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Reduction of the K* meson abundance in heavy ion collisions
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We study the K* meson reduction in heavy-ion collisions by focusing on the hadronic effects on the K* meson
abundance. We evaluate the absorption cross sections of the K* and K meson by light mesons in the hadronic
matter, and further investigate the variation in the meson abundances for both particles during the hadronic stage
of heavy-ion collisions. We show how the interplay between the interaction of the K* meson and kaon with light
mesons in the hadronic medium determines the final yield difference of the statistical hadronization model to the
experimental measurements. For the central Au+4-Au collision at ./syy = 200 GeV, we find that the K*/K yield
ratio at chemical freeze-out decreases by 37% during the expansion of the hadronic matter, resulting in the final

ratio comparable to STAR measurements of 0.23 £0.05.
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I. INTRODUCTION

Relativistic heavy-ion collision experiments have enabled
the production of a system of quantum chromodynamic matter
at extreme conditions under controlled conditions [1-5]. Due
to the huge energies available in heavy-ion collisions, it is
expected that a possible phase transition predicted by Lattice
Quantum Chromodynamics [6] between a hadronic matter
and a system of deconfined quarks and gluons takes place, and
the quark-gluon plasma at very high temperature is produced
at the initial stage of the collision. As a result, large numbers
of hadronic particles are produced during the quark-hadron
phase transition at later stages of heavy-ion collisions.

These hadronic particles are believed to emerge at the
transition point with the information of the matter. The
statistical hadronization model has been quite successful in
explaining the measured production yields of hadrons with
two parameters characterizing the chemical freeze-out point
in heavy-ion collisions: the phase transition temperature and
the baryon chemical potential [7-10].

All particles produced at the freeze-out, however, are subject
to further interactions with other hadrons in the hadronic
matter, leading to possible deviations in the final yield of some
hadrons from the statistical model prediction. In addition to
the effects from hadronic interactions, the lifetime of hadrons
as well as the lifetime of the hadronic matter itself plays an
important role in changing the abundance of hadrons from the
yield at the chemical freeze-out.

The abundance of hadrons that are stable against strong
decays is expected to be changed mostly by hadronic interac-
tions while that of resonances will be affected by both their
interactions with other hadrons and their strong decays when
the lifetime of resonances is comparable to or smaller than the
lifespan of the hadronic stage in heavy-ion collisions. Daughter
particles of resonances are subject to rescatter as well in the
hadronic medium, making the reconstruction of the resonances
from an invariant mass analysis difficult.
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Studying the effects from the hadronic interactions on the
abundance of resonances has been suggested as one way of con-
firming the scenario about a time delay between the chemical
and thermal freeze-out [11,12], since a sudden hadronization
in heavy-ion collisions would leave no time for resonances to
decay in the hadronic medium. In particular, the K* meson
has attracted lots of attention as its short lifetime 4 fm/c is less
than the presumed lifespan of the hadronic stage.

The effects of hadronic interactions on the yield of the
K* meson have been measured in heavy-ion collisions using
K*/K vyield ratios. Since the K meson is the ground state
of the K* meson, having the same valence quarks with a
different mass and relative orientation of its quark spins, the
K*/K yieldratio is considered to be independent of the freeze-
out conditions when hadronic interactions are neglected. It
has been shown that K*/K yield ratios decrease with the
increasing size of the system at the same energy [13,14].
Compared to p+p collisions, K*/K yield ratios in Cu+Cu
and Au+Au collisions are smaller, naively implying that K*
and K mesons participate in rescattering processes during the
expansion of hadronic matter, and that the hadronic effects
become larger as the size of the hadronic matter increases.

The average transverse momentum of the K* meson mea-
sured in heavy-ion collisions [13,14], which is higher than
that of the K* meson in p+p collisions, also supports the
rescattering scenario about K* mesons. K* mesons with
low transverse momenta escape the hadronic stage later than
K* mesons with higher transverse momenta, and thus suffer
more rescattering in the hadronic medium. As a result the
measurement of the K*/K yield ratio 0.23 £ 0.05 [13] in
Au+-Au collision at ,/syy =200 GeV is smaller than the
statistical model expectation 0.33 % 0.01 at that collision [10].
However, as we will see, the measurement of the K*/K yield
ratio that is inconsistent with the statistical model prediction
not only confirms the hadronic effects on the yield of the K*
meson but also provides information on the change in the
properties of the hadronic matter at freeze-out.
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The hadronic effects on the abundance of the K* meson
in the hadronic matter have been studied in many literatures
[11,12,15-20]. A microscopic transport approach to hadronic
interactions, the UrQMD model [21,22], has been successful
in explaining experimental measurements of the K* meson
in heavy-ion collisions, e.g., the transverse momentum distri-
butions of K* mesons in different centralities and the ratio
of yield K*°/K~ [20] recently measured at CERN’s Large
Hadron Collider (LHC) [23].

There also have been attempts to understand the abundance
of K* mesons at chemical freeze-out by investigating the
relative abundance between daughter particles of the K*
meson, (K /m) [15,16]. Based on the analysis of the fluctuation
between same charged particles, K~ and 7 ~, and opposite
charged particles, K and 7 ~, the constraint on the K* meson
reinteraction between chemical and thermal freeze-out has
been studied [19].

With these investigations of the K*/K yield ratio in mind,
we study here the hadronic effects on the K* meson by
evaluating its absorption cross sections with m, p, K, and
K* mesons, and furthermore investigate variations in the K*
meson abundance during the hadronic stage of heavy-ion
collisions by solving a time evolution equation for the K*
meson. After the K* meson is produced at the chemical
freeze-out, it interacts mostly with light hadrons during the
expansion of the hadronic matter. As a result, K* mesons can
be absorbed by the comoving light mesons, or additionally
produced from scattering between them. Thus, evaluating
the K* meson cross sections by light hadrons is neces-
sary in estimating the hadronic effects on the K* meson
abundance in heavy-ion collisions. By comparing our results
with the experimental observation in heavy-ion collisions,
we understand the discrepancy of the K* meson yield be-
tween the statistical model and the experimental measure-
ments.

