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WHY QCD
PHENOMENOLOGY?



QCD at low energies is extremely complicated

• Perturbation theory cannot calculate the hadron spectrum.
• Color confinement is poorly understood (analytically).

Exotic Heavy Mesons

Some experimental mesons, like X(3872), cannot be described
as being made of a conventional quark-antiquark pair.

Lattice QCD

One can study numerical simulations of QCD on a lattice.
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BORN-OPPENHEIMER
APPROXIMATION



p p

e

e

Heavy degrees of freedom

• nuclei

Light fields

• photons
• electrons

0

mγ me mp

≈ 1836me

BORN-OPPENHEIMER APPROX. FOR QED
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Heavy degrees of freedom

• heavy quarks

Light fields

• gluons
• light quarks
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BORN-OPPENHEIMER APPROX. FOR QCD
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The sharp difference between the energy scales involved allows
to separately solve the physics of the heavy and light fields:

1 The energy levels for the light fields with static quarks at
distance r, Vi(r), are calculated in lattice QCD.

2 The motion of the heavy quarks is calculated from a
Schrödinger equation with Vi(r) as potential.

Watch out for avoided crossings!

If some energy levels show mixing, one has to include also
coupling terms between the corresponding channels.

THE BORN-OPPENHEIMER PHILOSOPHY
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Juge, Kuti, and Morningstar 1999; Bali 2001

POTENTIALS WITHOUT LIGHT QUARKS
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STRING BREAKING
A Pictorial Representation
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QQ̄ and BB̄ mix through
string breaking.

Bali et al. 2005; Bulava et al. 2019

POTENTIALS WITH STRING BREAKING
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∑
i′,σ′
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−δi,i′δσ,σ′
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mQ
+Vη,σ,σ′
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Ψη,σ′

i′ (~r ) = EΨη,σ
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Diabatic channels with total spin s and projection σ

Ψη,σ
i (~r ) → Ψη,σ

QQ̄(s)(~r ),Ψη,σ

BB̄(s)(~r )

Diabatic potential matrix

Vη,σ,σ′

i,i′ (~r ) =
∑

λ

Dsi
σ,λ(ϕ,θ,ψ)Dsi′

σ′,λ(ϕ,θ,ψ)∗Gη,λ
i,i′ (r)

BORN-OPPENHEIMER SCHRÖDINGER EQ.
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PRACTICAL
APPLICATIONS



Phenomenological study of exotic heavy mesons

The potential matrix for JP C = 1++ can be fine tuned so there is
a bound state just below the D0D̄∗0 threshold.

Calculated radial probability density ρ(r) for X(3872):
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MOLECULAR STATES
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DI-MESON SCATTERING
Nonperturbative Calculation of the S-matrix

12/13 Roberto Bruschini Exotic Heavy Mesons and Lattice QCD Potentials



Q

q̄

Q̄

q

Q

q̄

Q̄

q

B

B̄

B

B̄

DI-MESON SCATTERING
Nonperturbative Calculation of the S-matrix

12/13 Roberto Bruschini Exotic Heavy Mesons and Lattice QCD Potentials



Q

q̄

Q̄

q

Q

q̄

Q̄

q

B

B̄

B

B̄

DI-MESON SCATTERING
Nonperturbative Calculation of the S-matrix

12/13 Roberto Bruschini Exotic Heavy Mesons and Lattice QCD Potentials



SUMMARY



• QCD is an extremely complicated theory with a rich and
fascinating phenomenology.

• Some experimentally observed particles challenge even
our most basic understanding of strong interactions.

• The spectrum of exotic heavy mesons can be studied using
potentials calculated in lattice simulations of QCD.

SUMMARY
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