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New exotic hadrons are being discovered every year
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−→Our lattice QCD discussion

will relate closely to Tcc .
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will relate closely to Tcc .
Lattice predicts Tpp and may

p
e Tp

c .

Lattice predicts a
p
sence of Tpp̄pp̄

p
elow threshold :

Hu
a
hes, Eichten, Davies, Phys.Rev.D 97, 054505 (2018)

https://www.nikhef.nl/~pkoppenb/particles.html
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Experimental observation of Tcc
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• Tcc is slightly below threshold:

δm ∼ 1
4 MeV

• Predictions varied widely:

−300 MeV ≲ δm ≲ 300 MeV

• Directly from lattice QCD?

Tcc is an extreme challenge

Tbb and Tbc are more accessible
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Intuition for a very heavy diquark

tetraquark pair of mesons
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tetraquark pair of mesons

The heavy diquark is compact with
binding energy ∼ α2

smQ ∼ mQ

ln2(mQ)
.

Therefore, for mQ → ∞, the tetraquark is a stable particle in QCD.
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tetraquark pair of mesons

The heavy diquark is compact with
binding energy ∼ α2

smQ ∼ mQ

ln2(mQ)
.

Therefore, for mQ → ∞, the tetraquark is a stable particle in QCD.

Recall the puarkonium discussion :

• 
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ANL-HEP-PR-94-24 
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July 1994 

Rigorous QCD Analysis 

of Inclusive Annihilation and Production 

of Heavy Quarkonium 

Geoffrey T. Bodwin 

High Enugu Ph11siu IJivi1Wn. AfJonne NatimuU Af'9'onne, IL 60439 

Eric Braaten• 

7'M<wy Gn>up, F......a.b, Botavio, /L 60510 

G. Peter Lepage 

L®omtory of Nuclear Sltulie•, Cornell Univerlity, IthaaJ, NY I-1853 

Abstract 

A rigorous QCD analysis of the inclU$ive annihilation decay rates of heavy 

qtw'konium states is presented. The effective-field-theory framework of non-

relativistic QCD is used to separate the short.distance scale of annihilation, 

which is set by the heavy quark mass M, from the longer-distance scales asso-

with quark.onium structure. Tb.e annihiletion deeay rates. are expressed 

in tertJlS of nonperturbative matrix elements of 4-fermion operators in non-

·on leave from Dept. of Physics and Astronomy. University, E•;anston, IL 60208. 

94-11- 08lf 
1iJi _:Oif 131 t :i relativistic QCD, with coefficients that can be computed using perturbation 

theory in the coupling constant a,(M). The matrix elements are organized 

into a hierarchy according to their scaling with v, the typical velocity of the 

heavy quark. An analogous factorization formalism is developed for the pro-

duction cross sections of heavy quarkonium in processes involving momentum 

transfers of order M or larger. The factorization formulas are applied to the 

annihilation decay rates and production cross sections of S-wave states at 

next-to-leading order in v2 and P-wave states at leading order in v2• 

Typeset using REVTE-"<. 

2 



5/20
Intuition for a good light diquark

Recall some standard heavy baryons.
Each ΛQ is more deeply bound than its ΣQ partner, especially as mQ → ∞.

randy.lewis@yorku.ca 5/19

light diquarks prefer spin zero
The ud diquark binds more strongly in spin 0 (⇤) than spin 1 (⌃).
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Intuition for a good light diquark

Recall some standard heavy baryons.
Each ΛQ is more deeply bound than its ΣQ partner, especially as mQ → ∞.
A tetraquark can have this same Λ-type light diquark.

randy.lewis@yorku.ca 5/19

light diquarks prefer spin zero
The ud diquark binds more strongly in spin 0 (⇤) than spin 1 (⌃).
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In both hadrons, the light
diquark sees a heavy color
triplet.
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Roles for lattice QCD

Computing directly from QCD is the goal.

Extrapolations are required in lattice
spacing, volume and some quark masses.

Choices made by different authors give
valuable insight into systematic effects.

A consensus from the lattice community
will provide confidence for tetraquark physics.
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Tbb binding energy for udb̄b̄ from lattice QCD
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Tbb binding energy for udb̄b̄ from lattice QCD
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a
lattice NRQCD

I 

CLNS 92/1136 
OIISTPY-IIEP-T-92-001 

February, 1992 

Improved Nonrelativistic QCD 
for Heavy Quark Physics 

G. Peter Lepage, 1 Lorenzo Magnea 2 and Charles Nakhleh 
Newman Laboratory of Nuclear Studies 

Abstract 

Cornell University, Ithaca, NY 14853 

U lrika Magnca 
State University of New York at Stony Drook 

Stony Brook, NY 11794 

Kent Hornbostel 
The Ohio State University 

Columbus, 0 H 43210 

We construct an improved version of nonrelativist.ic QCD for use in lattice 
simulations of heavy quark physics, with the goal of reducing systematic 
errors from all sources to below 10%. We develop power counting rules to 
assess the importance of the various operators in the action and compute 
all leading order corrections required by relativity and finite lattice spacing. 
We discuss radiative corrections to tree level coupling constants, presenting 
a procedure that effectively resums the largest such corrections to all orders 
in perturbation theory. Finally1 we comment on the size of nonperturbative 
contributions to the coupling constants. 