As has been stated, the scattering of the K* meson daughter
particles such as kaons in the hadronic medium also contains
useful information in understanding the hadronic effects on
K™ mesons. Therefore, we also take into account interactions
of the kaon with light mesons during the hadronic stage of
heavy-ion collisions.

To this end, we introduce effective Lagrangians for interac-
tions between light mesons. The effective Lagrangian methods
have been used to calculate the scattering cross sections
between J/y and hadrons in order to estimate the amount
of J/v suppression in the hadronic matter [24-27]. Similar
approaches have been applied to investigate the hadronic
effects on the abundance of ¢ mesons [28], and exotic mesons
such as D;;(2317) [29] and X (3872) mesons [30,31].

This paper is organized as follows. In Sec. II, we first
consider interactions of both the K* meson and kaon with light
mesons. Then we evaluate the absorption cross sections of both
mesons in the hadronic medium using effective Lagrangians.
In Sec. III we investigate the time evolution of the K* meson
abundance by solving the kinetic equation. In Sec. IV, we
argue the important roles of the abundance ratio of K* mesons
to kaons in heavy-ion collisions. Section IV is devoted to
conclusions. We discuss in detail the contact term in the
Appendix.

We have used throughout the paper the isospin averaged
mass for all hadrons, based on experimentally measured
masses [32], e.g., mg = 495.645 MeV.

II. HADRONIC EFFECTS ON K* AND K MESONS

We first investigate hadronic interactions of a K* meson
during the hadronic stage of heavy-ion collisions. The K*
meson produced at the chemical freeze-out can be absorbed
or even produced through interactions between mostly light
mesons during the expansion of the hadronic matter. We
consider here the K* meson interacting with pions, p mesons,
kaons, and K* mesons; K*r — pK,K*p - nK, K*K —
om, K*K* — mm, and K*K* — pp. The diagrams repre-
senting each process are shown in Fig. 1. We introduce the
following Lagrangians to describe the interaction between the
K* meson and other mesons:

= ignk -k KT - (K37 — 8,K7) +Hec.,
Loxx =igokx(K79,K —3,KTK) - p",
Lokk = igokk-[(0,K*TK}S — K79, K*) - p"
F (KT 0,00 — 0, KT - )R
FKUGE - 9KS — 3,5 KD,
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T _
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_50 'ﬁ(rguv)lz*vy

obtained from free pseudoscalar and vector meson
Lagrangians by introducing the minimal substitution.
In Eq. (1), K =(K%K™") and K* = (K**,K*) denote
strangeness pseudoscalar and vector meson doublets,
respectively, and 77 and g denote the pion and p meson isospin
triplets, respectively, with Pauli matrices T. grx+k, &k k>
and g,k-kx+ are strong-coupling constants, for which we
use the empirical values grx:x = 3.25and g,xx = 3.05
[33]. We apply the SU(3) flavor symmetry to obtain
8pK*K* = nK*K = 3.25, 8npKK* = 8nK*K8pKK> nnK*K* =
287211(*1(’ 8poKK = 28/2)1{1(’ and gpk-k+ = g%K*K*'

Here we neglect the K K contact term since its contri-
bution is smaller than that from the vector meson mediated
pseudoscalar four point contact term as explained in the
Appendix. In addition to the interactions shown in Eq. (1), one
may consider anomalous interactions [27,34]. Recently, the
importance of the anomalous contribution to the dissociation
and recombination of vector mesons in the hadron medium
have been discussed [35,36].

The work with the anomalous contributions will involve
a careful discussion of the couplings in connection to the
anomalous contributions coming from the gauged Wess-
Zumino action in the so-called Bardeen form in SU(3). This
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FIG. 1. Born diagrams for the K * meson absorption by 7, p, K, and K* mesons. (a—c) K*7 — pK.(d-f) K*p — 7K. (g-i) K*K — pm.
(G-1) K*K* — nwr. (m—0) K*K* — pp.

is an important subject that deserves a separate discussion, Using the above interaction Lagrangians we evaluate the
and therefore we restrict in the present paper our discussion amplitudes for all processes shown in Fig. 1. The amplitudes
to contributions available from the interaction Lagrangians, of the K* meson absorption by =, p, K, and K* mesons,
Eqg. (1), and investigate the anomalous contributions in future without isospin factors and before summing and averaging over
work. external spins, are represented by

J
Meerpk = MO+ MY+ MO, Miepng = M@ + M+ ML, Mgy e = ME 4+ ME + MY

K* K*»
Mygommn = MP A+ ME + ME, Myagos g = MY+ MY+ M, 2
where the amplitudes for the first K*7 — pK and the second process K*p — 7 K are
1 (p1 — p3)"(p1 — p3)"
M(al — . . *Gaé*ﬂ Y + +
K 8nK*K8pK*K*€1 €3 i m%(* Timg g 8 m%( (p2 P4)u
X [2p1 — P3)p8av — (P1 + P3)v8ap — (P1 — 2P3)agpv]
1
My(]l = _gﬂK*KngKE(IXG;ﬁm(PI +2p2)a(p3 +2pa)s, M(,El = —gnpKK*G?G;ﬂgaﬁ (3)
— My
and
@ o p_ |
Mir = —8xK*K8pKK€1 € pum 2p3)a(2ps — P2)ps
— My
1 (p1 + p2)"(p1+ p2)”
/\/lg?) = —gnK*Kgpk*k*ef‘ef 5 - |:—g‘“’ + 3 (p3 — Palu
§ — My +img-Tgs M.
X [2p1+ p2)pgav — (P = P2)v&ap — (P1 +2P2)agpy],
M(g*) = _gnpKK*thxezﬁgaﬁ’ 4)
respectively. Similarly, amplitudes for processes K*K — pm and K*K* — mm are
1 (p1 — p)"(pr — p3)°
M(gz = * * *Eae*ﬂ — l“)+ +
K+ = 8nK'K8pK*K*€1 €3 —— .+ ime Tk g . (P2 + Pa)
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Inthe above equations, p; denotes the momentum of particle
i. We keep the convention that particles 1 and 2 stand for
initial-state mesons, and particles 3 and 4 stand for final-state
mesons on the left and right sides of the diagrams, respectively.
The Mandelstam variables s = (p1 + p2)>, t = (p1 — p3),
and u = (p; — p4)* have also been used. We apply here the
K* meson propagator with its decay width, '+, and use
the isospin averaged value for the K* meson decay width,
k- =49.1 MeV [32].

