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In the beginning of high energy heavy ion collisions, a deconfined phase of quarks and gluons
(QGP) is formed. After the QGP, there is a hadron gas (HG) phase, which evolves until the final
fluid freeze-out. The study of hadron resonances, such as the K∗, may give valuable information
about the HG phase. In a recent work, we studied the K∗ meson evolution in heavy ion collisions
during the hadron gas phase. We used the production and absorption cross sections of the K∗

and K mesons in a hadron gas, which were calculated in a previous work. We computed the time
evolution of the K∗ abundance and the K∗/K ratio during the hadron gas phase. Assuming a
Bjorken type cooling and using an empirical relation between the freeze-out temperature and the
central multiplicity density, we were able to write K∗/K as a function of (dN/dη(η = 0)). The
obtained function is in very good agreement with recent experimental data. In this communication
we review the main points of these works and expand the discussion.
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1. Introduction

In the beginning of high energy heavy ion collisions quark-gluon-plasma (QGP) is formed. It
expands, cools down and quarks, antiquarks and gluons recombine to form hadrons (“hadronize”).
After hadronization the systembecomes a hot hadron gas inwhich inelastic reactions occur, changing
the relative abundance of the hadrons. The system further expands and cools down until the thermal
freeze-out, when all interactions cease and the hadronic multiplicities are frozen. The final yield
of hadrons is thus influenced not only by their production rate at the quark-hadron transition point
but also by the interactions that they undergo after hadronization, which might increase or decrease
their abundances.

The K∗meson is a resonance andmay change its abundance also by the strong decay K∗ → Kπ.
This meson has a lifetime of 4 fm/c, smaller than the duration of the hadron gas phase, which is
believed to be of the order of 10 fm/c. The K∗’s which decay in the medium are lost and we
may observe a reduction in the final yield of this resonance, which would then be attributed to the
existence of the hadron gas phase. The hadron gas phase could be tested through the study of the
abundances of such particles. This idea has been discussed in several publications [1, 2].

In the hadron gas formed in heavy ion collisions, the temperatures range from ' 175 MeV,
where hadronization takes place, to ' 100 MeV, where kinetic freeze-out takes place. Hence the
K∗’s interact at low energies with light mesons and baryons. Although the coupling constants
BB′K (∗) (baryon-baryon-strange meson) are relatively small [3], it has been shown in [4] that the
interaction cross sections are significant and the K∗N total cross section can be as large as 20mb. On
the other hand, in the relevant region of the phase space, the baryons are relatively rare. Therefore,
in [2] we neglected K∗ interactions with baryons. In [5] K∗ interactions with light mesons were
studied with effective Lagrangians. In a subsequent work [6] the cross sections for production and
annihilation of K∗ and K mesons were recalculated with the inclusion of new reaction mechanisms,
such as anomalous parity vector-vector-pseudoscalar interactions and also the exchange of axial
resonances in the s and t channels. In Refs. [7], it was shown that interaction terms with anomalous
parity couplings have a strong impact on the corresponding cross sections. In [6] these interaction
terms were found to be relevant also in the calculation of K∗ absorption processes. The results in
Ref. [6] show that the new mechanisms are rather significant, changing the cross sections up to one
or two orders of magnitude.

In a previous work [2] we used the improved cross sections of [6] to calculate the K∗/K ratio
as a function of the system size (represented by dN/dη(η = 0)). Our results were in very good
agreement with experimental data published in [8]. In this contribution we review the main results
found in [2] and expand the dicussion.

2. Formalism

For our purposes the most relevant dynamical quantity is the thermally averaged cross section.
For a process a + b→ c + d it is defined as:

〈σab→cdvab〉 =
1

1 + δab

∫
d3 ®pa d3 ®pb fa( ®pa) fb( ®pb)σab→cd vab∫

d3 ®pa d3 ®pb fa( ®pa) fb( ®pb)
, (1)
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where vab is the relative velocity between the initial particles and fi( ®pi) is the thermal momentum
distribution of particle i, which is given by a Bose-Einstein distribution. According to Refs. [5] and
[6], the most relevant interactions of the K∗ meson are: K∗ρ→ Kπ, K∗π → Kρ and K∗ → Kπ, as
well as the respective inverse processes. Restricting ourselves to the processes above, the system of
differential rate equations can be written as:

dNK∗(τ)

dτ
= γKNK (τ) − γK∗NK∗(τ),

dNK (τ)

dτ
= −γKNK (τ) + γK∗NK∗(τ), (2)

where NK and NK∗ are the abundances of K and K∗ mesons respectively. They are functions of the
proper time τ. The factors γK and γK∗ depend on the interaction cross sections and the light meson
densities in the following way:

γK = 〈σKπ−→K∗ρvKπ〉 nπ + 〈σKρ−→K∗πvKρ〉 nρ + 〈σKπ−→K∗vKπ〉 nπ,

γK∗ = 〈σK∗ρ−→KπvK∗ρ〉 nρ + 〈σK∗π−→KρvK∗π〉 nπ + 〈ΓK∗〉 . (3)

where ni is the density of particles of species i in the hadron gas at proper time τ and 〈ΓK∗〉 is the
thermally averaged decay width of K∗ (see [2] for details).

