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The possibility of formation of Bose-Einstein Condensation (BEC) is studied in pp collisions
at

√
s = 7 TeV at the Large Hadron Collider. A thermodynamically consistent non-extensive

formulation of the identified hadron transverse momentum distributions is used to estimate the
critical temperature required to form BEC of charged pions, which are the most abundant species
in a multi-particle production process in hadronic and nuclear collisions. The obtained results have
been contrasted with the systems produced in Pb-Pb collisions to have a better understanding. We
observe an explicit dependency of BEC critical temperature and number of particles in the pion
condensates on the non-extensive parameter q, which is a measure of degree of non-equilibrium – as
q decreases, the critical temperature increases and approaches to the critical temperature obtained
from Bose-Einstein statistics without non-extensivity. Studies are performed on the final state
multiplicity dependence of number of particles in the pion condensates in a wide range of multiplicity
covering hadronic and heavy-ion collisions, using the inputs from experimental transverse momentum
spectra.

PACS numbers:

I. INTRODUCTION

In 1924 with the combined efforts of Satyendra Nath
Bose and Albert Einstein, a new phenomenon was discov-
ered. In his work, Bose had treated photons as particles
of an ideal gas and then he had derived the Planck’s law
of blackbody radiation with this assumption [1]. Later,
Einstein predicted that at very low temperatures those
particles would condense into the minimum energy level
of the system under consideration [2, 3]. This phe-
nomenon is called Bose-Einstein condensation (BEC) and
is applicable to particles called bosons, which have in-
tegral spins and follow the Bose-Einstein (BE) statis-
tics. BEC is called the fifth state of matter which is
usually formed when a system of bosons at low densi-
ties are cooled to temperatures very close to absolute
zero. Under such conditions, a large fraction of the par-
ticles occupy the ground state, where, the wave-functions
of the particles interfere with each other and the effect
is observed macroscopically. This is possible because of
the unique property of bosons whose total wave-functions
are always symmetric. So a large number of bosons can
occupy the same state unlike the fermions which obey
Pauli’s exclusion principle. The caveat here is that, BEC
usually occurs at very low densities and very low tem-
peratures. However in high energy collisions, the tem-
perature becomes extremely high. In such conditions,
whether we can observe any such condensation is a ques-
tion to be addressed through extensive theoretical studies
confronted to appropriate experimentation. The temper-

∗Presently CERN Scientific Associate at CERN, Geneva, Switzer-
land
†Electronic address: Raghunath.Sahoo@cern.ch

ature reaches upto hundreds of MeV in the high energy
collisions, which is about 1010 K and is astronomically
higher than the temperature required for BEC for cold
atoms. But the properties of a BEC for pions would
be very different from the low temperature BEC. Firstly,
the pions would have much smaller system volume, much
higher density and different interactions are also involved
in the formation of high temperature BEC [4]. In an ex-
panding system formed in ultra-relativistic collisions, the
temperature will be extremely high as compared to when
BEC occurs in systems which are static in nature like he-
lium [5]. It is evident that most of the particles will have
zero momentum at the low temperature BEC. However,
in a violently expanding system, the particles will not
have zero momentum, but certainly they can have rel-
ative momentum close to zero in the phase space. As
a basic requirement of BEC formation, the constituents
of BEC should be close by both in momentum and con-
figuration space, which is possible in a strongly inter-
acting, highly dense QCD medium. This motivates us
to study BEC formation even in expanding medium cre-
ated in ultra-relativistic collisions such as pp at LHC. The
possibility of observing such a high-temperature BEC of
charged pions in hadronic and heavy-ion collisions at the
energy and luminosity frontiers in the Large Hadron Col-
lider would be of great interest to the community. In this
direction, attempts of studying the influence of a possible
coherent component in the boson source using chaotic-
ity parameter for the formation of BE correlation were
made both theoretically in Refs.[6–8] and experimentally
in Refs. [9–12].

