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1. Introduction

According to lattice QCD calculations, the quark-gluon plasma (QGP) to hadronic matter (HM)
transition at vanishing baryon chemical potential is a smooth crossover with a critical temperature
Tc at about 156 MeV [11]. This temperature coincides with the chemical freeze-out temperature in
the statistical model for particle production in relativistic heavy ion collisions at energies available
from the Relativistic Heavy Ion Collider (RHIC) and the LHC [12, 13, 15]. Since the chiral
symmetry is restored above this temperature, masses of chiral partners are expected to become
degenerate near T¢ as indicated in studies based on the QCD sum rules for the axial vector meson
K (1270) and vector meson K*(890) masses [18] as well as the lattice QCD [6] and the functional
renormalization group [7] calculations for the axial vector meson a;(1260) and vector meson
p(770) masses. Because of the shorter lifetimes of K;(1270) and K*(890), which have vacuum
decay widths of 90 MeV and 47 MeV, respectively, than that of the hadronic stage of relativistic
heavy ion collisions, their yield ratio K /K™ in these collisions is expected to depend on the degree
of chiral symmetry restoration in the produced matter. A recent study by some of the present
authors [17] has indeed found this effect in Pb+Pb collisions at /sy = 5.02 TeV. Using the K;
number at T¢ obtained from the statistical hadronization model by taking the masses of K; and
K* to be mg, = mg+ = 892 MeV according to a QCD sum rule calculation [16] and assuming
that the K| mass immediately changes to its vacuum mass in the produced hadronic matter, they
have studied the effect of hadronic scatterings on the yield ratio K;/K* via a kinetic approach.
Based on a schematic hydrodynamic model for the evolution of produced hot dense matter using
the lattice equation of state for the QGP and the resonance hadron gas model for the HM [19], the
time evolution of K| and K™ numbers are studied by taking into account the reactions K| < K,
Kim & K*p, Kip < K*n, Kijp < Kp, K; & K*m and K| < Kp that involve the K| meson as
well as the reactions K*nr < Kp, K*p < Kr and K* < K that involve the K* meson. Their
results show that the ratio K| /K™ is increased by a factor of 3 in mid-central collisions (40-50%
centrality) and by a factor of 6 in peripheral collisions (70-80% centrality) compared to that without
including the effect of chiral symmetry restoration, although it is not affected much in central
collisions (0-5% centrality).

The study in Ref. [17] has, however, neglected two important effects, namely, 1) the constancy
of effective pion, kaon and nucleon numbers during the hadronic evolution after including those
from resonance decays, which is supported by the success of the statistical hadonization model
that these effective numbers are fixed at 7¢c when the chemical freeze out takes place, and 2) the
temperature-dependent K| mass in the hadronic matter [18]. As shown in a study based on a
multi-phase transport (AMPT) model [14], constant effective pion, kaon and nucleon numbers is
accompanied by a constant entropy per particle during the hadronic evolution, indicating non-unity
pion, kaon and nucleon fugacities if the hadronic matter is modeled by a thermally equilibrated
fireball that cools as it expands. Non-unity pion and nucleon fugacities during the hadronic stage
of high energy heavy ion collisions is essential for understanding the observed enhancement of
antibaryon production in high energy heavy ion collisions as shown in Ref. [2]. In the present
study, we extend the study of Ref. [17] to include this effect and also the temperature-dependent
K| mass given in Ref. [18] by using the temperature-dependent quark condensate from Ref. [20].
Including these two effects in the kinetic equations allow us to study more realistically the K; /K*
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ratio in relativistic heavy ion collisions. Although results from present study show a smaller K;/K*
ratio than in Ref. [17], they do not change the conclusion that an enhanced K;/K* ratio than that
predicted by the statistical hadronization model can serve as a good signature for the chiral symmetry
restoration in the hot dense matter produced in relativistic heavy ion collisions.

