scattering

3body scattering

multi-hadron 
weak decays

long-range matrix 
elements

hadronic light-by-light

inclusive decays

finite-chemical 
potential

ML for critical 
slowing down

gradient flow

LO. Hadron vacuum polarization HVP
NLO. Hadron vacuum polarization HVP

coupled 2- and 3-body 
scattering

structure of 
scattering states

physical 
point 

Euclidean today

QED+QCD

form factors

couplings

moments



opportunity for QC
I came into this field as a cynic 

me as a cynic philosopher 
in ancient Greece

“The Cynics rejected all conventional desires for wealth, power, glory, 
social recognition, conformity, and worldly possessions and even flouted 
such conventions openly and derisively in public.”

…but the progress is making me increasingly hopeful



opportunity for QC
I came into this field as a cynic 
Other things I have been cynical about 

the Higgs discovery,
gravitational wave discovery,
lattice QCD having an impact in g-2,
dark matter discovery. 

Meaning you have  of achieving glory!

Godspeed!

≥ 75 %

me as a cynic philosopher 
in ancient Greece







take home message / call to arms
despite all the reasons as to why LQCD should not tell give us 
insight into observables that aren’t directly accessible, LQCD has 
given us a whole lot more than was previously imaginable. 
Do not undersestimate the speed at which LQCD community could 
progress to obtain quantities that are today unimaginable.
So move fast!



If exclusive and interesting

 After developing increasingly complex formalism…

 Lattice QCD will always win

Inclusive reactions, QC methods may be needed and worth investigating. 

Exclusive vs. inclusive reactions

Infinite-volume reactions 

complex functions,

 kinematic singularities,

due to intermediate on-shell states.



Four-point functions in a finite, Minkowski spacetime
Hamiltonian frameworks 

𝒯 ∼ ∫
T

0
d4x eit(ω+iϵ) ⟨nf | 𝒥(t) 𝒥(0) |ni⟩∞

[only considering one time ordering, 
introduced  as a regulator]ϵ

= ∑
n

∫
T

0
d4x eit(Ef+ω−En+iϵ) ⟨nf | 𝒥(0) |n⟩⟨n | 𝒥(0) |ni⟩∞

[inserting a complete set of discrete 
finite-volume states]

≈ ∑
n

i
⟨nf | 𝒥(0) |n⟩⟨n | 𝒥(0) |ni⟩∞

(Ef + ω − En + iϵ) (1 − eT(iEf+iω−iEn−ϵ))



