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Hadronic resonances, having very short lifetimes, like K∗0, can act as useful probes to understand and estimate
the lifetimes of hadronic phases in ultrarelativistic proton-proton, p-Pb, and heavy-ion collisions. Resonances
with relatively longer lifetime, like φ mesons, can serve as tools to locate the quark-gluon plasma (QGP) phase
boundary. We estimate a lower limit of hadronic phase lifetime in Cu-Cu and Au-Au collisions at the Relativistic
Heavy Ion Collider (RHIC) and in pp, p-Pb, and Pb-Pb collisions at different Large Hadron Collider (LHC)
collision energies. Also, we obtain the effective temperature of φ mesons using the Boltzmann-Gibbs blast-wave
function, which gives insight into locating the QGP phase boundary. We observe that the hadronic phase lifetime
strongly depends on final-state charged-particle multiplicity, whereas the QGP phase and hence the QCD phase
boundary shows very weak multiplicity dependence. This suggests that the hadronization from a QGP state starts
at a similar temperature irrespective of charged-particle multiplicity, collision system, and collision energy, while
the endurance of hadronic phase is strongly dependent on final-state charged-particle multiplicity, system size,
and collision energy.
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I. INTRODUCTION

To reveal the nature of the QCD phase transition and to
get a glimpse of how matter behaves at such extreme condi-
tions of temperature and energy density, experiments like the
Relativisitic Heavy Ion Collider (RHIC) at BNL, USA, and
the Large Hadron Collider (LHC) at CERN, Geneva, Switzer-
land, have performed hadronic and heavy-ion collisions at
ultrarelativistic energies. A deconfined state of quarks and
gluons, also known as quark-gluon plasma (QGP), is believed
to be produced for a very short time in heavy-ion collisions in
these experiments. In the QGP phase, the relevant degrees of
freedom are partons: quarks and gluons. In the hadronic phase,
composite objects like mesons and baryons are the degrees of
freedom [1]. QGP is governed by quantum chromodynamics
(QCD) and it is the result of a first-order/cross-over phase
transition from normal nuclear matter consisting of mesons
and baryons [2,3]. Traditionally, it was believed that for small
collision systems, the spacetime evolution could be different
than that for heavy-ion collisions. This means that heavy-
ion collisions, where the formation of a QGP phase is ex-
pected, may undergo various processes like pre-equilibrium of
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partons, QGP phase, possible mixed phase of partons and
hadrons during hadronization, hadronic phase, and finally
freeze-out. In contrast, in hadronic collisions, where usually
one does not expect the formation of a partonic medium,
the system may undergo multiparticle production in the final
state, without having a QCD phase transition. The LHC
with its unprecedented collision energies has opened up
new directions in understanding the possible formation of a
QGP medium even in pp collisions. Along this direction,
the observations of QGP-like properties such as strangeness
enhancement [4], double-ridge structure [5], etc., in smaller
collision systems like pp and p-Pb collisions are noteworthy.
These developments have important consequences for the
results obtained from heavy-ion collisions, as pp collisions
are used as baseline measurements while characterizing the
medium properties in heavy-ion collisions. A closer look at
the LHC pp collisions, especially the high-multiplicity events,
is needed.

There are very few reports on the estimation of hadronic
lifetime in pp and heavy-ion collisions from either theoretical
or experimental prospectives [6]. In this work, we have made
an attempt to use short-lived hadronic resonances (like K∗0)
produced in these collisions to estimate hadronic phase life-
time. In addition, in view of the observed multiplicity scaling
at the LHC, we have studied the hadronic phase lifetime
as a function of event multiplicity across various collision
species like pp, p-Pb, Cu-Cu, Au-Au, and Pb-Pb collisions
for collision energies spanning from GeV to TeV. In contrast,
we use long-lived hadronic resonances like φ mesons, which
have lower hadronic interaction cross sections, to locate the
QGP phase boundary in terms of the effective temperature
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obtained from the Boltzmann-Gibbs blast-wave distribution
function. This work would shed light on the role of charged-
particle multiplicity, collision system, and collision energy
dependence of the partonic and hadronic phases produced at
the RHIC and LHC energies.

The paper is organized as follows. The detailed method-
ology of estimating lifetimes of hadronic phase and location
of QGP phase boundary is discussed in the next section.
Section III reports the results along with their discussions.
Finally, we summarize in Sec. IV with important findings.

