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Hadron Physics

The main goal of Hadron Physics is to provide a quantitative understanding of the
strong interaction, especially in the low-energy regime.

examples:
− understand how the spectrum and structure of hadrons (bound-states of quarks
and gluons) emerge from the forces among their fundamental constituents,
− find out whether there are new forms of matter  exotic states.

Big challenge:
− Why are single quarks not observed in isolation?  confinement - Millennium
prize.
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QCD theoretical tools for Hadron Physics

Understand the origin of visible matter in our Universe  unravel the physics of
hadrons!

Knowledge from first principles (QCD)  difficult in the nonperturbative regime.

QCD theoretical tools for hadron physics

Lattice QCD EFTs DSEs etc. ...
↪→ ... Still, alternative approaches are

needed!
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Previous work - Relativistic phenomenology of mesons

Recently, I have used the Covariant Spectator Theory (CST) to construct

a manifestly covariant theoretical model for all mesons interpreted as quark-
antiquark bound states, and derived directly in Minkowski space-time.

Start with the homogeneous BSE, with total momentum P = k1 − k2, and relative
internal momentum k = 1

2 (k1 + k2) = (k0, k),

Integrate over k0 but keep only pole contributions from constituent particle
propagators  reduction to 3D loop integrations, but covariant!∫

ki

→
∫

d4k
(2π)4 δ+(m2

i − k2)→
∫

d3k
(2π)3

mi

Eik
,
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Previous work - Relativistic phenomenology of mesons

Covariant kernel: V(p, k; P) = 3
4 F1 · F2︸ ︷︷ ︸

=1, singlets

∑
K V K (p, k; P)︸ ︷︷ ︸

momentum dep.

ΘK(µ)
1 ⊗ΘK

2(µ)︸ ︷︷ ︸
Lorentz structure 1i , γ

5
i , γ

µ
i

X Confining interaction: Lorentz (scalar + pseudoscalar) mixed with vector
Coupling strength σ, mixing parameter y :

VL(p, k) = [(1− y)
(
11 ⊗ 12 + γ5

1 ⊗ γ5
2
)︸ ︷︷ ︸

equal weight
(constraint from chiral symm.)

−y γµ1 ⊗ γµ2]VL(p, k)

XOne-gluon exchange with constant coupling strength αs + Constant interaction
(in r -space) with strength C (Lorentz vector)

VOGE(p, k) + VC(p, k) = −γµ1 ⊗ γµ2 [VOGE(p, k) + VC(p, k)]

Some limitations:

X CST does not have a systematic renormalization scheme - equations regu-
larized with form factors (cut-off parameters fitted to data).

Ultimately, test CST by comparing the theoretical predictions with experimental
data.
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Previous work - Data sets used to fit the spectrum

Data set
State JP(C) Exp. Mass S1 S2 S3
Υ(4S) 1−− 10579.4± 1.2 • •
χb1(3P) 1++ 10512.1± 2.3 •
Υ(3S) 1−− 10355.2± 0.5 • •
ηb(3S) 0−+ 10337
hb(2P) 1+− 10259.8± 1.2 •
χb1(2P) 1++ 10255.46± 0.22± 0.50 •
χb0(2P) 0++ 10232.5± 0.4± 0.5 • •
Υ(1D) 1−− 10155
Υ(2S) 1−− 10023.26± 0.31 • •
ηb(2S) 0−+ 9999± 4 • • •
hb(1P) 1+− 9899.3± 0.8 •
χb1(1P) 1++ 9892.78± 0.26± 0.31 •
χb0(1P) 0++ 9859.44± 0.42± 0.31 • •
Υ(1S) 1−− 9460.30± 0.26 • •
ηb(1S) 0−+ 9399.0± 2.3 • • •
Bc (2S)± 0− 6842± 6 •
B+

c 0− 6275.1± 1.0 • • •
Bs1(5830) 1+ 5828.63± 0.27 •
B1(5721)+,0 1+ 5725.85± 1.3 •
B∗s 1− 5415.8± 1.5 • •
B0