The present paper is organized as follows. We first review in Sec. 2 the temperature dependence
of K| mass in a hadronic matter at finite temperature and then use it in Sec. 3 to calculate the cross
sections for K| and K* reactions with pion and rho meson as well as their thermal averages. In
Sec. 4, we determine the temperature dependence of the pion, kaon, and nucleon fugacities by
requiring the effective pion, kaon and nucleon numbers, which included those from resonance
decays, as well as the entropy per particle to remain unchanged during the hadronic evolution. The
kinetic equations for the time evolution of the K| and K* numbers are then given in Sec. 5, with the
results on the yield ratio K;/K* in Pb+Pb collisions presented in Sec. 6 and followed by discussions
in Sec. 7. Finally, a brief summary is given in Sec. 8.

2. Temperature-dependent K; meson mass
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Figure 1: Temperature dependence of K; mass. Solid line is from the QCD sum rule calculations of
Ref. [18], while dotted line is the one assumed in Ref. [17] with T¢ = 156 MeV.

According to the QCD sum rule study of Ref. [18], the mass difference between K| and K*
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mesons in a hot hadronic matter depends on the quark condensate (Gq)r as

=i+ 08
where (gq)o is the quark condensate in the vacuum. Neglecting the small change of K* mass
with temperature [16] and using mg,=1.25 GeV, mg-=0.892 GeV, and the temperature-dependent
quark condensate from Ref. [20] based on the Polyakov Nambu-Jona-Lasinio (PNJL) model [4], the
temperature dependence of K| mass is shown in Fig. 1. It is seen that the K| mass at T¢c = 156 MeV
is about 1.08 GeV, instead of the K* free-space mass of 0.892 GeV assumed in Ref. [17], and then
gradually increases to its free-space value of 1.25 GeV.

(my, —mg.), (1)

3. K; and K* reaction cross sections
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Figure 2: Isospin averaged cross sections for K| + 1 — K + « (panel (a)), K} + 1 — K* + p (panel (b)),
Ki+p — K* +r (panel (¢)), and K| + p — K + p (panel (d)) as functions of temperature and center of mass
energy v/s with /5o denoting the threshold energy of the reaction.

In this Section, we review the K| and K* reaction cross sections with pion and rho meson,
whose abundance dominate in the hadronic matter. These reactions include Ky + 7 — K + 7,
Ki+n > K'+p,Ki+p > K+p,and K| + p = K* + x for the K; meson, and their cross
sections have been calculated in Ref. [17] using the massive Yang-Mills approach with a Lagrangian
involving spin-0 and spin-1 mesons [10]. Shown in Fig. 2 are the center-of-mass energy +/s and
temperature dependence of their isospin averaged cross sections. The most important channel for
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K annihilation is the endothermic reaction K| + 1 — K* + p, except near its threshold where other
reactions dominate because of their exothermic nature. In calculating the pion-exchange #-channel
diagram in the reaction K| + 1 — K* + p, the pion can be on shell at certain reaction energy. In this
case, the reaction K| + 1 — K* + p is the same as the two-step process of K| — K* + m followed
by m + 1 — p. Since the process K| — K* + 7 is explicitly included in the kinetic equations used
in our study, we therefore exclude the contribution of on-shell pion to the pion-exchange ¢-channel
diagram of the reaction K| + 1 — K* + p as in Ref. [17].
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Figure 3: Temperature dependence of thermal averaged cross sections (o v) for the reactions K1jm — Knx
(dotted line), Kjm — K*p (solid line), K;p — Kp (dash-dash-dot-dotted line), and K; 0 — K*x (dash-dot-
dotted line), and thermal averaged decay widths (I") of K; — Kp (dash-dash-dotted line) and K| — K*«
(dash-dotted line).