In order to take the finite size of the hadron into considera-
tion when evaluating amplitudes, we apply the following form
factor at each interaction vertex for the u,7 channel and the s
channel, respectively:

A? —m? A+ m2,

i BO= T

A2 +o ®

F, u,t(q) =
with g2 being the squared three-momentum transfer for ¢ and
u channels, and @? being the total energy of the incoming
particles for the s channel taken in the center-of-mass frame.
mex 1s the mass of the exchanged particle in each diagram
shown in Fig. 1. For the four point contact interaction we use
the form factor of

A2

2
Folb) = ——=
© <A2+k2>

with k being the average value of the squared three-momenta
used in the vertex form factors for the given channels at each
process. We set the cutoff parameter A tobe A = 1.8 GeV [33].
The final isospin- and spin-averaged cross section is given by

€))

1 |Pf|
~ 64nsgi12, |pil

where g; and g; are the degeneracy factors of the initial 1 and 2
particles; g1 = (21} + 1)(2S1 + 1) and go = 2L + 125, +
1), respectively. | M|? represents the squared amplitude of all

dQUMZF?, (10)

(

processes in Eq. (2) obtained by summing over the isospins
and spins of both the initial and final particles. | p;| and |p /|
in Eq. (10) stand for the three-momenta of the initial and final
particles in the center-of-mass frame.

Using the same method, we investigate hadronic effects on
a K meson during the hadronic stage in heavy-ion collisions.
We consider interactions of the K meson with 7, p, K, and
K* mesons: Km — pK*, Kp - nK*, KK — nn, KK —
op, and KK* — mp. Among these, however, two processes,
Kn — pK* and Kp — wK*, are the same as the inverse
processes of the K * meson interacting with p mesons and pions
as shown in Figs. 1(d)-1(f) and Figs. 1(a)-1(c), respectively,
and the process K K* — mp is the same as that of the K*
meson interacting with K mesons, Figs. 1(g)-1(i). Therefore,
all we need to consider more are the following amplitudes:

Mgk one =M@ + MP,

Mgy = MO+ MP + MY, (11)
for processes KK — mmr and KK — pp. We show the dia-
grams for these processes in Fig. 2.

In evaluating the amplitude for the process KK — 7w
we have not considered a four point interaction term like the
diagram shown in Fig. 2(e) for the KK — pp process. It is
known that the strength of the contact term at low energy is
fixed in chiral perturbation theory. In an effective Lagrangian
that includes the vector meson [37], one can find that the direct
contact term for K K — m 7 is smaller than that coming from
the vector meson exchange. The magnitude of the vector meson
exchange can be estimated by taking the static limit of the
vector meson diagrams. One then finds that its form effectively
becomes a four-point-type interaction and that its strength is a
factor 3 larger than that coming from the direct contact term that

we neglected. The detailed argument is given in the Appendix.
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FIG. 2. Born diagrams for the K meson absorption by K mesons: (a, b) KK — 7 and (c—e) KK — pp.

The amplitudes for processes KK — mw and KK — pp
are

2
a 8rk*K
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—m2

1
MG = g2 eiel’ ——Q2p1 — paa2p2 — p3)g.
u—mg

MO = g, k€€ gup, (13)

respectively. Then, using Egs. (8) and (10) we evaluate the K
meson absorption cross sections.

Lastly we consider the possibility of the K* meson forma-
tion from pions and kaons. The scattering cross section for the
K* meson production is given by the spin-averaged relativistic
Breit-Wigner cross section:

8K+ 4_7[ SF%{**)KT[
8K 8&x Dém (m%. — s)2 +sT2,

. (14

OKn—K* =

—Kn

with g., gk, and gk~ being the degeneracy of pions, kaons
and K * mesons, respectively, with g; = (2S; + 1)(21; + 1)and
Pem the momentum in the center-of-mass frame. I'g+_, g, 1S
the total decay width for a reaction Km — K* — Km as a
function of ./s. We take the following /s-dependent decay
width I'g«_, g, of the K* meson:

8

T kn(V/5) = ﬁpimmy (15)

It should be noted that through the rate equation to be
discussed in the next section we effectively take into account
the effect from the imaginary part in the self-energy of the
K* meson, which is not necessarily in equilibrium with the
pion background at each instance. Hence, there might also be
some changes in the real part of the K* meson self-energy,
or equivalently the K* meson mass shift. However, the chiral
order parameter at finite temperature is found to drop sharply
only near the phase transition point. Therefore, we expect the

change of the K* meson mass to be important only near the
phase transition point which influences the initial K* numbers.
In this paper, as we are interested in the relative change
of the K*/K ratio as a function of the system temperature
and lifetime, which is mainly determined by the decay and
production of K* mesons during and dominantly at later stages
of the hadronic evolution, we do not consider the explicit
changes of the K* meson mass caused by the real part of the
K* self-energy, though we consider such changes from the
processes we have evaluated, which correspond to the effects
from the imaginary part of the K* meson self-energy.

We show in Fig. 3 the cross sections for the absorption
of both the K* meson and the K meson by 7, p, K, and K*

50 T T T T
(a)
o
40- P
//‘/3/
/
~ 30 o ;
E ’ e i K> Kp
o 20- i
—*x—K'p—>Kn —x— KK > np
04k KK > e — o — K*K* > pp |
0 f:*\@?;i;§:§:§;;g;;§;;zﬁzﬁzézézé%%ﬂ:ff%:
0.0 0.2 0.4 . 0.8 1.0
S1/2_801/2 (GeV)
15 T T T T
. KKbar > (b)
124 ) ]
|« KK ar o, 0
—x— Kg -> K*
9. i
+ kKKK

3 \\K .
0+ L : : \X\T\H\X\X‘T‘X‘X‘X’*
0.0 0.2 0.4 0.6 0.8 1.0

1/2 12
s -s, (GeV)

FIG. 3. Absorption cross sections for (a) the K* meson by
w,p, K, and K* mesons via processes K*mw — pK,K*p —
7nK,K*K — pm, K*K* = i, and K*K* — pp, and those for (b)
the K meson via processes KK — wm, KK — pp,and Km — K*.
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mesons via processes shown in Figs. 1 and 2 as functions of
the total center-of-mass energy s '/ above the threshold energy
s(;/ % of each process. We see in Fig. 3 the general characteristics
that cross sections have a peak near the threshold energy for
the endothermic processes, e.g., K*7 — pK and KK — pp,
while cross sections for the exothermic processes, e.g.,
K*p - nK,K*K — pr, K*K* — 7w, K*K* — pp, and
KK — 7w, become infinite near the threshold. We also see
that contributions from the contact terms shown in Figs. 1(c),
1(f) 1(i), 1(1), 1(0), and 2(e) to amplitudes in all processes are
significant.