The aim of relativistic heavy-ion collisions is to
understand the phases of Quantum Chromodynamics
(QCD) [13, 14]. In particular, these collisions give us
an opportunity to create and characterize a possible de-
confined state of quarks and gluons, called Quark-Gluon
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Plasma (QGP) [15], which is believed to have existed af-
ter a few micro-seconds of the Big Bang. Information
about these phases formed in such collisions is extracted
from the distribution of the produced particles in the
phase space, called (identified)particle spectra. Interpre-
tations of these results are performed using different the-
oretical models to draw conclusions about the properties
of the matter formed at the extremes of temperature and
energy density. Statistical hadron gas models (thermal
models) and hydrodynamic models [16–18] are used for
this purpose, along with many other variants to confront
to the experimental observations. Hydrodynamics calcu-
lations are brought in to correctly explain the anisotropy
of the particles originated in the QGP [16]. Thermal
models mainly assume thermodynamic equilibrium to ex-
plain the hadronic yields and extract the chemical freeze-
out parameters like temperature and baryochemical po-
tential. However everything is not so smooth, mainly in
explaining the proton to pion ratio and mean multiplicity
of proton/anti-proton. Also hydrodynamic models which
use local thermodynamic equilibrium, are not quite good
at explaining the very low momentum part of the pion
transverse momentum (pT) spectra [19, 20].

To explain these, chemical non-equilibrium in the for-
mation of the hadronic matter is assumed in some studies
[21]. This brings up the non-zero value of chemical po-
tential which is close to the value of chemical potential
needed for BEC of charged pions. These have been the
cases studied in the heavy-ion collisions. However, any
contribution of non-equilibrium can be well preserved in
small systems like that are formed in pp collisions, be-
cause of the high gluon density and net-baryon number
being negligibly small [22]. In such pp collisions at the
LHC energies, the baryon chemical potential is close to
zero . Moreover, the systems formed in pp collisions are
taken as reference to interpret the results of heavy-ion
collisions. So it is important to understand the forma-
tion of BEC-like features in small systems formed in pp
collisions. To this end, we investigate the possibility of
BEC in pion gas formed in pp collisions and compare
the results with heavy-ion collisions, to find a bridge be-
tween the two systems. Such a study of investigating
various phenomena in LHC pp collisions has become a
necessity in order to understand the QGP-like features
seen in these hadronic collisions [23–25].

It is observed that at RHIC [26, 27] and LHC [28–
31] energies, the pT-spectra in pp collisions deviate from
the standard thermalized Boltzmann-Gibbs (BG) distri-
bution. In such cases, Tsallis non-extensive distribution
[32] describes the pT-spectra very well. In view of this,
we have used a thermodynamically consistent form of
Tsallis distribution function [33]. The non-extensivity
parameter q gives the degree of deviation from equilib-
rium, where q = 1 suggests the equilibrium condition
(BG scenario). For higher charged particle multiplicity,
the q value tends to 1, which is an indication that in
that regime, the system has most probably attained ther-
mal equilibrium. By fitting Tsallis distribution function

to the pT-spectra of the particles, the parameters q and
temperature T are extracted [34], which are then used
to find the particle multiplicities in the condensate. The
present formalism is motivated by the experimental pT-
spectra and we use these information to further explore
the possibility of a BEC of pions in LHC pp collisions.

In this paper, we have studied the possibility of pion
condensation in high energy pp collision systems at LHC
energy of

√
s = 7 TeV. We have also studied how the

critical temperature changes with the change in the non-
extensive parameter q. The section II briefly gives the
formulation for estimating the particle multiplicities in
the condensate and the critical temperature for BEC for-
mation. In section III, we discuss about our findings and
finally in section IV, we have summarized our findings.

II. FORMULATION

Before introducing the non-extensivity into the formal-
ism, let’s start with a general distribution function of
Bose-Einstein statistics, which is given as [35],

f =
1

exp(E−µT )− 1
. (1)

By using the above formula, we can calculate the par-
ticle multiplicities by the equation [21],

N =

∫
d3xd3p

h3
g

exp

(√
p2+m2−µ

T

)
− 1

' V
∫

d3p

(2π)3
g

exp

(√
p2+m2−µ

T

)
− 1

, (2)

where g is the degeneracy of the particle, p is the momen-
tum, m is the mass of the particle, T is the temperature
of the system and µ is the chemical potential. The in-
tegral over the space co-ordinates gives us the volume of
the system V .