The above reactions enter the kinetic equations, which are given in Sec. 5, through their thermal
average over the momentum distributions of the particles in the initial state, i.e.,

[ &pad®ps fa(Pa) f5 (Pb) TaboscaVab
[ &pad®psfa(P) fo(Ps)

(@)

<0-ab—>cdvab>

In the above, f;(p;) is the Boltzman momentum distribution of particle species i = a, b, i.e.,
fi(pi) =e i+ /T with m; being the particle mass, which we take as their vacuum masses for pion,
kaon, rho meson, and K* and the temperature-dependent mass for K. The v, in the above equation
is the relative velocity between the two initial particles a and b. The temperature-dependent thermal
averaged cross sections for K annihilation by pion and rho meson are shown in Fig. 3, where it is seen
that {0k, —Kk+p) dominates over other thermal averaged cross sections at the temperature range of
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interest for the present study. Also shown in Fig. 3 are the thermal averaged decay widths of K| meson
to Kp and K*r, which are computed according to <FK1 > =Tk, (mk,)K1(mk, /T)/K2(mg, /T) with
I'k, (mk,) evaluated with the inclusion of the p mass distribution in the final state, where K (x) and
K> (x) are modified Bessel functions of first and second kind, respectively, to take into account its
temperature-dependent mass and the effect of time dilation. The (I'x, ,x,) is seen to have a larger
value than (I'g, k7).

For the K* annihilation processes, they include the reactions K*m — Kp and K*p — K and
the decay process K* — Kn. Their values and thermal averages have been calculated in Ref. [23]
by using the free-space K* mass, which we will use since we also neglect the small temperature
dependence of the K* mass in the present study.

4. Fugacities of pion, kaon and nucleon
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Figure 4: Temperature dependence of pion (solid line), kaon (dotted line), and nucleon (dash-dotted line)
fugacities, together with the volume ratio of hadronic matter shown in the inset (solid line).

According to the statistical model for particle production in relativistic heavy ion collisions,
particle yields including contributions from resonances decays, i.e., their effective numbers, are
determined at the chemical freeze-out temperature, which coincides with the QGP to HM phase
transition temperature [12, 13, 15]. To maintain the effective pion, kaon and nucleon numbers,
which are relevant in the present study, during the expansion and cooling of the hadronic matter, it
is necessary for them to acquire non-unity fugacity, as shown in Ref. [14]. In this case, the pion, kaon
and nucleon momentum distributions in the Boltzmann approximation need to be multiplied by their
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fugacity z;, i.e., z; fi(p). In terms of the thermally equilibrated density ”E = (2”)3 f a*pfi(p) of
particle species i, where g; is its spin and isospin degeneracies, the effective pion, kaon and nucleon
densities in a hadronic matter of temperature 7 is then given by the sum of the densities of free
pions, kaons, and nucleons as well as those from resonance decays, i.e.,

nM(T) = 2,nY +z,rn})0) +znm<n§<2 +z ZK”( ) +Z7rZN”l( S (3)
n‘;g(T) = an%) + z,,an;{*) +z K n;?) +an£b0) e, “4)
n?&f(T) = an( )+z,rz n( D pen, )

In the above, - - - denotes the contribution from strong decays of other resonances, which we include
all particles of masses up to 1.7 GeV for mesons and 2 GeV for baryons in the particle data book. In
obtaining the above equations, we have also used the relations z,, = z%,, ZK* = ZnZK» 2K = Z%rz K>
ZA = ZnZN, etc. because of expected chemical equilibrium between 7 and p, among K*, K and 7,
among A, N and n, etc. as a result of the large cross sections for the reactions 77 < p, K* & K,
A < N etc. In terms of the pion, kaon and nucleon fugacities, the entropy and particle densities
of a hadronic matter at temperature 7" are then given by

s(T) == 8 (2 )3 P Cif) InGzif), ©6)
n(T) = zn)”, (7

where the summation 7 again includes all particles of masses up to 1.7 GeV for mesons and 2 GeV
for baryons in the particle data book. As shown in Eq.(6), the relativistic Boltzmann distribution is
used to evaluate the entropy density as in the calculation of the thermal averaged cross sections and
decay widths given by Eq.(2), the effective pion, kaon and nucleon densities in Egs.(3)-(5) as well
as in the total particle density in Eq.(7).