We notice that the K* meson is absorbed more easily
by strange mesons, kaons and K* mesons, than by light
mesons, pions and p mesons; the absorption cross sections
of the K* meson by K* mesons and kaons, K*K* — pp
and K*K — pm, are larger than those by p mesons and
pions, K*p — K and K*7 — pK. We also see that the
annihilation cross sections for both the K* meson and K
meson are larger when p mesons are produced than when
pions are produced; the cross section for K*K* — pp is
larger than that for K *K* — s, and the cross section for
KK — pp is also larger than that for KK — .

The cross section for K*K* — pp is an order of magnitude
larger than other processes, and seems to reflect the effect from
two interaction mechanisms between three vector mesons. All
particles participating in the process K*K* — pp are vector
mesons, and thus two L, g«g+ in Eq. (1) are needed to describe
the process K*K* — pp. It has already been shown that the

J

interaction between three vector mesons increases the absorp-
tion cross section in the effective Lagrangian approach [26].

It seems unusual that the cross section for K*K* — pprises
with increasing energy even though the form factor has been
correctly used to kill the artificial growth of the cross section
with the energy. This behavior recalls the rise of the total cross
section for pp collisions at high energy. It has been already
well known that the resonance exchange is largely responsible
for an increase of the cross section in high-energy scattering. In
this paper the K * meson exchange in the reaction K*K* — pp
causes the rise of the cross section even at relatively low energy
less than 1 GeV. The introduction of the decay width in the
propagator I' g+, however, does not contribute to this behavior
at all. Instead it merely reduces a little bit the amplitudes for
the process having a K* meson exchange. Finally, we also find
that the cross section for the formation of the K* meson from
pions and K mesons, Eq. (14), is not small at all, compared to
cross sections for other processes.

III. TIME EVOLUTIONS OF THE K* AND K
MESON ABUNDANCES

We consider the time evolutions of the abundance for both
the K* meson and kaon based on the cross sections evaluated
in the previous section. We build a coupled evolution equation
for both particles consisting of densities and abundances for
mesons participating in all processes shown in Fig. 1; 7, p, K,
and K* mesons:

dNg+(7)
T = (UerK*anp)np(r)NK(r) - <UK*H—>vaK*n>nn(f)NK*(f) + (O—Kn—>K*vaﬂ>nn(f)NK(f)
— {0k pskn VK p)Np(T)NE(T) + (0 pnms g+ g Vo Mn (TINp(T) — {0k g pr Ve g MK (T)Ng+(T)
F{Orm sk &V Mg (T) N7 (T) — (Oks oy rn Vi o )M g+ (T) N (T) + (O’pp%K*K*U,Dp>n,0(r)Np(T)
— {0k pp Vi MR+ (TN (T) + (Onk -k Vn g ) (TINg (T) — (D) Nk (7),
dNk(7)
dt = (O‘nn—ﬂ(k U Mz (T)N7(T) — (JKI?—>nn UKI?)”I?(I)NK(I) + <app—>KkUpp>np(r)Np(t)

- (O'KleﬁpvaIanI?(T)NK(T) + (O'K*naKpUK*n)nrr(f)NK*(f) - <O‘Kp%K*nUKp>np(f)NK(f)
+ (UK*p—>Kn vK*p)”,o(t)NK*(r) - <0Kn—>K*pUKn)nn(f)NK(r) + <Upn—>K*KUpn>nﬂ(T)Np(f)

— {0k ko pa VR MM (T)Ng+(T) + (T« ) Ng+(T) — (On k- kU k )z (T)Nk (T), (16)

where n;(7) is the density of a light meson i in the hadronic
matter at proper time 7, and N () is the abundance of the other
light meson j in each process shown in Fig. 1 at proper time
7. n;(t) for pions and p mesons is evaluated from

= S [T ___pdp
' 212 Jo o NPT _
8 9 m;
~ —m;T(t)Ky| —— |, 17
52 T(T) Z[T(r)} an

by assuming that they are in thermal equilibrium, and varies
in time through the temperature profile introduced below,
Eq. (18). We obtain N;(r) by multiplying Eq. (17) by the
hadronization volume V(7). In Eq. (17), g; is the degeneracy

(

factor for a particle i and K, is the modified Bessel function
of the second kind.

n;i(t) and N;(z) are functions of the proper time through
the temperature profile developed to describe the dynamics of
relativistic heavy-ion collisions. We use the schematic model
of a system with an accelerated transverse expansion based on
the boost invariant Bjorken picture [29,38]:

V() = [Re + ve(T — 7o) + a./2(x — )T,

-1\’
T(T):TC_(Th_Tf)<Tf_Th> : (18)

with T, and 7y being the hadronization temperature and
the freeze-out time, respectively. Equation (18) describes the
system of the quark-gluon plasma expanding with its transverse
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TABLE 1. Values for the volume and temperature profiles in the
schematic model Eq. (18).

Temperature (MeV) Time (fm/c)
R, = 8.0 fm T. =175 7. =5.0
Ve = 0.4¢ Th =175 T = 7.5
a. = 0.02¢?/fm Ty =125 T, =173

velocity v, and transverse acceleration a, starting from its final
transverse size R, at the chemical freeze-out time t.. The
temperature of the system decreases from the hadronization
temperature to the kinetic freeze-out temperature Tr. The
values used in Eq. (18) are summarized in Table L.