s 0− 5366.82± 0.22 • • •
B∗ 1− 5324.65± 0.25 • •
B±,0 0− 5279.45 • • •

Data set
State JP(C) Exp. Mass S1 S2 S3
X(3915) 0++ 3918.4± 1.9 • •
ψ(3770) 1−− 3773.13± 0.35 • •
ψ(2S) 1−− 3686.097± 0.010 • •
ηc (2S) 0−+ 3639.2± 1.2 • • •
hc (1P) 1+− 3525.38± 0.11 •
χc1(1P) 1++ 3510.66± 0.07 •
χc0(1P) 0++ 3414.75± 0.31 • •
J/Ψ(1S) 1−− 3096.900± 0.006 • •
ηc (1S) 0−+ 2983.4± 0.5 • • •
Ds1(2536)± 1+ 2535.10± 0.06 •
Ds1(2460)± 1+ 2459.5± 0.6 •
D1(2420)±,0 1+ 2421.4 •
D∗0 (2400)0 0+ 2318± 29 • •
D∗s0(2317)± 0+ 2317.7± 0.6 • •
D∗±s 1− 2112.1± 0.4 • •
D∗(2007)0 1− 2008.62 •
D±s 0− 1968.27± 0.10 • • •
D±,0 0− 1867.23 • • •

S1: 9 PS mesons,
S2: 25 PS+S+V mesons,
S3: 39 PS+S+V+A mesons.
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Previous work - Spectroscopy
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Predictive power of the covariant kernels

Constant constituent quark masses mb,mc ,ms ,mq = mu/d held fixed during the
fits (values in bold).
- Model P1: fitted to 9 pseudoscalar meson masses only (set S1)
- Model PSV1: fitted to 25 pseudoscalar+scalar+vector meson masses

Model σ (GeV2) αs C (GeV) y mb (GeV) mc (GeV) ms (GeV) mq (GeV) Ns δrms (GeV)
P1 0.2493 0.3643 0.3491 0.0000 4.892 1.600 0.4478 0.3455 9 0.036

PSV1 0.2247 0.3614 0.3377 0.0000 4.892 1.600 0.4478 0.3455 25 0.030

The results of the two fits are remarkably similar!  kernel parameters are already
well determined through pseudoscalar states (JP = 0−)
Almost 100% L = 0, S = 0 (S-wave, spin singlet)

〈0−|L · S|0−〉 = 0 Spin-orbit force vanishes
〈0−|S12|0−〉 = 0 Tensor force vanishes

〈0−|S1 · S2|0−〉 = −3/4 Spin-spin force acts in singlet only

Good test for a covariant kernel: Pseudoscalar states do not constrain spin-orbit
and tensor forces, and cannot separate spin-spin from central force  Model P1
indeed predicts spin-dependent forces correctly!
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Predictive power of the covariant kernels

Constant constituent quark masses mb,mc ,ms ,mq = mu/d held fixed during the
fits (values in bold).
- Model P1: fitted to 9 pseudoscalar meson masses only (set S1)
- Model PSV1: fitted to 25 pseudoscalar+scalar+vector meson masses

Model σ (GeV2) αs C (GeV) y mb (GeV) mc (GeV) ms (GeV) mq (GeV) Ns δrms (GeV)
P1 0.2493 0.3643 0.3491 0.0000 4.892 1.600 0.4478 0.3455 9 0.036

PSV1 0.2247 0.3614 0.3377 0.0000 4.892 1.600 0.4478 0.3455 25 0.030

The results of the two fits are remarkably similar!  kernel parameters are already
well determined through pseudoscalar states (JP = 0−)
Almost 100% L = 0, S = 0 (S-wave, spin singlet)

〈0−|L · S|0−〉 = 0 Spin-orbit force vanishes
〈0−|S12|0−〉 = 0 Tensor force vanishes

〈0−|S1 · S2|0−〉 = −3/4 Spin-spin force acts in singlet only

Good test for a covariant kernel: Pseudoscalar states do not constrain spin-orbit
and tensor forces, and cannot separate spin-spin from central force  Model P1
indeed predicts spin-dependent forces correctly!

Sofia Leitão (PIQTG) Can we simulate hadrons on a QC? Café com F́ısica 8 / 29
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Sensitivity to the parameters

In a new series of fits we treat quark masses and mixing parameter y as adjustable
parameters.