Starting with an initial temperature 7¢ and volume V¢ at hadronization of the QGP produced in
relativistic heavy ion collisions, when all particles have unity forgacities according to the statistical
model for particle production, the volume V(T) of the hadronic matter and the pion, kaon and
nucleon furgacities z,, zx and zy at a later time when the temperature drops to 7' can be obtained
from the constancy of entropy per particle and the effective pion, kaon and nucleon numbers by
solving the four equations, n N(T)V(T) = n x.nTc)V(Ic) and s(T)/n(T) = s(Tc)/n(T¢).
In Fig. 4, we show the temperature dependence of Zx, 2K, 2N and V(T) /V(T¢). Tt is seen that their
values all increase with decreasing temperature of the hadronic matter, with z increasing faster
than zx and zg increasing faster than z,. As Eqgs.(6) and (7) indicate, the entropy per particle,
which is given by the ratio s(7")/n(T) and has a value of 6.1 in our study, depends only on the
temperature of the hadronic matter and the pion, kaon and nucleon fugacities. Its independence of
the collision centrality is due to our assumption that the QGP is produced in all three considered
collision centralities. The latter is justified by hydrodynamic simulations of Pb+Pb collisions at
Vsnn = 5.02 TeV, where one finds that the fraction of the transverse area of the collisions where
the initial temperature at 79 = 0.5 fm/c is higher than the critical temperature 7¢ = 156 MeV for
QGP formation depends only weakly on the collision centrality [17].
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5. Kinetic equations for K;, K* and K

Neglecting the creation and annihilation of strange hadrons, such as the reaction 77 < KK,

which has little effect on the results in the present study, then Nyo = Nk, + N+ + Nk is a constant

during the hadronic evolution. In this case, the kinetic equation for the time evolution of K; number

can be written as

dNg,
D7 vk, kK, Nk, + Yk, k*Nk+ + vk, ,k Nk,
where
YK ,K, = (<O-K17r—>K7r> + <0'K17r—>K*pV>)Z7rn( )

(<O_K1p—>K*7rV> + <O-K1p—>KpV>)Z2 o
_<FK1—>K*7r> - <FK|—>Kp>,
YK, K* = (0'K*p—>K1nV>Z7r o

0
H{OK 7o KipV) + (K 7k, V)2l
YK,,K = <0—K7r—>K17rV>Z7rn( )

0
+(<O—Kp—>K1pV> + <0—Kp—>K1V>)Z7r .

®)

€)

(10)

1D

For the thermal averaged cross sections in Eq.(10) and (11), which describe the regeneration of K

meson, they are related to the thermal averaged cross sections and decay widths in Eq.(9), which

describe the annihilation of K; meson, by

(0) (0)

(Okposk V) = <0'K17r—>KpV>W
k"o
220 ©
K o
<0'K*7r—>K1pV> = <0-K1p—>K*7rV>W,
K*
(0)
<0-K*7r—>K1V> = <FK1—>K 7T> (0) (0)
K
240
T
(koK 2V) = (TKizoKzV) (0)1’
Nk
2 ,(0)
S
(Tkp—KipV) = (OKp—KpV) (0)1’
Nk
O
OKp—KV) = K\—Kp n(o) o)

Similarly, the kinetic equation for the time evolution of K* number is given by

dN-

7 v+ K, Nk, + Yk k- N+ + vk k Nk,

(12)

13)
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where

0
YK*,K; = <0-K17r—>1< pV>Z7rn§r + <0-K1p—>K*7rV>Z I’l( )

+<FK|—>K*7I'>7 (14)
YK*,K* = _(<0—K*7r—>KpV> + (og+ 7r—>K1pV>

+<0'K*7r—>K1 V>)Z7rn( )

~((TkposknV) + (TKpsky wV)) 22

~(Tk K n)s (15)
Yk .k = ((TKroskopV) + (TKnms KV)) 2N

Hokpok av)eny). (16)

As in the case for the K; meson, the thermal averaged cross sections {0k z—k+pV), (Tkp—K*xV)s
and {0k z— k+Vv) in Eq.(15) are related to the thermal averaged cross sections (og+p—k V) and