II. METHODOLOGY

Before going through the entire procedure to estimate
lifetime, let us begin with a brief introduction on evolution of
the ultrarelativistic heavy-ion collisions. When two Lorentz
contracted nuclei collide at very high energies, the region
where they overlap is very thin in the longitudinal direction,
much like an almond shape. This energetic interaction results
in the formation of a possible state of QGP. QGP exists at
very high temperature and/or energy density and consists of
asymptotically free quarks and gluons, otherwise known as
partons. The created fireball then expands because of very
high energy deposition in a small volume with ultrahigh
temperature (≈105 times the core of the Sun) and then it
cools down until the particles reach a kinetic freeze-out.
One can approximately estimate the formation time of the
hadrons by the use of the uncertainty principle. The formation
time in the rest frame can be related to the hadron size, Rh.
In the laboratory frame, the hadron formation time is then
given by tform � Rh

Eh
mh

, where Eh and mh are the energy and
mass of the hadron, respectively [7]. Then, the hadrons start
forming inside this QGP medium. After a certain temper-
ature known as the chemical freeze-out temperature (Tch),
the hadron formation ceases and the stable particle numbers
are fixed. At this point, the hadronic phase begins where
the produced short-lived resonances decay and the daughter
particles undergo multiple rescatterings. After some time,
the momentum transfer between the particles also ceases at
a temperature called as the kinetic freeze-out temperature
(Tth). Finally all the particles move with relativistic velocities
toward the detectors. However, the calculation of QGP and
hadronic phase lifetime is not trivial as we can only have the
information about the final-state particles in experiments. On
the other hand, resonance particles can be used as a probe
to calculate the hadronic phase lifetime and locate the QGP
phase boundary.

Resonances are usually referred as the particles, which
have higher masses than that of the corresponding ground-
state particle(s) with similar quark content. As hadronic
resonances decay strongly, they have very short lifetime,
τ ∼ few fm/c. Before decaying, these particles can only travel
up to a few femtometers. The width (�) and lifetime (τ ) of
the resonances are related by the Heisenberg’s uncertainty
relation, i.e., �τ = h̄. As the broad resonance states decay
very shortly after their production, it can only be measured
by reconstruction of their decay daughters in a detector.
The typical lifetimes of experimentally measured hadronic
resonances range from 1.1 to 46.2 fm/c. Hadronic resonances

FIG. 1. Depiction of rescattering and regeneration processes of
the resonances in the hadronic phase in heavy-ion collisions.

are produced in the bulk of the expanding medium in heavy-
ion collisions and they can decay while still traversing in
the medium. The decay daughters may interact with other
particles in the medium, which would result in suppression
of resonances in their reconstruction, as the invariant mass of
the daughters may not match with that of the parent particle.
This process is known as rescattering. In another way, reso-
nances can be regenerated as a consequence of pseudoelastic
collisions in the hadronic phase of the medium, which would
result in enhancement of the resonance yields. Resonances,
with relatively higher lifetime, might not go through any
of the abovementioned processes. It may also happen that
the rescattering and regeneration processes compensate for
each other. Thus, the interplay of these processes makes the
study of resonances in heavy-ion collisions (Fig. 1) more
fascinating. As discussed in Ref. [8], the suppression in the
ratio of resonances like K∗0/K and ρ/π could be due to their
late production closer to the kinetic freeze-out.

In Fig. 1, we show the hadronic phase, which starts from
chemical freeze-out, where the long-lived particle yields are
fixed, to the kinetic freeze-out, where the final-state particle
spectra get fixed. We schematically show the rescattering and
regeneration processes which might be possible for short-
lived resonances like K∗0, while it is expected that the long-
lived resonances like φ meson would not go through any of
such processes. It is established that the ratio of K∗0 to K
shows significant suppression for central heavy-ion collisions
with respect to pp collisions, while φ does not go through
any such enhancement and/or suppression [9]. This indicates
the dominance of rescattering processes over regeneration
process in hadronic phase. Depending on the suppression
of K∗0, one can calculate hadronic phase lifetime. For pp
low-multiplicity collisions, the K∗0/K ratio is taken as the
ratio at the chemical freeze-out temperature. The K∗0/K ratio
at different centralities for different collision systems can
be taken as the ratio at the kinetic freeze-out temperature.
The lifetime can be calculated using the following relation
[10–12],