For p → 0, if µ → m, the integrand in first line of
Eq. 2 stays constant. This is because the singularity of
the denominator is canceled by the integration measure
d3p. But in the sum over quantum levels, the first term
becomes infinite for µ→ m at p = 0, i.e.,

Ncondensation '
g

exp(m−µT )− 1
→∞ for µ→ m (3)

Thus, when µ→ m, which marks the onset of BEC, in-
tegration of Eq. 2 should begin for p > 0 and summation
over low momentum should be kept. In the thermody-
namic limit [36], V → ∞, one can write Eq. 2 with
separate terms for p = 0 and p > 0, as:

N ' g

exp(m−µT )− 1
+ V

∫
d3p

(2π)3
g

exp

(√
p2+m2−µ

T

)
− 1
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⇒ Ntotal = Ncondensation +Nexcited. (4)

When the chemical potential approaches to the value of
the mass of the particle, µ → m, the Ncondensation be-
comes dominant and tends to Ntotal at µ = m. However
at LHC pp collisions, the chemical potential is very small
and can be taken as zero.

By taking Tsallis non-extensivity [37, 38] into account,
the BE-distribution function changes to,

f =
1

expq(
E−µ
T )− 1

. (5)

where,

expq(x) ≡

{
[1 + (q − 1)x]

1
q−1 if x > 0

[1 + (1− q)x]
1

1−q if x ≤ 0
(6)

where x = (E − µ)/T , E is the energy of the particle

given by E =
√
p2 +m2. It is worth noting that in the

limit, q → 1, Eq. (6) reduces to the standard exponential
function i.e., Maxwell-Boltzmann distribution function,

lim
q→1

expq(x)→ exp(x).

The Tsallis parameter, T and q appearing in Eq. 6 are
extracted from the pT-spectra of the particle by using
Tsallis distribution as a fitting function.

Therefore, Eq.4 in the context of non-extensivity in its
thermodynamically consistent form as shown in Ref [33]
becomes,

N ' g[
expq(

m−µ
T )− 1

]q +

V

∫
d3p

(2π)3
g[

expq

(√
p2+m2−µ

T

)
− 1

]q . (7)

As per Ref [39], the formula for the critical temperature
in the ultra-relativistic limits is given by,

Tc = 1.4× ρ1/3, (8)

where, ρ is the pion number density of the system, given
by the formula within Tsallis statistics as follows [40],

ρ = g

∫
d3p

(2π)3

[
[1 + (q − 1)

E − µ
T

]
1

q−1 − 1

]−q
. (9)

One can see from Eqns. 8 and 9 the critical tempera-
ture is also dependent on number density, ρ. The higher
is the number density, higher is the critical temperature
of the system as shown in Ref. [39]. Further in high en-
ergy collisions, the values of the q-parameter can vary
between 1 to 11/9 [41], which also contributes to the es-
timation of Tc taking the system dynamics into account.

III. RESULTS AND DISCUSSION

We have used Eq.7 to estimate the particle multiplic-
ities in the excited states and the condensate. We have
taken certain values of temperature and have estimated
the multiplicities at particular q values. For the sake of
simplicity, here we have taken a constant value for the
volume of the system with the system radius of 1.2 fm,
which can be approximately taken as the chemical freeze-
out radius in pp collision systems. This is a reasonable
assumption as the HBT radii measurement from pp col-
lisions at the LHC gives the radius range of 0.8 - 1.6
fm [42].