Once we define the temperature evolution (“cooling”) of the hadron gas T(τ) and the initial
conditions NK∗(τh) and NK (τh), the system of differential equations (2) can be solved,yielding NK∗ ,
NK and the ratio R(τ) = NK∗/NK = K∗/K . We follow the time evolution of the abundances until the
kinetic freeze-out of the gas, which is defined by the freeze-out temperature Tf and occurs at time
τf . Assuming that the hadronic system undergoes a Bjorken-like expansion, we have the simple
relation between temperature and time T = Th (τh/τ)1/3, where Th = 175 MeV is the universal
hadronization temperature discussed above and τh is the hadronization time, which may change
from system to system. As it was pointed out long ago [9], the kinetic freeze-out temperature is
not an universal constant. It depends on the size of the hadronic system and hence on the collision
energy, on the mass number of the colliding nuclei and on the centrality of the collision. A recent
blastwave fit analysis made by the ALICE Collaboration [10] has confirmed that the kinetic freeze-
out temperature decreases with the system size, customarily associated to the multiplicity density
of charged particles, dN/dη, measured at midrapidity.

3. Results and Discussion

We solve the equations (2) using as input the cross sections calculated in [5] and in [6]. The
initial temperature is Th = 175 MeV and the initial conditions are K∗/K = 0.2, 0.5 and 0.8. The
results are shown in Fig. 1. On the left (right) panel the inputs are from Ref. [5] ([6]). We observe
that when there is no cooling the system evolves to an asymptotic state where the abundances
become constant. When Bjorken cooling is included, the ratio K∗/K drops and at typical freeze-out
times of 20 - 25 fm/c reaches 0.2 - 0.3. These numbers are close to the measured ones. This
suggests that a cooling faster than Bjorken is probably incompatible with data. Another interesting
aspect of the figure is that, even with cooling, after some time of evolution the K∗/K ratio becomes
the same for all initial conditions. When there is no cooling the ratio shown on the left (with the
inputs from [5]) is significantly smaller than the one on the right (with the inputs from [6]). At
higher temperatures, with [6] the cross section for K∗ production is bigger and so is the ratio R. It
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(a) (b)

Figure 1: K∗/K ratio as a function of the proper time τ. Dashed lines correspond to the initial conditions
0.2, 0.5 and 0.8 and no cooling. Solid lines correspond to the initial conditions 0.2, 0.5 and 0.8 and cooling.
a) Cross sections from S. H. Lee et al [5]. b) Cross sections from A. Martinez et al [6].

is also for this reason that on the right panel we observe a growth, in some cases very pronounced,
of all lines at early times. In [6] all the cross sections are bigger, all the reactions happen faster
and hence the system looses sooner the memory of the initial conditions (the three lines become a
single line). Interestingly, at very long times in both cases (right and left panels) the ratio goes to
the same value.

In order to compare our results with data, we will make use of the connection established in
[10] between Tf and N . We fit the points presented in [10] with the form:

Tf = Tf 0 e−b N, (4)

where Tf 0 = 132.5 MeV and b = 0.02. The above expression is compared to the data points from
[10] in Fig. 2a. To proceed further, we first choose the system under consideration, fixing N . This
determines the freeze-out temperature, Tf , and the endpoint of the evolution, τf . Then, we read the
ratio K∗/K from Fig. 1. Finally, we plot K∗/K as a function ofN and compare the results with the
data compilation published in [8]. The comparison is presented in Fig. 2b. As it can be seen in
Fig. 1, the longer the hadronic system lasts, the smaller is the ratio R. Indeed, for each (increasing)
value of N we stop the evolution at an (increasing) value of τ (which is τf ) and read from Fig. 1a
(decreasing) value of the ratio K∗/K . There is a strong correlation between Fig. 2a and Fig. 2b. A
steeper function in the first figure implies a steeper function in the second. Interestingly, the data
seem to exclude a flat horizontal line in Fig. 2a, i.e., a freeze-out temperature which is universal,
independent of the system size.

To summarize: we have improved the treatment of the microscopic dynamics of K∗’s. We
used all the relevant reaction cross sections involving K∗’s calculated in Ref. [6] as input in the
evolution equations (2). We included cooling and the dependence of the freeze-out temperature on
the system size. We obtained a very good description of the data published in [8] on R = K∗/K
as a function of dN/dη(η = 0). In order to reproduce the features of Fig. 2b we need the three
aspects of the process: i) dominance of the K∗ absorption reactions; ii) cooling and iii) system size
dependent freeze-out.
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Fit

■ ALICE Pb-Pb: s =2.76 TeV [23]

STAR Au-Au: s =200 GeV [29]
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Figure 2: a) Freeze-out temperature as a function of [dN/dη(η = 0)]1/3. The points are the result of the
blastwave fits of data performed by the ALICE Collaboration [10]. The line represents the expression (4). b)
K∗/K as a function of [dN/dη(η = 0)]1/3. Data are from [8].
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