[K∗0/K]kinetic = [K∗0/K]chemical × e−�t/τ , (1)
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where τ is the lifetime of K∗0 and �t is the hadronic phase
lifetime multiplied by the Lorentz factor. The Lorentz factor
is calculated using the mean transverse momentum (〈pT〉) of
K∗0. One could naively expect that the interaction cross sec-
tion of the decay daughters of K∗0 (π and K) with other pions
in the hadronic phase would be much higher than that of with
kaons due to the large relative abundance of pions than kaons.
For regeneration, the interaction of πK is essential. So, one
would expect that the regeneration effects would be very small
compared to rescattering effects. Hence, in our calculation
we have neglected the effect of regeneration. Our assumption
is supported by the calculations of pion-pion and pion-kaon
interactions, where the former interaction cross section is
nearly five times larger than that of the latter [13,14]. If there is
considerable amount of regeneration of K∗0, then the lifetime
of hadronic phase would be higher than the calculated lifetime
using Eq. (1). Hence, we call the calculated lifetime as the
lower limit on the hadronic phase lifetime. As the kinetic
freeze-out is the time, when all the elastic collisions happen to
cease (the mean free path of the system becomes higher than
the system size), in a high-multiplicity scenario, because of
higher interaction rates due to lower mean free path (particle
density being higher), the lifetime of the hadronic phase is
expected to be higher as compared to low-multiplicity events.
This also justifies the hadronic phase lifetime of heavy-ion
collisions being higher than high-multiplicity pp collisions
and the latter being again higher than the low-multiplicity
events.

Contrary to K∗0, φ can act as a perfect tool to probe the
location of QGP phase boundary. As finding the QGP lifetime
is not trivial, we have obtained the temperature (Teff ) of the
system in the QGP phase boundary using the φ meson. The φ

meson is the lightest bound state of a strange and antistrange
quark (ss̄) and is produced early in the reaction relative to
stable particles such as pions, kaons, and protons. It is least
affected by hadronic rescattering or regeneration because of
its relatively longer lifetime and the decay daughters are
expected to decay outside the fireball [15–17]. The results
extracted from the analysis of the experimental data on the
ratio of various hadronic species [18] indicate that the inelastic
interactions of φ meson with other hadrons is not significant
below the Tch. In Refs. [19,20], it has been shown that the
φN cross section is only around 8–12 mb for photoproduction
on proton and nuclear targets below 10 GeV. It has also
been shown that out of all φ mesons produced, only 5%
would rescatter in the hadronic phase of the medium. This
in principle should go down as one moves to TeV energies,
where the matter is almost baryon free ( p̄/p ∼ 0.9) [21,22].
As the interactions of φ meson with other hadrons are very
less in the mixed and hadron gas phase, the information of the
QGP phase boundary remains intact when φ meson is used
as a probe. Hence, the transverse momentum spectra of φ

meson after its hadronization will not be altered or distorted
during the expanding hadronic phase. Using the transverse
momentum spectra of φ, one can obtain reliable information
on intensive variables, such as the critical temperature and
the location of QGP phase boundary [19,23]. We fit the
Boltzmann-Gibbs blast-wave (BGBW) function to the pT

spectra of φ meson up to pT ∼ 3 GeV/c to get the Tth, the

true freeze-out temperature, and 〈β〉, the average velocity of
medium, which can then be used to find out the effective
temperature, Teff , using the following relation:

Teff = Tth + 1
2 m〈β〉2. (2)

The expression for invariant yield in the BGBW framework is
given as follows [24]:

E
d3N

d p3
= D

∫
d3σμ pμexp

(
− pμuμ

T

)
. (3)

Here, the particle four-momentum is

pμ = (mT coshy, pT cos φ, pT sin φ, mT sinhy). (4)

The four-velocity is given as

uμ = cosh ρ(cosh η, tanh ρ cos φr, tanh ρ sin φr, sinh η). (5)

The kinetic freeze-out surface is parametrized as

d3σμ = (cosh η, 0, 0,− sinh η)τ rdrdηdφr, (6)

where η is the space-time rapidity. If we assume Bjorken
correlation in rapidity for simplification, i.e., y = η [25],
Eq. (3) is expressed as

d2N

d pT dy

∣∣∣∣
y=0

= D
∫ R0

0
r dr K1

(
mT cosh ρ

Tth

)
I0

(
pT sinh ρ

Tth

)
.