E?, L 6= 1
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E?, L = 1
<latexit sha1_base64="FRSt8BUcvjQGJ0rNhIiR2u/iF+8=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISURQTdCUQQXLirYBzSxTKaTduhkEmZuhBqKv+LGhSJu/Q93/o3TNgttPZcLh3PuZe6cIBFcg+N8W3PzC4tLy4WV4ura+samvbVd13GqKKvRWMSqGRDNBJesBhwEayaKkSgQrBH0L0d+44EpzWN5B4OE+RHpSh5ySsBIbXv36t7TQNSRZ+rm3OMyhEHbLjllZww8S9yclFCOatv+8joxTSMmgQqidct1EvAzooBTwYZFL9UsIbRPuqxlqCQR0342vn6ID4zSwWGsTEvAY/X3RkYirQdRYCYjAj097Y3E/7xWCuGZn3GZpMAknTwUpgJDjEdR4A5XjIIYGEKo4uZWTHtEEQomsKIJwZ3+8iypH5ddp+zenpQqF3kcBbSH9tEhctEpqqBrVEU1RNEjekav6M16sl6sd+tjMjpn5Ts76A+szx9KjJR3</latexit><latexit sha1_base64="FRSt8BUcvjQGJ0rNhIiR2u/iF+8=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISURQTdCUQQXLirYBzSxTKaTduhkEmZuhBqKv+LGhSJu/Q93/o3TNgttPZcLh3PuZe6cIBFcg+N8W3PzC4tLy4WV4ura+samvbVd13GqKKvRWMSqGRDNBJesBhwEayaKkSgQrBH0L0d+44EpzWN5B4OE+RHpSh5ySsBIbXv36t7TQNSRZ+rm3OMyhEHbLjllZww8S9yclFCOatv+8joxTSMmgQqidct1EvAzooBTwYZFL9UsIbRPuqxlqCQR0342vn6ID4zSwWGsTEvAY/X3RkYirQdRYCYjAj097Y3E/7xWCuGZn3GZpMAknTwUpgJDjEdR4A5XjIIYGEKo4uZWTHtEEQomsKIJwZ3+8iypH5ddp+zenpQqF3kcBbSH9tEhctEpqqBrVEU1RNEjekav6M16sl6sd+tjMjpn5Ts76A+szx9KjJR3</latexit><latexit sha1_base64="FRSt8BUcvjQGJ0rNhIiR2u/iF+8=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISURQTdCUQQXLirYBzSxTKaTduhkEmZuhBqKv+LGhSJu/Q93/o3TNgttPZcLh3PuZe6cIBFcg+N8W3PzC4tLy4WV4ura+samvbVd13GqKKvRWMSqGRDNBJesBhwEayaKkSgQrBH0L0d+44EpzWN5B4OE+RHpSh5ySsBIbXv36t7TQNSRZ+rm3OMyhEHbLjllZww8S9yclFCOatv+8joxTSMmgQqidct1EvAzooBTwYZFL9UsIbRPuqxlqCQR0342vn6ID4zSwWGsTEvAY/X3RkYirQdRYCYjAj097Y3E/7xWCuGZn3GZpMAknTwUpgJDjEdR4A5XjIIYGEKo4uZWTHtEEQomsKIJwZ3+8iypH5ddp+zenpQqF3kcBbSH9tEhctEpqqBrVEU1RNEjekav6M16sl6sd+tjMjpn5Ts76A+szx9KjJR3</latexit><latexit sha1_base64="FRSt8BUcvjQGJ0rNhIiR2u/iF+8=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISURQTdCUQQXLirYBzSxTKaTduhkEmZuhBqKv+LGhSJu/Q93/o3TNgttPZcLh3PuZe6cIBFcg+N8W3PzC4tLy4WV4ura+samvbVd13GqKKvRWMSqGRDNBJesBhwEayaKkSgQrBH0L0d+44EpzWN5B4OE+RHpSh5ySsBIbXv36t7TQNSRZ+rm3OMyhEHbLjllZww8S9yclFCOatv+8joxTSMmgQqidct1EvAzooBTwYZFL9UsIbRPuqxlqCQR0342vn6ID4zSwWGsTEvAY/X3RkYirQdRYCYjAj097Y3E/7xWCuGZn3GZpMAknTwUpgJDjEdR4A5XjIIYGEKo4uZWTHtEEQomsKIJwZ3+8iypH5ddp+zenpQqF3kcBbSH9tEhctEpqqBrVEU1RNEjekav6M16sl6sd+tjMjpn5Ts76A+szx9KjJR3</latexit>

“take an  step away from the poles”ϵ

 For large enough 
 and small enough  

L
ϵ

Constructing reliably estimators
 Determine time-dependent matrix elements 

 Introduce an  by handiϵ

𝒯L(ϵ) ∼ ∫
∞

−∞
dτ eiq0 t−ϵ|t| ⟨nf | T[𝒥2(t) 𝒥1(0)] |ni⟩L

[easier said than done #]



 Determine time-dependent matrix elements 

 Introduce an  by hand 

Binning [wave packets like] 

Exploit symmetry:

Physical amplitudes only depend on Lorentz scalars.

Boost average

iϵ

𝒯L(ϵ) ∼ ∫
∞

−∞
dτ eiq0 t−ϵ|t| ⟨nf | T[𝒥2(t) 𝒥1(0)] |ni⟩L

[easier said than done #]

[makes sense $]

[makes sense $]

[uh? %]

Constructing reliably estimators
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Toy model investigation for 𝒯



Following the recipe
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By averaging over  boost with ,  and binning in energy and virtualities.mL = [20,25,30] d ≤ mL



Euclidean LGTs has been remarkably successful despite it’s ugliness, 

Thanks for the fields ingenuity, the space of observables that cannot be accessed 
directly or indirectly is increasingly shrinking, 

It’s really hard for me to predict what won’t be accessed in the future, 

For Minkowski LGTs to have phenomenological impact, it needs to move quick!

A call to arms

Carrillo, Guerrero, Sturzu, RB (to appear)
RB, Guerrero, Hansen, Sturzu (2020)