(0k*x—kpVv) and the thermal averaged width (I'x+_,k ») in Eq.(14), which we take from Ref. [23],
by
EWUNY
<O-K7r—>K*pV> = <O-K*p—>K7rV> Wy

(0) (0)

7T
<C’K*HKPV>W
Ng Mo

n©

<FK —>K7r> (0) (0) (17)

<O-Kp—>K*7rV>

<O-K7r—> K*V>

6. Results

We solve the kinetic equations Eqs (8) and (13) in Sec. 5 using the thermal averaged K; and K*
reaction cross sections and K decay widths given in Sec. 3 and the thermal averaged K* and K
reaction cross sections and K* decay width from Ref. [17]. For the time dependence of the
temperature of the hadronic matter after the QGP to HM phase transition in Pb+Pb collisions at
Vsvn = 5.02 TeV, we take it from Ref. [17] based on a schematic ideal hydrodynamics with
an equation of state from the LQCD [24]. Although keeping constant entropy per particle as in
the present study automatically takes into account the strong viscous effect in the hadronic matter
because of the increase of total particle number from the decay of resonances, it has been shown
in Ref. [19] that adding viscosity in the expanding hadronic matter does not affect much the time
evolution of the temperature of the hadronic matter. With an initial chemical freeze-out temperature
Tc = 156 MeV as in Ref. [17] and the initial volume of 6,076 fm?, 938 fm?, and 135 fm® from
Ref. [17] for the three collision centralities of 0-5%, 40-50% and 70-80%, respectively, the effective
pion, kaon, and nucleon numbers, which remain unchanged during the hadronic evolution in our
study, agree with those measured by the ALICE Collaboration [21]. For the kinetic freeze-out
temperatures, we take their values to be 90 MeV, 108 MeV, and 147 MeV, respectively, for the three
centralities 0-5%), 40-50% and 70-80% according to a blast wave model fit to the measured particle
transverse momentum spectra by the ALICE Collaboration [21].
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Figure 5: The yield ratio K;/K* in Pb+Pb collisions at /syn = 5.02 TeV at three collision centralities
of 0-5%, 40-50%, and 70-80% for various scenarios of temperature-dependent K; mass and pion and kaon
fugacities.

In Fig. 5, we show the yield ratio K;/K* from the solutions of the kinetic equations. Results
including both the effect of non-unity pion and kaon fugacities as well as the temperature-dependent
K mass are shown by the solid red line with K;/K* having values of 0.357 for peripheral colli-
sions, 0.158 for mid-central collisions, and 0.08 for central collisions. As explained in Ref. [17],
the increasing K /K™ ratio with increasing collision centrality is due to the shorter lifetime and
higher kinetic freeze-out temperature in more peripheral collisions, resulting in a smaller hadronic
scattering effect on its initial large value at Tc when the K; and K* have a small mass difference
because of partial chiral symmetry restoration. Compared to the results of Ref. [17], shown by the
gray dotted line, in which both pion and kaon fugacities are taken to be one and the K| has a mass
equal to the K* mass at T¢ and free-space mass below T¢, the final K| /K™ ratio from present study
is a factor of 2.5 smaller for 70-80% collision centrality, a factor of 1.7 smaller for 40-50% collision
centrality and a factor of 1.4 larger for 0-5% collisions centrality. Although the collision centrality
dependence of the K /K™ ratio from the present study is weaker than that in Ref. [17], it still shows
an enhancement of a factor of 2.4 in peripheral and 1.3 in midcentral collisions compared to the case
without including the chiral symmetry restoration effect shown by the black solid line, indicating
that an enhanced K;/K* yield ratio in relativistic heavy ion collisions at these collision centralities
remains a good signature for the chiral symmetry restoration. We note that the reduced K; /K™ ratio
in peripheral collisions in the present study compared to that in Ref. [17] is mainly due to the use of

10
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more realistic temperature-dependent K; mass. As shown by the solid blue line, without the latter
effect, the non-unity pion and kaon fugacities gives a K; /K™ ratio that is only about 13% smaller
in peripheral collisions compared to the results from Ref. [17]. Also shown in Fig. 5 by the dashed
cyan line is the K /K™ ratio from the statistical model, which is determined at 7¢ and has a value
of about 0.14 independent of the collision centrality.