In the rate equations, Eq. (16), (04p—caVap) 1S the thermally
averaged cross section for initial two particles in a two-body
process ab — cd given by [39]

1 [ d®Pad® By fu(Pa) [o(Pb)Oab—caVab
14 8ap [ d®pad? by fu(Pa) fo(P)

1 T4
1+ 846 4m2 Ko (my ) TI)m2Ko(my) T)

(Oab—scdVab) =

x f dzK(2)o (P T[22 —(mg + mp)? /T2

0

x [2% — (m, —mp)*/ T, (19)

<cVv> (mb)

e K*Kbar > P
10,1 1. K*K*bar > — e — K*K*bar > PP

100 120 140 160 180 200
T (MeV)

10" . . . .

0 e == T i
107 4—+—s—pp—p=ems—s—o ]

I

<cVv> (mb)
=)
=
*
\
*
\

100 120 140 160 180 200
T (MeV)

with zo = max((m, + myp)/T,(m. + my)/T), K| and K, be-
ing the modified Bessel function of the second kind,
fi; being the Boltzmann momentum distribution of the
particle i, fi(p) = eV ’;2*"”1‘2, respectively. v,, is the rel-
ative velocity of interacting particles a and b, v, =
«/(pa - pp)? — mgmi/(EaEb). (F'k+) in Eq. (16) is the
thermally averaged decay width of K* mesons, Eq. (15),
(Tg+) = Tgx(mg«)K1(mg«/T)/Ky(mg+/T), which has been
obtained in the same methods as used in Eq. (19).

The K* meson abundance at t, Ng«, depends not only
on the dissociation reactions like K*mw — pK, K*p —
7K,K*K — pn, K*K* — 7w, and K*K* — pp but also
on the production reactions, or the inverse reactions of the dis-
sociation reactions, suchas pK — K*n, 7K — K*p, pmr —
K*K,nm — K*K*, and pp — K*K*. We have taken both
reactions into consideration in building the coupled equation
for both the K* meson and kaon in Eq. (16). We have used the
detailed balance relation when evaluating thermally averaged
cross sections of the inverse reactions from the results for
forward processes shown in Fig. 3. The results are shown in
Fig. 4.

As we see in Fig. 4, thermally averaged cross sections
of the dissociation reactions are bigger than those of the
production reactions for the exothermic reactions. In the case
of the endothermic reaction like K*w — pK, the thermalized
production cross section is bigger than that for the dissociation

<cVv> (mb)

T (MeV)
10° T i ' '
(d)
Axgx+x-x-x-x-x—x—x—x—x7##x—*f*ﬂf‘x‘>
—_ /+/+/+/
D . | +/+/+/+ |
€ 10 T
- "
A ~
> N ’
© A
\ o
i bar
i A —+—qn -> KK
y bar
10247 T ep > KK

100 120 140 160 180 200
T (MeV)

FIG. 4. Thermally averaged cross sections for the absorption of (a) a K* meson by =, p, K, and K* mesons via processes K*w —
pK,K*p — wK,K*K — pm, K*K* — 7w, and K*K* — pp, and those for (b) a K meson via processes KK — nw, KK — pp, and
Km — K*. Thermally averaged cross sections for their inverse processes (¢) pK — K*n,n K — K*p, pr — K*K,nm — K*K*, and
pp — K*K* fora K* meson and (d) 7w — KK and pp — KK for a K meson.

034908-7



SUNGTAE CHO AND SU HOUNG LEE

PHYSICAL REVIEW C 97, 034908 (2018)

reaction. Both thermalized cross sections are comparable for
the other endothermic reaction, K K — pp.

In general, the smaller the threshold energy, mass, and
degeneracy, the bigger the thermally averaged cross section
in the two-body process. We find that the thermally averaged
cross section for K* formation, Km — K*, becomes more
significant than those for other reactions. However, the
unusually rising cross section in energy for the reaction
K*K* — pp has been suppressed in the thermalized medium
as shown in Fig. 4(a).

‘When solving the coupled differential equation for both the
K™ meson and kaon abundances, we have treated abundances
of their antiparticles K* and K mesons also as variables
using the strangeness chemical potential ug, i.e., Ng« =
e~ 2s/T( N . and the same for antikaons. In other words, we
have not considered that K* mesons and kaons are in thermal
equilibrium during the expansion of the hadronic matter, while
we calculate the thermally averaged cross section Eq. (19)
using the thermal distributions of hadrons involved. However,
the initial yield of kaons at chemical freeze-out has been
evaluated to be 88.1 using the statistical hadronization model,
Eq. (17) with the strangeness chemical potential u; = 10 MeV
and the hadronization volume Vy = 1908 fm> [30], whereas
the initial yield of K* mesons has been obtained from

gk+ [ dm [

Ni-(7) = Vg 2
() =Viy 3 e New (m — mg)? + T2, /4

N / * p*dp
0 eWrHHm—pu)/T() _ 1’

to take the width of the K* meson into consideration. In
Eq. (20), my, is the threshold energy for the K* — K decay
channel and Ngw is the normalization constant for the Breit-
Wigner distribution. We obtain the K* meson initial yield to
be 55.7, which is slightly larger than 52.4 obtained without
including the K* meson width calculated with the formula
given in Eq. (17).

In Fig. 5, we show the abundances of the K* meson and
kaon as a function of the proper time during the hadronic

(20)

X=X
100+ BINIIVEES ]
XX X/X/X/X/X/X/X/X/X/
e
80- N A
X NK
X e —
Z 604 Ny ]
°5k 05— tea
NS oo o
Z 404 e ]
0-3\ T
0.2
2042 N, /(N .*N, ) .
0.0 m
0 7.5 10.0 12|.5 15.0 17.5 ; ;
7.5 10.0 12.5 15.0 17.5
t (fm/c)

FIG. 5. Time evolution of the K* meson and kaon abundances
during the hadronic stage in central Au+Au collisions at /syy =
200 GeV. The ratio of the K* meson abundance to the sum of the K*
meson and kaon abundances is shown in the inset.
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FIG. 6. A comparison between the K* meson and kaon abun-
dances due to all hadronic interactions shown in Figs. 1 and 2 and
those from the thermal model prediction at each time and temperature.

stage of heavy-ion collisions at /syy = 200 GeV. As we
have expected, the K* meson abundance decreases due to both
interactions of K* mesons with other hadrons and the decay of
the K* meson to the pion and kaon, eventually becoming 35.2
at 9.8 fm/c after the chemical freeze-out. On the other hand
the abundance of the kaon increases up to 106.4 at the end of
hadronic expansion. We find that throughout the time evolution
the sum of the K* meson and kaon abundances changes slightly
from 143.8 to 141.5. We also show in the inset of Fig. 5 the
variation of the ratio of the K* meson abundance to the sum of
the K* meson and kaon abundances. The ratio decreases from
the initial ratio from the statistical hadronization model 0.39
to 0.25 in the end.

