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The proper treatment of hadronic resonances plays an important role in many aspects of heavy ion

collisions. This is expected to be the case also for hadronization, due to the large degeneracies

of excited states, and the abundant production of hadrons from their decays. We first show how a

comprehensive treatment of excited meson states can be incorporated into quark recombination,

and in extension, into Hybrid Hadronization. We then discuss the quantum mechanics of forming

excited states, utilizing the Wigner distribution functions of angular momentum eigenstates of

isotropic 3-D harmonic oscillators. We further describe how resonance decays can be handled,

based on a set of minimal assumptions, by creating an extension of hadron decays in PYTHIA

8. Finally, we present first results by simulating 4+ + 4− collisions using PYTHIA and Hybrid

Hadronization with excited mesons up to orbital angular momentum ! = 4 and radial quantum

number 2. We find that states up to ! = 2 are produced profusely by quark recombination.
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Hadronization of partons is a longstanding problem for Monte Carlo (MC) event generators.

The process of forming bound states of quarks and gluons can not be described from first principles.

Instead, several models have been developed over the years to successfully describe certain aspects

of hadronization. Among them are the string fragmentation model, that is for example deployed in

the PYTHIA event generator [1, 2], and the quark recombination model [3–6]. String fragmentation

is based on the idea of QCD strings forming between color charges at large distances, and has been

successfully applied to all kind of "small" collision systems, i.e. those not involving nuclei. On

the other hand, quark recombination has had success describing certain aspects of hadronization

in nuclear collisions, in particular large baryon/meson ratios and the constituent-quark-number

scaling of elliptic flow. The idea behind Hybrid Hadronization is to combine these two models so a

comprehensive and consistent description of hadronization in all collision systems at a broad range

of collision energies can be achieved [7, 8].

The overarching idea is that systems of partons that are ready to hadronize are first allowed to

recombine by sampling the recombination probabilities of all quark-antiquark pairs and all quark

and anitquark triplets in the system. Gluons are assumed to have decayed into quark-antiquark octet

pairs for this step. The recombination probabilities are computed in a phase-space formalism briefly

sketched below. Some partons, preferentially those close in phase space, thus recombine directly

into hadrons. All remnant partons are then assumed to be connected by strings and these string are

subjected to a string fragmentation model, in our case the one implemented in PYTHIA 8. If the

original system of partons has color tags assigned, e.g. in output from PYTHIA 8 for 4+ + 4− or

? + ? collisions, these color tags are used in the computation of recombination probabilites, and

they are again used to form the remnant strings, preserving color flow in the parton system.

The focus of this work is the implementation of proper physical hadronic resonances in the

recombination process. In the orignal work [7] excited hadrons were not mapped onto the proper

physical states in the Particle Data Book [10] since the recombination probabilities into eigenstates

of orbital angular momentum in the Wigner phase-space formalism were not known. Our study

of angular momentum eigenstates of the 3-D isotropic harmonic oscillator [9] remedies this short-

coming. We briefly discuss the work done in [9] and then present first results from an application

to 4+ + 4− collisions.

We assume the potential between color singlet quark-antiquark pairs to be be modelled by

a 3-D isotropic harmonic oscillator. Our work restricts itself to mesons for now for simplicity.

The widths of the potentials can be fixed to data by computing the squared charge radii for stable

mesons and comparing those results to measured values of 〈A2〉, as laid out in [7]. The inverse

length scale of the harmonic oscillator is denoted by a in the following. We compute the Wigner

distributions ,:; (r, q) of eigenstates of the potential with radial quantum number : and orbital

angular momentum quantum number ;. The magnetic quantum number < is averaged over since

we do not wish to consider the polarization of hadrons. In that case the distributions only depend

on the magnitudes of the position and momentum vectors r and q, and the angle \ between those

vectors. In our work we reduce the complicated problem of 3-D phase-space distributions to the

known Wigner distributions of the 1-D harmonic oscillator [11]. These distributions have been
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