7. Discussions

The temperature dependence of the K| mass is determined by the change of the quark con-
densate with temperature given in Eq.(1). Results presented in the above are obtained by using
the temperature-dependent quark condensate from the PNJL model, which decreases quickly with
increasing temperature around 7¢c = 156 MeV and vanishes already at 7 = 180 MeV. If we use
instead the quark condensate from the lattice-QCD calculations such as that from the HotQCD
collaboration [3], which goes to zero less dramatically with temperature, the K; mass at Tc = 156
MeV increases slightly from 1.08 GeV to 1.12 GeV, leading to a small change of the K /K™ ratio at
the kinetic freeze-out from 0.357 to 0.305, from 0.158 to 0211, and from 0.08 to 0.115 in peripheral,
mid-central, and central Pb+Pb collisions at y/syny = 5.02 TeV, respectively.

Also, besides their masses, the K| and K* widths at finite temperature is expected to be
broadened and become degenerate when chiral symmetry is restored [5], like those of a; and p
mesons [5]. Indeed, calculations based on the finite temperature chiral perturbation theory show
an increase of the K* width with increasing temperature [1]. This effect is not considered in the
present study as the K* width at T¢ used in our study actually decreases slightly from its value in
free space by the time dilation effect [23], while the K| width at T¢ is reduced to a few MeV due to
its decreasing mass at 7¢ as shown in Fig. 3.

To see the effect of larger K| and K* widths at finite temperature than their vacuum values,
we repeat the above kinetic equation calculations by using the vacuum K decay width without any
medium effects and letting the K* decay width to have the same value as that of K;. For the scenario
of non-unity fugacities and temperature-dependent K; mass considered in the present study, the
K1 /K” ratio in this case is 0.334 in peripheral collisions, 0.177 in mid-central collisions, and 0.098
in central collisions. Because of the interplay between the faster decrease of the K; number due
to the larger K| decay width and the delayed equilibration of the K| /K™ ratio due to the larger K*
width, the K /K™ ratio in this case is smaller in peripheral collisions and larger in mid-central and
central collisions than corresponding values shown in Fig. 5 using the K| decay width in Fig. 3 and
the vacuum K* decay width. With even larger and degenerate K| and K* decay widths, the K| /K*
ratio would approach its value in the thermal limit given by the kinetic freeze-out temperature
Tk, which is 0.182 for peripheral collisions, 0.084 for mid-central collisions, and 0.053 for central
collisions. Compared to the case without the chiral symmetry restoration effect, which is similar to
the statistical model prediction as shown in Fig. 5, with the K; /K™ ratio of 0.151, 0.124, and 0.081
for peripheral, mid-central and central collisions, respectively, the K{ /K™ ratio in this limit of fast
chemical equilibration is still somewhat enhanced in peripheral collisions. The enhanced K;/K*
ratio is therefore a robust signature of the chiral symmetry restoration effect in hot dense matter
produced in peripheral collisions of relativistic heavy ions.

11
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8. Summary

In the present study, we have extended the study of Ref. [17] on the use of enhanced yield ratio
K1 /K* in relativistic heavy ion collisions as a probe for chiral symmetry restoration by including
non-unity pion and kaon fugacities as well as the temperature-dependent K| mass in the expanding
hadronic matter. Our results show that, although including non-unity pion and kaon fugacities only
slightly reduces the K;/K* enhancement found in Ref. [17] due to chiral symmetry restoration,
the inclusion of the temperature-dependent K| mass leads to a substantial reduction in the K;/K*
enhancement. However, the final K | /K™ ratio in peripheral collisions still shows a factor of 2.4
enhancement compared to the case without chiral symmetry restoration. The present study thus
confirms the conclusion of Ref. [ 17] that the enhanced K ;/K* ratio can be used as a signature for
chiral symmetry restoration in the hot dense matter produced in relativistic heavy-ion collisions.
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