Based on the analysis we find that about 37% of K*
mesons produced at chemical freeze-out disappear during the
hadronic stage in heavy-ion collisions, making the invariant
mass reconstruction of the total K* meson difficult. We further
find that the hadronic interactions shown in both Figs. 1
and 2 explain about 5% of the K* meson loss, and the
K* meson decay, Eq. (15), and its formation, Eq. (14), are
largely responsible for the K* meson reduction in the hadronic
medium. Our result is comparable to the 30% reduction of the
previous statistical model prediction 0.33 = 0.01 [10] to the
experimental measurements 0.23 £ 0.05 [13].

We also consider the possibility of both the K* meson and
kaon thermalization during the hadronic expansion. Assuming
that both mesons are in thermal equilibrium with the hadronic
medium we evaluate the K* meson and kaon abundances in
time using Egs. (17), (20), and (18), and show the results
represented by N and N, in Fig. 6.

As we see, N}?* keeps decreasing all the time. However,
N increases at the beginning of the hadronic stage, and
finally decreases. This is due to the competition between
the volume expansion and the decreasing rate caused by the
thermal effects in Eq. (17), through the factor mg /T (t) inside
the modified Bessel function of the second kind, implying that
N¥ and N. depend on the size and also on the lifetime of
the expanding fireball, Eq. (18). Nevertheless, one should note
that the volume of the system expands in time with the total
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entropy almost preserved [40]. We find that abundances of
most hadrons decrease during the hadronic expansion in the
statistical hadronization model but that of the pion, the lightest
hadron, increases in time to compensate the loss of entropy
from heavier hadrons. We argue that the same mechanism is
happening to strangeness hadrons for some time during the
hadronic expansion. However, the ratio N /(N + N%.) is
not affected by the volume, and it keeps decreasing from 0.39
to 0.25 at the kinetic freeze-out.

We notice that recent measurements of the K* meson yield
in Pb+Pb collisions at ./syy = 2.76 TeV at the LHC provide
0.19 £ 0.05 [23] as the K*°/K~ ratio. This value is also
smaller than the statistical hadronization model prediction 0.30
evaluated with the hadronization temperature 156 MeV [41]
at the LHC energy. The measurements indicate that more K*
mesons are lost during the hadronic expansion at LHC, leading
to 37% reduction of the ratio.

IV. THE ABUNDANCE RATIO OF K* MESONS TO KAONS
IN HEAVY-ION COLLISIONS

Since the interactions of K* mesons and kaons with light
mesons considered in Figs. 1 and 2 take place during the
hadronic stage at both BNL'’s Relativistic Heavy Ion Collider
(RHIC) and LHC, it is necessary to understand general features
of the variation of the K* meson abundance in heavy-ion
collisions. In order to analyze the reduction of the K* meson
in the hadronic medium we simplify the coupled equation,
Eq. (16), by keeping the linear terms in Ng and Nk« only:

dNg«(T)
——— = yx Nk (t) — yg+Ng=(7),
dt
dNk(7)
P —yk Nk (t) + yg+«Ng+(7T), 2D

with
YK+ = {OKk o> KnVk*p)p + (Okin s kpVkin ) g + (Ugs),
YK = (Okn—sk*pVKkn )Nz + (OKkps Kix Vkp)p
+{Okn—k*VEn)lr. (22)

When the thermal cross sections and densities of light mesons
are independent of time, the following analytic solutions are
obtained from the coupled equation, Eq. (21):

Ng-(t) = YK nO + (N,%* _ y_KN())e_V(T_Th)’
14 Y
SN 0 _ YK* A0 ,—y(z—m)
Ng(t)= —N"+(Nx ——N")e , (23)
14 14

where the initial yields for both hadrons, N,% and N,%*, have
been assumed, and N° is the sum of the K* meson and kaon
yields, N = NIO{ + NI%*, at chemical freeze-out. The y in
Eq. (23) is the sum of the K* meson and kaon widths in the
hadronic phase, y = yx + yk+; vk+ and yg play roles of the
collisional broadening of the width of the K* meson and kaon
in the hadronic medium, respectively.

In Eq. (23) time-independent terms represent abundances
when time goes to infinity, and the sum of two solutions is
preserved as its initial value N3 + N%.. As time goes on Nk
increases while Nk« decreases, and the rate at which the final

number is reached in Eq. (23) is determined by the y which
takes into account hadronic interactions of K* mesons and
kaons with light mesons. If the y is large, the abundance can
change significantly for a short time.

Let us now investigate the time evolution of yield ratio of
K* mesons to kaons from the analytic solution of Eq. (23),
R(7) = Ng+(1)/[Ng(t) + Nk (T)]:

Ni«(7) Ng+«(7)
R(T) == = 0
Ng+(t) + Nk(1) N
0
— )/_K + NK* _ J/_K e VT (24)
Y Ny

We notice that R(7) is also composed of two parts: a time-
independent part and a transient part. After a long time t the
time-independent part R(0co) = yx /v is expected to represent
the K* meson to the kaon ratio. How fast the abundance ratio
approaches the time-independent part relies on y, the sum of
the K* meson and kaon widths in the exponential function.

With these in mind let us investigate the variation in the
abundance of K* mesons and kaons obtained from Eq. (16).
Since all thermally averaged cross sections and densities of the
light mesons in yx and yg- are functions of a time, solutions
of Eq. (16) are different from the analytic solution of the
simplified equation, Eq. (21). Nevertheless, we find that the
solution of Eq. (16) keeps the same important characteristics
of the analytic solutions from Eq. (21).