1e-mail: gpl®lnssunl.tn.cornell.edu 
2 0n leave from UniversitA di Torino, Italy 

... 

' A v Fermi National Accelerator Laboratory 

/ 

Fermilab-Pub-91/355-T 
(Revised) 

On the Viability of Lattice Perturbation Theory 
G. Peter Lepage 

Newman Laboratory of Nuclear Studies 
Cornell University, Ithaca, NY 14853 

and 

Paul B. Mackenzie 
Theoretical Physics Group 

Fermi National Accelerator L,.boratory 
P. 0. Box 500, Batavia, IL 60510 

September 1992 (Revised November 1992) 

Abstract 
In this paper we show that the apparent failure of QCD lattice perturbation theory to account for Monte Carlo measurements of per-turbative quantities results from choosing the bare lattice coupling constant as the expiUllion parameter. Using instead "renormalized" coupling constants defined in terms of physical quantities, like the heavy-quark potential, greatly enhances the predictive power of lat-tice perturbation theory. The quality of theae predictions is further enhanced by a method for automatically determining the coupling-constant acale moat appropriate to a particular quantity. We present a mean-field analysis that explains the large renormalizations relating lattice quantities, like the coupling constant, to their continuum ana-logues. This auggests a new prescription for designing lattice operators that are more continuum-like than conventional operators. Finally, we provide evidence that the scaling of physical quantities is asymptotic or perturbative·already at (quenched) P's as low as 5.7, provided the evolution from scale to scale is analyzed using renormalized perturba-tion theory. This result indicates that reliable simulations of QCD are poaible at theae same low P's . 

. . -0 ()peratiiCI by Unlveraltlaa Aaaaarch A88oclatlon Inc. under contract with the United Statee Department of Energy 
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Tbb binding energy for udb̄b̄ from lattice QCD
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Systematic effects:

• chosen operator set
(local, nonlocal, smeared,
meson pair, diquark pair,
scattering states)

• tuning of NRQCD

• extrapolations
(lattice spacing, volume,
quark masses)

• chosen lattice action
(Wilson, HISQ, overlap,
domain wall)
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• larger threshold effects
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Additional systematics:

• larger threshold effects

• relativistic charm quark
[variants of El-Khadra,Kronfeld,Mackenzie
Phys.Rev.D55, 3933 (1997)]
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Operators and energies for lattice Tbc with JP = 0+

Alexandrou, Finkenrath, Leontiou, Meinel, Pflaumer, Wagner, PhysRevLett132,151902 = 2312.02925

•
∑
x⃗

[
b̄a(x⃗)γ5Cc̄b,T (x⃗)

] [
ua,T (x⃗)Cγ5d

b(x⃗)
]
− (d ↔ u)

•
∑
x⃗

B+(x⃗)D−(x⃗) −
∑
x⃗

B0(x⃗)D̄0(x⃗)

•
∑
x⃗,j

B∗+
j (x⃗)D∗−

j (x⃗) −
∑
x⃗,j

B∗0
j (x⃗)D̄∗0

j (x⃗)

• B+(q⃗)D−(−q⃗) −B0(q⃗)D̄0(−q⃗) for
|q⃗|L
2π

∈ {0, 1,
√

2,
√

3}

where

B+(x) = b̄(x⃗)γ5u(x⃗)

B+(q⃗) =
1√
V

∑
x⃗

B+(x)e2πiq⃗·x⃗/L

etc.
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Toward the Tcc binding energy from lattice QCD

An early attempt:

1810.12285 Junnarkar, Mathur, Padmanath −23 ± 11 MeV

Recent studies: (DD∗ scattering via volume dependence or effective potentials)

2202.10110 Padmanath, Prelovsek −9.9+3.6
−7.1 MeV

2206.06185 Chen, Shi, Chen, Gong, Liu, Sun, Zhang I = 0 attractive but I = 1 repulsive

2302.04505 Lyu, Aoki, Doi, Hatsuda, Ikeda, Meng −59
(

+53
−99

)(
+2
−67

)
keV

2402.14715 Collins, Nefediev, Padmanath, Prelovsek “a very delicate fine tuning” is observed

2405.15741 Whyte, Wilson, Thomas −41 ± 31 MeV (virtual bound state)

Reminder:
Physical pion masses will be necessary because pion exchange contributions are significant.