(7)

Here, D is the normalisation constant, g is the degeneracy fac-
tor, and mT =

√
p2

T + m2 is the transverse mass. K1( mT coshρ

Tth
)

and I0( pT sinhρ

Tth
) are the modified Bessel’s functions. They are

given by

K1

(
mT coshρ

T

)
=

∫ ∞

0
coshy exp

(
−mT coshy coshρ

Tth

)
dy,

I0

(
pT sinhρ

T

)
= 1

2π

∫ 2π

0
exp

(
pT sinhρ cosφ

Tth

)
dφ.

Here, ρ in the integrand is a parameter given by ρ = tanh−1β

and β = βs (ξ )n [24,26–28] is the radial flow. Here, βs is the
maximum surface velocity and ξ = (r/R0), where r is the
radial distance. In the BGBW model, the particles closer to
the center of the fireball move more slowly than the ones at the
edges and the average of the transverse velocity is evaluated
as [29]

〈β〉 =
∫

βsξ
nξ dξ∫

ξ dξ
=

(
2

2 + n

)
βs. (8)

For our calculation, we use a linear velocity profile (n = 1),
and R0 is the maximum radius of the expanding source at
freeze-out (0 < ξ < 1).

Keeping the above procedure in mind, let us discuss the
results on how final-state multiplicity plays a role in the QGP
and hadronic phase lifetime.

III. RESULTS AND DISCUSSION

Figure 2 shows the K∗0 to K ratio for pp collisions as a
function of collision energy for RHIC and LHC. Here we
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FIG. 2. K∗0 to K ratio for pp collisions as a function of collision
energy. The solid black line shows the fitting of the points with
polynomial of order 0.

have taken the K∗0/K ratios for all the minimum bias pp
collisions for different collision energies. In addition, we have
also included

√
s = 7 TeV ratio for the low-multiplicity pp

collisions. The solid black line shows the fitting of the data
points with a zeroth-order polynomial. Assuming this ratio to
be the same across all the collision energies, we use K∗0/K =
0.33 ± 0.02 as the ratio at the chemical freeze-out in Eq. (1),
which is obtained from the above fitting. Figure 3 shows the
K∗0/K ratio as a function of charged-particle multiplicity for
different collision systems at RHIC and LHC [10,12,30–35].
As the data of charged-particle multiplicity, dNch/dη for each
centrality class are not available for RHIC energies, we have
used Eq. (7) of Ref. [34] (obtained from simultaneous fits)
for the conversion from the average number of participants.
One should note here that the rapidity range of dNch/dη

is |η| < 0.5 for LHC energies and|η| < 1.0 for RHIC ener-
gies. Clearly, the ratio decreases as a function of charged-
particle multiplicity, which suggests significant dominance of
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FIG. 3. K∗0 to K ratio for different collision systems as a function
of charged-particle multiplicity.
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FIG. 4. Mean transverse momentum of K∗0 for different collision
systems as a function of charged-particle multiplicity at different
collision energies.