We first show in Fig. 7(a) y obtained in Eq. (16) as a
function of time. The y decreases in time from 0.33 to 0.26
c/fm as the system cools down from 175 MeV at ty to
125 MeV at 1y, reflecting that interactions between hadrons
become less vigorous as the temperature of the system de-
creases. The yx or (Ogr—k*pVkx )Nz + (OKkp— K2 Vkp) Ny +
(0kn—k*Vkz ), in Eq. (22) decreases as the temperature
decreases, but yk+ is almost constant during the hadronic stage;
with decreasing temperature of the system, the part of yg-
or (Og+p—kxVk*p)lp + (Ok*x—KkpVk+x )Ny decreases whereas
the thermal width of the K* meson (I'k~) slightly increases
due to the factor K\(mg+/T)/Ky(mg+/T), meaning that K*
mesons live shorter at lower temperature.

We compare in Fig. 7(b) the abundance ratio variation
Ng+/(Ng 4+ Ng+) evaluated numerically from Eq. (16) for
RHIC to yg /y obtained from Eq. (24) at each time and tem-
perature. yg/y represents the expected hadronic interaction
width ratio between kaons and K* mesons plus kaons at each
temperature and time. We anticipate that the abundance ratio
of K* mesons and kaons in Fig. 7 approaches to yx/y as
time goes on, like the ratio between those mesons obtained
from the simplified rate equation, Eq. (24). We show in the
inset of Fig. 7(b) how y(t — t;,) varies in time at RHIC.
As we see, y(t —1p) increases up to 2.5 for 9.8 fm/c.
We expect that the similar term with e 7C~™) in the real
solution suppresses the contribution of the time-dependent
term as time goes on. The discrepancy between the abundance
ratio and the yx/y in Fig. 7(b) is attributable to both the
contribution from nonlinear terms included in Eq. (16)—such
as K*K — pm, [Figs. 1(g)-1(1)], K*K* = nm, [Figs. 1()-
1)), K*K* — pp [Figs. 1(m)-1(0)], KK — mm [Figs.2(a)-
2(b)], and KK — pp [Figs. 2(c)-2(e)]—and the time delay
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FIG. 7. (a) Variations of yx, yk+, and y = yx + yx+ in time
during the hadronic stage. (b) A comparison of the abundance ratio
variation Nk« /(N + Ng+) obtained numerically from Eq. (16) for
RHIC and R(r = 00) = yk/y from Eq. (24) evaluated at each time
and temperature. We show in the inset how y(t — 7;,) changes in time.

required to reach thermal equilibrium from the interactions of
K* mesons with light mesons in the hadronic medium.

Based on the above analysis we argue that the final ratio of
the yield between K * mesons and kaons in heavy-ion collisions
is largely dependent on their interactions with other hadrons
in the hadronic medium, yx and yg=. Since y(t — 1;) keeps
increasing during the hadronic stage, the transient term with
e~7™=™) in the yield ratio R(t) plays a negligible role at a later
time during the hadronic interaction stage. Therefore, we see
that the relative interaction ratio yx /y mainly determines the
final yield ratio between K* mesons and kaons at the end of
the hadronic stage.

We show in Fig. 8 yx/y and Ng-/(Ng + Nk-) obtained
from Eq. (16) as functions of the temperature of the system.
We also show in Fig. 8 measurements of the abundance ratio
between K* mesons and kaons, Ng«/(Ng + Ng~), 0.23 +
0.05 at RHIC [13], and 0.19 & 0.05 at LHC [23]. We notice
from Fig. 8 that the ratio of the K* meson and kaon in heavy-
ion collisions seems to reflect the interaction ratio between
strange and light mesons, yx/y, at the kinetic freeze-out
temperature. We infer that the lower ratio Ng«/(Ng + Ng~)
at LHC compared to that at RHIC is due to a lower kinetic
freeze-out temperature at LHC than at RHIC.

05 : : : :
0.4 \X\x ‘o i
s
- 0.3 . B |
= \ -,
0.2 % e
T LHC&\‘X
0.14
e NN#N, )

200 180 160 140 120 100
T (MeV)

FIG. 8. Variations of yx/y and Nk« /(Nk + Ng~) from Eq. (16)
in temperature during the hadronic stage. We show measurements
of the abundance ratio between K* mesons and kaons, Nk« /(Ng +
Nk+) 0.23 4+ 0.05 at RHIC [13] and 0.19 £ 0.05 at LHC [23].

It has been argued that the degree of the reduction of K*
meson yield during the hadronic stage in heavy-ion collisions
is attributable to a lifetime of the hadronic stage. Since the
system of quark-gluon plasma at LHC is much larger than that
at RHIC, it has been assumed that the lifespan of the hadronic
stage at LHC is also longer compared to that at RHIC, and
thereby more K* mesons are lost in the hadronic medium at
LHC.

We find, however, from the investigation of the variation
in the yield ratio between K* mesons and kaons based on the
solution of the rate equation, that the reduction of the K* meson
in heavy-ion collisions reflects the interaction of K* mesons
and kaons with light mesons at kinetic freeze-out. We argue that
the degree of the K* meson abundance reduction in heavy-ion
collisions, or the reduction of the yield ratio between the K*
meson and kaon, is largely attributable to the kinetic freeze-out
temperature via the interaction of K* mesons and kaons with
light mesons in the hadronic medium. The long lifespan of the
hadronic stage just suppresses more a transient term, such as
the second term in Eq. (24), contributing little to the change of
the K* meson to kaon ratio.

Due to both the larger number of particles and the larger
volume of the system at LHC than at RHIC, the temperature
is expected to drop more at LHC than at RHIC between the
chemical freeze-out and kinetic freeze-out. Moreover, as has
already been analyzed in the statistical hadronization model,
the chemical freeze-out temperature at LHC, 156 MeV [41], is
lower than that at RHIC, 162 MeV [42]. Therefore, it is natural
that the kinetic freeze-out temperature at LHC is lower than
that at RHIC, which can support the smaller abundance ratio
between K * mesons and kaons Ng+/(Ng + Ng+),0.19 4+ 0.05
at LHC compared with 0.23 4 0.05 at RHIC.