Note: Available lattice studies of Tcc use mπ > mD∗ −mD, meaning D∗ mesons are stable.
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Dreams for the distant future

Real-time evolution in lattice QCD? Dense matter in lattice QCD?

Image from https://physics.aps.org/articles/v10/100 Image from arXiv:2201.00202

One small step for tetraquarks. . .
PHYSICAL REVIEW RESEARCH 5, 033184 (2023)

Simulating one-dimensional quantum chromodynamics on a quantum computer:
Real-time evolutions of tetra- and pentaquarks

Yasar Y. Atas ,1,2,*,† Jan F. Haase,1,2,3,*,‡ Jinglei Zhang,1,2,§ Victor Wei ,1,4 Sieglinde M.-L. Pfaendler ,5
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Quantum chromodynamics (QCD)—the theory of quarks and gluons—has been studied for decades, but it
is yet to be fully understood. A recent example is the prediction and experimental discovery of tetraquarks,
which opened a new research field. Crucially, numerous unsolved questions regarding the standard model can
exclusively be addressed by nonperturbative calculations. Quantum computers can solve problems for which
well-established QCD methods are inapplicable, such as real-time evolution. We take a key step in exploring
this possibility by designing a real-time evolution of tetraquark and pentaquark physics in one-dimensional
SU(3) gauge theory. We also perform an experiment on a superconducting quantum computer demonstrating an
elementary cell consisting of two staggered sites containing quarks and antiquarks with all three colors. This
experiment represents an exciting step in quantum computation involving quarks with the gauge group of QCD.

DOI: 10.1103/PhysRevResearch.5.033184

I. INTRODUCTION

Quantum chromodynamics (QCD) provides the fundamen-
tal understanding of the strong nuclear force. It describes a
vast range of hadrons and their properties in terms of just the
quark masses and a gauge coupling. The recent discoveries [1]
of several tetraquark candidates are reminders of the richness
still remaining to be understood within QCD.

Lattice gauge theory is the first-principles nonperturba-
tive theoretical tool for studying QCD. Emerging quantum
computers will allow lattice studies to access new topics
within QCD, such as real-time evolution [2–4]. In this paper,
we use real-time evolution to present a study of tetraquarks
and pentaquarks on a quantum computer. Our calculations
use SU(3) gauge theory in one spatial dimension [5], and
the number of qubits (entangling gates) required scales only
linearly (quadratically) in the number of lattice sites N . To
match the available quantum hardware, our experimental

*These authors contributed equally to this work.
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demonstrations focus on a lattice of minimal length, i.e., the
basic building block.

Previous quantum computations within U(1) gauge the-
ory [6–14] showed electron-positron pair production. Moving
from this simple Abelian case to a more complex non-Abelian
theory reveals qualitatively new phenomena. For example, in
addition to quark-antiquark pair production (and the existence
of a meson), there is also a gauge-singlet particle having
valence quarks without valence antiquarks (i.e., the baryon).
A recent paper [15] presented the quantum computation of a
baryon mass in a SU(2) gauge theory.

In this paper we consider SU(3), which is the gauge group
of QCD, and demonstrate color-neutral objects (also called
gauge singlets). Color-neutral states of SU(3) are invariant
under arbitrary rotations in color space and thus involve all the
color components (charges) available in the theory, i.e., red,
green, and blue (and their anticolor counterparts). This is in
contrast to Abelian quantum electrodynamics (QED), where
a singlet state involves electron-positron pairs only. Since
the color singlet states are the relevant physical states, their
study and simulation constitute an important step towards the
understanding, description, and prediction of more complex
and realistic experiments.

In order to study the properties and interactions of the
gauge singlets, we perform two experiments. First, we per-
form a quantum simulation of the tetraquark. Specifically, we
identify the state possessing two quarks in a color antitriplet
plus two antiquarks in a color triplet. The mixing of this state
with a baryon-antibaryon pair and with other quantum states
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QCD in one spatial dimension

Staggered fermions:

Two staggered sites in
the strong coupling limit:
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Each site needs 3 qubits. Gauge fields provide interactions among them.
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Time evolution at intermediate coupling

Oscillations among the eigenstates were computed on ibm_peekskill.
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Practical error mitigation was crucial
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The mitigation method was developed with three students at York University:
A Rahman, Lewis, Mendicelli, Powell, Phys.Rev.D 106, 074502 (2022).
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Conclusions

• Lattice NRQCD (by Lepage et al) is the foundation for Tbb and Tbc studies.

• There is clearly a bound Tbb with udb̄b̄ and with usb̄b̄.
The systematic errors are being determined through multiple lattice studies.

• Tbc does not yet have a consensus among lattice groups.
Several studies exist and real progress has been made.

• Tcc is a challenge for lattice QCD because binding energy ∼ 1
4 MeV ≪ ΛQCD.

Nevertheless, impressive efforts have been reported.

• Quantum computers have opened new opportunities for the coming decades.