Model σ (GeV2) αs C (GeV) y mb (GeV) mc (GeV) ms (GeV) mq (GeV) Ns δrms ∆rms (GeV)
(P1)M0S1 0.2493 0.3643 0.3491 0.0000 4.892 1.600 0.4478 0.3455 9 0.017 0.037

M1S1 0.2235 0.3941 0.0591 0.0000 4.768 1.398 0.2547 0.1230 9 0.006 0.041
(PSV1)M0S2 0.2247 0.3614 0.3377 0.0000 4.892 1.600 0.4478 0.3455 25 0.028 0.036

M1S2 0.1893 0.4126 0.1085 0.2537 4.825 1.470 0.2349 0.1000 25 0.022 0.033
M1S2′ 0.2017 0.4013 0.1311 0.2677 4.822 1.464 0.2365 0.1000 24 0.018 0.033

(best)M1S3 0.2022 0.4129 0.2145 0.2002 4.875 1.553 0.3679 0.2493 39 0.030 0.030
M0S3 0.2058 0.4172 0.2821 0.0000 4.917 1.624 0.4616 0.3514 39 0.031 0.031

y held fixed, other parrameters
refitted
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δ
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�
�
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△ M1S2'

□ M1S3

M0S3

Quality of fits not much improved.
Best model M1S3 has y = 0.2 (but minimum
very shallow)  Vector contributions to the
linear confining interaction between 0% and
∼30% lead essentially to the same agreement
with the data.
The mass spectrum alone does not constrain
much the parameter y and the quark
constituent masses!

To investigate wether or not other physical observables (e.g. decay constants) are
more stringent with respect to y and the masses.
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Sensitivity to the parameters

In a new series of fits we treat quark masses and mixing parameter y as adjustable
parameters.

Model σ (GeV2) αs C (GeV) y mb (GeV) mc (GeV) ms (GeV) mq (GeV) Ns δrms ∆rms (GeV)
(P1)M0S1 0.2493 0.3643 0.3491 0.0000 4.892 1.600 0.4478 0.3455 9 0.017 0.037

M1S1 0.2235 0.3941 0.0591 0.0000 4.768 1.398 0.2547 0.1230 9 0.006 0.041
(PSV1)M0S2 0.2247 0.3614 0.3377 0.0000 4.892 1.600 0.4478 0.3455 25 0.028 0.036

M1S2 0.1893 0.4126 0.1085 0.2537 4.825 1.470 0.2349 0.1000 25 0.022 0.033
M1S2′ 0.2017 0.4013 0.1311 0.2677 4.822 1.464 0.2365 0.1000 24 0.018 0.033

(best)M1S3 0.2022 0.4129 0.2145 0.2002 4.875 1.553 0.3679 0.2493 39 0.030 0.030
M0S3 0.2058 0.4172 0.2821 0.0000 4.917 1.624 0.4616 0.3514 39 0.031 0.031

y held fixed, other parrameters
refitted

○○

△△

□□

0.0 0.1 0.2 0.3 0.4

0.005

0.010

0.015

0.020

0.025

0.030

0.035

�

δ
��
�
(�
�
�
) ○ M1S�

△ M1S2'

□ M1S3

M0S3

Quality of fits not much improved.
Best model M1S3 has y = 0.2 (but minimum
very shallow)  Vector contributions to the
linear confining interaction between 0% and
∼30% lead essentially to the same agreement
with the data.

The mass spectrum alone does not constrain
much the parameter y and the quark
constituent masses!

To investigate wether or not other physical observables (e.g. decay constants) are
more stringent with respect to y and the masses.

Sofia Leitão (PIQTG) Can we simulate hadrons on a QC? Café com F́ısica 9 / 29
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(best)M1S3 0.2022 0.4129 0.2145 0.2002 4.875 1.553 0.3679 0.2493 39 0.030 0.030
M0S3 0.2058 0.4172 0.2821 0.0000 4.917 1.624 0.4616 0.3514 39 0.031 0.031
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refitted
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Quality of fits not much improved.
Best model M1S3 has y = 0.2 (but minimum
very shallow)  Vector contributions to the
linear confining interaction between 0% and
∼30% lead essentially to the same agreement
with the data.
The mass spectrum alone does not constrain
much the parameter y and the quark
constituent masses!

To investigate wether or not other physical observables (e.g. decay constants) are
more stringent with respect to y and the masses.