The argument on the lower kinetic freeze-out temperature
at LHC compared to that at RHIC, based on the investigation
on the reduction of the K* meson abundance at both RHIC
and LHC, agrees with the recent UrQMD model study on the
centrality dependence of resonance production in heavy-ion
collisions [20]. The longest hadronic phase is expected for
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the largest system size available at the most central collisions,
which leads to the lower kinetic freeze-out temperature with
increasing centralities.

Ashas been already mentioned, how fast meson abundances
change in the hadronic medium is governed by the sum of all the
interactions involved, i.e., the width y in Eq. (23). Therefore, in
addition to the hadronic interactions considered in Figs. 1 and
2 all other interactions with various hadrons, i.e., nucleons,
have to be taken into account to thoroughly understand the
reduction of K* mesons in heavy-ion collisions. Moreover, we
also have to include more the feed down effects from heavier
strangeness hadrons to fully consider the abundance ratio of
the K* meson to the kaon, which is left for future work.

V. CONCLUSION

We have studied the reduction of K* mesons in heavy-ion
collisions. We have focused on the hadronic effects on the
K* meson and kaon abundances during the hadronic stage of
the cental Au+Au collisions at ,/syy = 200 GeV in order to
understand the K* meson yield difference between the exper-
imental measurement and the statistical hadronization model
prediction. We have evaluated absorption cross sections for
both kaons and K* mesons by 7, p, K, and K* mesons inside
the hadronic medium. In describing the interaction between
K* mesons and kaons and light mesons, we have introduced
one meson exchange model with the effective Lagrangian.
Furthermore, we have built the coupled differential equation
for K* mesons and kaons, and have solved it to investigate the
time evolution of the K* meson and kaon abundances during
the expansion of the hadronic matter.

We have found that the K* meson and kaon abundances
during the hadronic stage of heavy-ion collisions are dependent
on absorption cross sections and their thermal average. We
have shown that the sum of K* and kaon abundances is almost
preserved during the expansion, and the interaction of K*
mesons with light mesons controls the reduction or production
of K* mesons and kaons in the hadronic matter. Our analysis
indicates that 37% of the total K* mesons produced at the
chemical freeze-out are lost during the hadronic expansion
in the central Au+4Au collisions at /syy = 200 GeV. We
have found that among 37% about 5% of the total K* mesons
are converted into light mesons by hadronic interactions, and
the remaining 32% reduction is due to the decay of K*
mesons to kaons and pions. We see that the loss of the K*
meson abundance in the hadronic medium explains very well
the discrepancy of the K/K* ratio between the statistical
hadronization [10] model prediction and the experimental
measurements [13].

We have shown that the results obtained here can be applied
to the analysis of the K* meson production at the LHC. We have
found that all the interactions involved at RHIC must be present
at LHC, and therefore widths yg« and yx evaluated at the RHIC
energy can be applied to the case at the LHC energy. Moreover,
we have realized that the smaller ratio of K*/K measured at
the LHC energy indicates a lower temperature of the kinetic
freeze-out at LHC compared to that at RHIC. We have shown
that the yield ratio between K * mesons and kaons is not mainly
dependent on the lifetime of the hadronic stage in heavy-ion

collisions, and the hadronic interaction width ratio of strange
mesons with light mesons, yx/y, determines the final yield
ratio between K* mesons and kaons. We therefore conclude
that studying the yield of the K* meson and its variation during
the hadronic stage in relativistic heavy-ion collisions provides
a chance to understand not only the production of K* mesons
but also the evolution of the hadronic medium in heavy-ion
collisions.
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APPENDIX: FOUR POINT CONTACT TERM

We introduce the effective Lagrangian in the hidden gauge
approach [37]. This approach has the advantage over the
massive Yang-Mills approach in that chiral symmetry can
be kept intact after introducing the vector meson without
additionally introducing the axial vector meson [43,44]:

L=Ls+aLly,

| 2
Ly = f,ftf[Vu - 2—1.(D;4§L 'éz + D, &g 'E;E)] ,

1 2

L= fﬁtr[Z(Dué'L -§] — Dyt ~é£)} . @D
where a is taken to be 2 [43]. In the unitary gauge,

E=k =t =", (A2)

where P(x) is taken to be the pseudoscalar octet field divided
by the decay constant f;;. Then, to lowest order, we have

1 t f
2_l.(D/L€L : EL + D/LSR : ER)
1
= Z[(E)MP)P - Po,Pl,
1 t i
E(DMEL & — Dy - &g)

1 , 2 1,
= | = 0P+ @, P)P? = ZP@,P)P+ P9, P |.

(A3)
Therefore, to lowest order
1
2Ly = 2f§tr{vj - 2Vu2—i[(8MP)P — P9, P]
1
- Z[(BMP)P — PBMP]Z}, (A4)
La = fru{@.P) + 1(0,P)P — P, PI*}.  (A5)

If the vector field V, is integrated out, Eq. (A4) vanishes and
one s left with Eq. (AS), which corresponds to the lowest-order
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chiral Lagrangian. If the kinetic term for the vector meson is
added so that the vector field becomes dynamical, the vector
meson pseudoscalar coupling is obtained from Ly and one is
left with the following four point contact term:

2Ly + L4 = fHr{—i[@,P)P — P3,PI}.  (A6)

Now, consider K + K — m +m. The process can occur
through the contact interaction given in Eq. (A6), or the
vector meson exchange obtained by using the V, P P vertex in
Eq. (A4) twice. Note that the mass term for the vector meson
can be obtained by substituting V,, = gp,, in Eq. (A4), which

gives m3, = 2g* f2. In the static limit of the vector meson, the
vector meson mass cancels the two factors of g and the extra
f,% appearing in the contracted vertex and hence leads to an
effective vertex without the mass term given as follows:

Lyector-exchange = 2 f2r{1[(8, P)P — P8, PT*}. (A7)

Comparing Eq. (A7) with Eq. (A6), we note that the contri-
bution from the vector meson exchange diagram in the static
vector meson limit is a factor 3 larger than that from the direct
contact term. Hence, we neglect the direct contact term for the
process K + K — 7 + 7 in this paper.
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