rescattering effects of the decay daughters over regeneration
effects in the hadronic phase. This behavior enables us to
use Eq. (1) to obtain the lower limit of the hadronic phase
lifetime. For the calculation of the Lorentz factor for hadronic
phase lifetime, one needs the mean-transverse momentum
(〈pT〉). Figure 4 shows 〈pT〉 as a function of charged-particle
multiplicity for different collision systems at RHIC and LHC
[10,12,30–34]. Clearly, the evolution of 〈pT〉 as a function of
charged-particle multiplicity does not show smooth evolution
across collision systems. The 〈pT〉 for small systems like
pp and p-Pb collisions have completely different trends than
those of heavy-ion collisions. When one moves to higher
domain of collision energies, one produces more particles
and also the 〈pT〉 of the system increases. There seems to be
a correlated increase of particle density in phase space and
〈pT〉. With same particle density, a higher 〈pT〉 would indicate
higher collision rate (rescattering) and hence higher hadronic
phase lifetime. The calculated hadronic phase lifetime using
Eq. (1) shows a linear increase as a function of charged
particle multiplicity, as depicted in Fig. 5. This suggests that
for a given charged-particle multiplicity, the hadronic phase
lifetime is similar irrespective of the collision energy and
collision systems for central heavy-ion collisions like Cu-
Cu and Au-Au collisions at RHIC and Pb-Pb collisions at
the LHC. Peripheral heavy-ion collisions seem to show a
different trend, which might be due to the effect of system size
and collision energy or, in other words, the effective energy
deposited in the Lorentz contracted region [36–39]. However,
the small collision systems like pp and p-Pb collisions at
the LHC show different evolution compared to heavy-ion
collisions. This behavior seems to be propagated from the
dependence of 〈pT〉 as a function of charged-particle multi-
plicity although the K∗0/K ratio shows a smooth decrease as a
function of charged-particle multiplicity. The strong evolution
of the lifetime across collision systems and collision energies
is clearly visible in the figure. It is observed that the hadronic
phase lifetime in high-multiplicity pp collisions is of the order
of 2 fm/c, whereas for central Pb-Pb collisions it is around
6 fm/c.
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FIG. 5. Hadronic phase lifetime as a function of charged-particle
multiplicity for different collision systems at RHIC and LHC
energies.

We fit the BGBW as given in Eq. (7) to the pT spectra
of φ meson in different multiplicity classes to get the Tth,
the true freeze-out temperature and 〈β〉, the average radial
flow velocity of medium. Figure 6 shows the blast-wave fit
for pT spectra in Pb-Pb collisions at

√
sNN = 2.76 TeV for

different centrality classes. Similarly, Figs. 7 and 8 show the
blast-wave fit for pT spectra in p-Pb collisions at

√
sNN =

5.02 TeV and in pp collisions at
√

s = 7 TeV for different
multiplicity classes, respectively. The fitting is performed upto
pT = 3 GeV/c. The lower panels show the fit to data ratio for
different collision systems. The fit quality seems reasonable as
the maximum deviation of fit does not exceed beyond 10% for
Pb-Pb, p-Pb, and high-multiplicity pp collisions. As expected,
the fit quality is worse for the low-multiplicity pp collisions
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FIG. 6. Fitting of Boltzmann-Gibbs Blast-Wave distribution to
pT spectra of φ meson production in Pb-Pb collisions at
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FIG. 7. Fitting of Boltzmann-Gibbs blast-wave distribution
to pT spectra of φ meson production in p-Pb collisions at√

sNN = 5.02 TeV.

due to less probable blast-wave scenario in low-multiplicity
pp collisions.

From these fits, we find the values of 〈β〉 and Tth for
all collision systems in different centralities. By using these
values in Eq. (2), we can find the effective temperature (Teff ) of
φ mesons. Figure 9 shows the kinetic freeze-out temperature
for φ meson, denoted by Tth, as a function of charged-particle
multiplicity. One can observe that the temperature shows
almost a flat trend up to a certain dNch/dη and then drops
immediately afterward. This can be explained by considering
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FIG. 8. Fitting of Boltzmann-Gibbs blast-wave distribution to pT

spectra of φ meson production in pp collisions at
√

s = 7 TeV.
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FIG. 9. Kinetic freeze-out temperature for φ meson as a function
charged-particle multiplicity for different collision systems.

the fact that for low charged-particle multiplicity, the system
freezes out early, means it freezes out at high Tth. As the
charged-particle multiplicity becomes more, the system is
thought to have gone through a QGP phase, which results in
the system taking a longer time to attain the kinetic freeze-out.
This is also evident from our findings of higher hadronic
phase lifetime for high-multiplicity collisions. As a result,
the kinetic freeze-out temperature drops abruptly in all the
collision systems. We observe that the drop of Tth happens at
different charged-particle multiplicities in different collision
systems. Figure 10 shows the average radial flow as a function
of charged-particle multiplicity for different collision systems
at the LHC. It can be seen that 〈β〉 increases smoothly in all
the collision systems up to a certain extent. However, for pp
collisions at a certain charged-particle multiplicity (�10–20),
〈β〉 shows a sudden increase. Observation of this threshold
in the final-state charged particle multiplicity is supported
by the following additional observations for a change in
dynamics of the system. Nch � 10–20 has been found to be
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FIG. 10. Average radial flow for φ meson as a function charged-
particle multiplicity for different collision systems.
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FIG. 11. Effective temperature for φ meson as a function
charged-particle multiplicity for different collision systems.

