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THE TRADITIONAL BO PHILOSOPHY

The sharp difference between the energy scales involved allows
to separately solve the physics of the heavy and light fields:

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

® The motion of the heavy quarks is calculated from a
Schrodinger equation with V;(r) as potential.
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SYMMETRIES OF THE STATIC LIMIT

The quantum numbers are not

The presence of two static
J total angular momentum;

quarks breaks the symmetries
of QCDx _ P parity;

® rotations; C' charge-conjugation;
but rather

A angular momentum
projection on the QQ axis;

down to:
* cylindrical symmetry; n g or u for positive or
negative C'P, respectively.

® combined C'P symmetry.
The potentials are independent of the spin of the static quarks.
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® parity;
® charge-conjugation parity;
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POTENTIALS WITHOUT LIGHT QUARKS
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Juge, Kuti, and Morningstar 1999; Bali 2001
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STRING BREAKING



STRING BREAKING

A Pictorial Representation
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POTENTIALS WITH STRING BREAKING
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Bali et al. 2005; Bulava et al. 2019
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POTENTIALS WITH STRING BREAKING
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THE MIXING PICTURE
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Bali et al. 2005
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THE INTERACTION MATRIX

From Lattice-QCD Potentials with String Breaking

Static potentials of mixed QQ-BB channels can be seenas
eigenvalues of an interaction matrix between pure Q@ and BB.

Vo(r) is the quarkonium potential;
g(r) is the string-breaking rate from lattice QCD;
0 is the static-meson pair threshold (by definition).
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BREAKING HEAVY-QUARK SPIN SYMMETRY

@ The string-breaking rate g(r) splits into different transition
rates for the BB, BB* £ B*B, and B* B* channels with
coefficients determined by Dirac algebra.

A A factor of A or 2A is added to the threshold energies of
the BB* £ B*B or B*B* channels.

| 12/21 Roberto Bruschini Quarkonia and Molecules from QCD Potentials



CORRECTED INTERACTION MATRICES
With mass splittings
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DIABATIC APPROACH



DIABATIC VS. ADIABATIC BO

Coupled channels in BO can be treated in two representations:
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DIABATIC SCHRODINGER EQUATION

2
Z( 6”1500/22 + VI ))‘I’"’ () = Ew(F)
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ANGULAR MOMENTUM I

Static Limit

In the static limit, the total angular momentum is

—

J, static — S+J light

with:
S the total spin of the static sources;

fhght the total angular momentum of the light fields.
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ANGULAR MOMENTUM II

Diabatic BO Framework

When the orbital angular momentum Lis introduced, the total
angular momentum is

J=L+8
The eigenvalues [ of L? and s of S? may be different for each
channel, but it can be checked that .J2 and .J -  are the same.

With the introduction of orbital angular momentum, one can
use angular momentum algebra to derive exact total angular
momentum conservation from the diabatic potential matrix.

The spectrum consists of states with definite J7C.
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\ RADIAL POTENTIAL

In practice, for any given J7¢ configuration, the spectrum is
calculated from a radial potential matrix with elements

pC I(1+1)

Vi (r) =600 ——5 2iir? =~ + V().
Z
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MOLECULAR STATES

Calculated radial probability density p(r) for X (3872):
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DI-MESON SCATTERING

Nonperturbative calculation of the S-matrix
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DI-MESON SCATTERING

Nonperturbative calculation of the S-matrix
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DI-MESON SCATTERING

Nonperturbative calculation of the S-matrix
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SUMMARY



SUMMARY

The spectrum of quarkonia and molecules can be studied
ab initio using QCD potentials with string breaking.

¢ The potentials can be directly calculated in lattice QCD
with static quark-antiquark and di-meson sources.

¢ Heavy-quark spin symmetry breaking from meson mass
splittings can be consistently taken into account in
lattice-QCD potentials.

¢ Adding orbital angular momentum within the diabatic BO

framework ensures exact conservation of total angular
momentum.
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APPENDIX



ELASTIC DD* SCATTERING WITH JP¢ = 1++

Cross-Sections
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ELASTIC DD* SCATTERING WITH JZ¢ = 1++

S-Wave D°D*? — D°D*® Argand Diagram

4
1 S |
. 3.98
0.8 N
| 3.96
Z 06 - >
= | 394 §
= 04 . 3.92
0.2 P 3.9
O i | \\“—\_ //\ | | 3.88
—06-04-02 0 02 04 06

Re[pfo]

2/4 Roberto Bruschini Quarkonia and Molecules from QCD Potentials



REFERENCES I

G. S. Bali (2001). “QCD forces and heavy quark bound states.”
In: Phys. Rep. 343.1, pp. 1-136. 1SSN: 0370-1573.

G. S. Bali et al. (2005). “Observation of string breaking in
QCD.” In: Phys. Rev. D 71 (11), p. 114513.

R. Bruschini and P. Gonzélez (2020). “Diabatic description of
charmoniumlike mesons.” In: Phys. Rev. D 102 (7), p. 074002.

— (2021). “Coupled-channel meson-meson scattering in the
diabatic framework.” In: Phys. Rev. D 104 (7), p. 074025.

— (2022). “Is x1(3872) generated from string breaking?” In:
Phys. Rev. D 105 (5), p. 054028.

— (2023). “xc1(2p): an overshadowed charmoniumlike
resonance.” In: [HEP 02, p. 216.

J. Bulava et al. (2019). “String breaking by light and strange
quarks in QCD.” In: Phys. Lett. B 793, pp. 493-498. ISSN:
0370-2693.

3/4 Roberto Bruschini Quarkonia and Molecules from QCD Potentials



REFERENCES II

K.J.Juge, J. Kuti, and C. J. Morningstar (1999). “Ab Initio Study
of Hybrid bgb Mesons.” In: Phys. Rev. Lett. 82 (22),
pp. 4400-4403.

4/4 Roberto Bruschini Quarkonia and Molecules from QCD Potentials



	Outline
	Born-Oppenheimer Approximation
	String Breaking
	Diabatic Approach
	Practical Applications
	Summary
	Appendix
	Scattering
	References
	References