Sofia Leitão (PIQTG) Can we simulate hadrons on a QC? Café com F́ısica 9 / 29



New beginnings...
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Recent developments in Quantum Computing

A quantum computer (QC) is a device that processes
information exploiting QM properties  superposition,
entanglement, ...

Technical hurdles to create a QC:
− qubits were difficult to create,
− superconducting quantum processors needed to be cooled,
− significant shielding required.
↪→ Currently, 72 qubits (Google)  go to thousands and
beyond.
− significant error correction.
− create a truly fault-tolerant quantum computer.

Recent key developments
− new hardware and online resources.
− increasing business interest in future commercial application.
− significant discussion of “quantum supremacy”.
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Recent developments in Quantum Computing

Quantum Flagship  a large-scale European research program for quantum
technologies (>1 billion e ).
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What is a QC good for?

Factoring large numbers
15 = 5× 3, 21 = 3× 7, 8193 = 3× 2731  Schor’s Algorithm

Search databases  Grover’s Algorithm

Simulate quantum systems  original Feynman’s proposal

“... because nature isn’t classical, dammit,
and if you want to make a simulation of nature,
you’d better make it quantum mechanical.”
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Quantum simulation

Why?

Imagine a simple scenario...

For a complex system, “highly entangled”, a classical probabilistic computing
machine simply cannot reproduce the required quantum probability distributions!
In fact, it is precisely the chance of preparing and manipulating entangled states,
together with the superposition principle, that allows for the computational
quantum advantage.
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Quantum simulation - time evolution of a system
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Richard Feynman - Simulating Physics with computers

“If you had discrete quantum systems, what other discrete quantum systems are
exact imitators of it, and is there a class against which everything can be
matched?”

.... Yes!  Digital quantum computing
Seth Loyd 1998: efficient technique for the quantum simulation of time-evolving
physical systems

|ψ(t)〉 = Û(t)|ψ(0)〉, Û(t) = e−iĤt/h,

using Lie-Trotter expansions Û(t) =
[
Û(t/n)

]n

Û(t/n) = e−iĤt/nh ≈ e−iĤ1t/nhe−iĤ2t/nh . ., .

with Ĥ = Ĥ1 + Ĥ2 + ...  quantum gates, quantum circuits
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Motivation from QCD
Even with some remarkable improvements over the last years, Lattice QCD faces some
challenges:

the well-known sign problem.
↪→ If we are interested in the time evolution of systems with baryon number,
isospin, electric charge, strangeness, etc. ...or currents, viscosity, non-equilibrium
dynamics  real-time evolution.

Required computational power can be excessive, even for the current most
powerful superconductors
↪→ Can we make use of quantum supremacy in the future?
What about bound-states in equilibrium?
Heff .|Ψ〉 = E |Ψ〉 → for instance, finding lowest E?
↪→ Can we simulate hadrons on a quantum computer?
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Ideal systems for quantum simulation - Molecules
Why ideal?... H|Ψ〉 = E |Ψ〉

“The underlying physical laws necessary for the mathematical theory of a large
part of physics and the whole of chemistry are thus completely known, and the
difficulty is only that the exact application of these laws leads to equations much
too complicated to be soluble.” - P.Dirac

Molecular electronic Hamiltonian (in Born Oppenheimer approx.):

H =
ne∑

i=1

(
− ~2

2me
∇2

i −
nN∑
A

ZA

4πε0|~ri − ~RA|

)
+

ne∑
i<j

e2

4πε0|~ri −~rj |
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Ideal systems for quantum simulation - Molecules

To represent as a N-qubit problem we must discretize  basis of Molecular orbitals

For each orbital define âk and â†k satisfying:

{âj , âk} = {â†j , â
†
k} = 0, {âj , â†k} = δjkI

Write a second-quantized Hamiltonian:

Ĥ =
∑

ij

hij â†i âj +
∑
ijkl

hijkl â†i â†j âk âl

Map the operators with a Jordan-Wigner transformation:
âj → I⊗j−1 ⊗ σ̂+ ⊗ (σ̂z )⊗N−j , â†j → I⊗j−1 ⊗ σ̂− ⊗ (σ̂z )⊗N−j ,

Obtain an Hamiltonian expressed in the basis of Pauli operators {Ii , σi
α}, for each

nuclear configuration R. Example for N = 2:

Ĥ(R) =
αβ∑
ij

gij (R)σ̂i
ασ̂

j
β .
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âj → I⊗j−1 ⊗ σ̂+ ⊗ (σ̂z )⊗N−j , â†j → I⊗j−1 ⊗ σ̂− ⊗ (σ̂z )⊗N−j ,
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Ideal systems for quantum simulation - Molecules

Example: number operator hpp â†p âp → hpp
2 (I− σ̂z

p)

Use Trotterization

T-gate:  |0〉 → |0〉, |1〉 → e−iθ|1〉  single qubit rotation

Construct the associated quantum circuit.
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Variational Quantum Eigensolver (VQE)

How to find the ground-state energy E0 classically? Using the variational method∫
Ψ∗HΨdr∫

Ψ2dr
≥ E0.

Now... the VQE algorithm uses a quantum subroutine inside a classical
minimization task. The quantum subroutine consists of two parts:

1 Prepare a quantum state |Ψ(~θ)〉,
2 Measure the expectation value of H in the state |Ψ(~θ)〉:
 by linearity 〈Ψ(~θ)|H|Ψ(~θ)〉= 〈H1〉+〈H2〉+〈H3〉+...
X Easy task for a QC... ex: Measurements of < σz

i >,< σz
1σ

z
2 ...σ

z
n >, ...

× In general, it may be very hard to calculate this expectation value for a
classical representation, containing an exponential number of configurations

We get an expectation value dependent on ~θ parameters. This value can be
minimized with a gradient-free optimization method such as Nelder-Mead method
on the classical computer.
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VQE Quantum-classical hybrid algorithm

In summary...

It is now a reality, to use a cloud-based quantum computing (Google, D-Wave,
Rigetti, IBM, ...)
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Results using VQE

H2 molecule using Google’s quantum computer (only 2 qubits)

P.J.J. O’Malley et al. Scalable Simulation of Molecular Energies Physical Review X (2016). DOI: 10.1103/PhysRevX.6.031007
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Results using VQE

Results using the IBM quantum computer (up to 6 qubits)

Abhinav Kandala et al. Hardware-efficient variational quantum eigensolver for small molecules and quantum magnets, Nature
(2017). DOI: 10.1038/nature23879
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Quantum simulation of the deuteron

Results using IBM QX5 and Rigetti 19Q quantum chips, using 2 and 3 qubits.
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Quantum simulation of the deuteron

The deuteron ground-state energy is -2.22 MeV  extrapolation to infinite space
is within 3% of the exact result.

Can we compute binding energies of hadrons on a quantum computer?... Yes!
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Summary and Conclusions

Both Nuclear and Hadron Physics have already greatly benefit from the advances
in classical computing  supercomputers worldwide allow to tackle increasingly
more complex calculations, ex: Lattice QCD, ...

However, in the last few years we are witnessing a “Second Quantum Revolution”
 explosion of new Quantum Technologies and Quantum Algorithms.
Some QCs can already be tested through the internet Cloud access,
Quantum-Classical algorithms.
Quantum Simulation for Nuclear and Hadron Physics is at its infancy. However,
reasonable results achieved for small molecules: hydrogen, beryllium dihydride, and
now, for the deuteron as well.
Attention from the HEP community - Workshop @ FermiLab (September, 2018)
“Next Steps in Quantum Science for HEP”.
The future is both challenging and promising!

Sofia Leitão (PIQTG) Can we simulate hadrons on a QC? Café com F́ısica 27 / 29



Summary and Conclusions

Both Nuclear and Hadron Physics have already greatly benefit from the advances
in classical computing  supercomputers worldwide allow to tackle increasingly
more complex calculations, ex: Lattice QCD, ...
However, in the last few years we are witnessing a “Second Quantum Revolution”
 explosion of new Quantum Technologies and Quantum Algorithms.

Some QCs can already be tested through the internet Cloud access,
Quantum-Classical algorithms.
Quantum Simulation for Nuclear and Hadron Physics is at its infancy. However,
reasonable results achieved for small molecules: hydrogen, beryllium dihydride, and
now, for the deuteron as well.
Attention from the HEP community - Workshop @ FermiLab (September, 2018)
“Next Steps in Quantum Science for HEP”.
The future is both challenging and promising!

Sofia Leitão (PIQTG) Can we simulate hadrons on a QC? Café com F́ısica 27 / 29
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http://www.phys-info.org