a limit after which the multipartonic interactions (MPI) in
pp collisions is found to show an important role in particle
production (quarkonia) at the LHC energies [40]. In addition,
this threshold is also supported as a thermodynamic limit after
which all the statistical ensembles give similar results while
describing the freeze-out properties of the system [41]. After
this threshold, we have also observed Tch to be higher than the
kinetic freeze-out temperature [42]. We know that the average
radial flow is larger for a system that goes through QGP phase.
Again, this suggests a higher probability of QGP formation
after this particular charged-particle multiplicity which may
have been the reason for the sudden increase in 〈β〉. The
behavior of 〈β〉 complements the results observed in Fig. 9.
This again is supported by earlier predictions for a cross-over
transition from hadronic to QGP phase to happen between
charged particle multiplicity density of 6 to 24 [43].

Figure 11 shows the effective temperature of φ meson
as a function of charged-particle multiplicity, which encodes
the temperature due to thermal motion (Tth) and due to the
collective motion (calculated from 〈β〉). It is clearly seen that
regardless of the collision systems, Teff does not show any
major dependence on dNch/dη. This behavior is unlike the
behaviors observed for Tth and 〈β〉 as a function of charged-
particle multiplicity. As φ meson keeps the information of
QGP phase boundary intact, the trend of Teff suggests that
the location of QGP phase boundary is independent or weakly
dependent on charged particle multiplicity. Interestingly, this
observation is also supported by earlier reports of Tch being
independent of final-state charged particle multiplicity [42].

Figures 5 and 11 suggest that the hadronic phase lifetime
strongly depends on charged-particle multiplicity while the
QGP phase shows very weak dependence on charged-particle
multiplicity. This indicates that the hadronization from a QGP
state starts at a similar temperature irrespective of charged-
particle multiplicity, collision system, and collision energy
while the duration of the hadronic phase strongly depends on
final-state charge-particle multiplicity.
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IV. SUMMARY

In this work, we have made an attempt to use hadronic
resonances produced in pp, p-Pb, Cu-Cu, Au-Au, and Pb-Pb
collisions to have an estimation of hadronic phase lifetime and
to locate the QGP phase boundary. In summary, the following
are our main points:

(1) For a given charged-particle multiplicity, the hadronic
phase lifetime is similar irrespective of the collision
energy and collision systems for central heavy-ion col-
lisions like Cu-Cu and Au-Au collisions at RHIC and
Pb-Pb collisions at the LHC. Peripheral heavy-ion col-
lisions seem to show a different behavior, which could
be because of the effect of system size and collision
energy or, in brief, the effective energy responsible
for particle production. However, the small collision
systems like pp and p-Pb collisions at the LHC show
different evolution compared to heavy-ion collisions.
This behavior seems to be propagated from the depen-
dence of 〈pT〉 as a function of charged-particle multi-
plicity although the K∗0/K shows a smooth decrease
as a function of charged-particle multiplicity.

(2) We observe that the hadronic phase lifetime strongly
depends on final-state charged-particle multiplicity,
system size, and collision energy, while the QGP phase
show very weak dependence on charged-particle mul-
tiplicity.

(3) This suggests that the hadronization from a QGP state
starts at a similar temperature, which seems to be
independent of charged-particle multiplicity, collision

system, and collision energy while the lifetime of
hadronic phase is strongly dependent of final-state
charge-particle multiplicity.

(4) The abrupt change in behavior of kinetic freeze-
out temperature and average radial flow for pp
collisions after certain charged-particle multiplicity
(�10–20) suggests that the charged-particle multiplic-
ity �10–20 could act as minimum requirement of QGP
formation.

In view of the discovery of hints of QGP droplets in small
collision systems at the LHC [44], this work sheds light onto
the role of event multiplicity on the formation of a deconfined
phase and the lifetime of hadronic phase produced in various
ultrarelativistic collisions. A clearer picture may emerge if the
exact lifetime of QGP can be estimated for different charged-
particle multiplicities, which is still an open problem. In this
direction, the effective energy that is responsible for particle
production, which in principle controls the final-state mul-
tiplicity, may be the responsible factor, which needs further
exploration [36–39].
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