In fig. 1 we have plotted the ratios of Ncondensation

to Ntotal (Nc/Nt) and Nexcited to Ntotal (Ne/Nt) as a
function of temperature using Eq. 7. We observe that
at high temperatures, the particle multiplicities in the
excited states is dominant as compared to that in the
condensate. As the temperature decreases, the particle
multiplicities in the condensate start to increase. After
a certain critical temperature, the number of particles
in the condensate becomes dominant. We also clearly
see that the critical temperature is highly q-dependent.
For BE statistics without using non-extensivity (q=1), we
find that the critical temperature is the highest at around
105 MeV. However, as we increase the q-value, the crit-
ical temperature starts to decrease. For q = 1.13, we
have the lowest critical temperature at around 75 MeV.
This means that for systems which are near equilibrium,
the critical temperature will be higher, whereas for the
systems which are away from equilibrium, the critical
temperatures will be relatively lower. This is a really
interesting finding since we know that for the highest
multiplicity of π± in the pp collisions at

√
s = 7 TeV,

the kinetic freeze-out temperature obtained after fitting
a thermodynamically consistent Tsallis distribution func-
tion to its pT-spectra is around 93 MeV [44]. This may
indicate that there is a possibility that we may see BEC
in pp collisions at LHC energies.

In fig.2 we have plotted the critical temperature (Tc)
as a function of the non-extensive parameter q extracting
the values from the crossing points seen in fig.1. We see
that for higher values of q, which means when the system
is far away from equilibrium, the critical temperature for
BEC is lower. When, the system is at equilibrium (q
= 1), the critical temperature is the highest at around
105 MeV. An important thing to note here is that for a
system which has acquired equilibrium, the critical tem-
perature will be higher, and it may not be possible for the
pion gas system to reach that temperature in the freeze-
out. So there is a distinct possibility that if a system is
in thermal equilibrium, it may not show BEC [43].

In fig. 3 we have plotted the ratios of (Nc/Nt) and
(Ne/Nt) for pp collisions at

√
s = 7 TeV using ALICE

data [45] as a function of charged particle multiplicity at
midrapidity, which uses Eq. 7. T and q values used in
Eq. 7 are taken from Ref. [44], where the pT-spectra
of produced identified particles in a differential freeze-
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FIG. 1: (Color online) Ratios of number of particles in the
condensates and number of particles in the excited states with
respect to the total number of particles as a function of tem-
perature for a pion gas for different q-values
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FIG. 2: (Color online) Critical temperature as a function of
non-extensive parameter q

out scenario are fitted by Tsallis distribution function.
To have a quantitative estimation of the volume of the
system at the kinetic freeze-out, we consider the chemi-
cal freeze-out radius from Ref [46] and as the system is
an expanding one, we add hadronic phase lifetime from
our earlier studies [47] multiplied with speed of light in
vacuum. The radii obtained by this method is quite com-
parable with that one obtains from the femtoscopy analy-
sis [42]. It is worth mentioning here that this assumption
ensures maximum radii of the system. We observe that
at high charged particle multiplicity which corresponds
to higher kinetic freeze-out temperature, about 95% of

the particles are in the excited states and about 5% of
the particles occupy the ground state. With the decrease
in 〈dNch/dη〉, we observe that the Nexcited to Ntotal ra-
tio decreases while the Ncondensation to Ntotal ratio in-
creases. At about 〈dNch/dη〉 ' 6, which corresponds to
78 MeV temperature [44], we observe a transition. This
〈dNch/dη〉 can be considered as the critical charged par-
ticle multiplicity for pp collisions at

√
s = 7 TeV at LHC,

below which the number of particles in the condensate is
higher than the excited states. At the lowest charged par-
ticle multiplicity, we observe that the particle multiplicity
in the condensate is dominant over the particles in the
excited states. This is an interesting finding given that
at low charged particle multiplicity the number density,
the volume and the temperature of the system are rela-
tively lower as compared to the systems at high charged
particle multiplicities. Similar results were observed by
Begun et.al. where they found number of particles in the
condensate relative to the number of particles in the ex-
cited state to be higher in peripheral collisions (low mul-
tiplicity events) than central collisions (high multiplicity
events) [21].
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FIG. 3: (Color online) Ratios of number of particles in the
condensates and number of particles in the excited states
with respect to the total number of particles as a function
of charged particle multiplicity for pp collisions at

√
s = 7

TeV in ALICE at the Large Hadron Collider

To have a comparison with the systems produced in
heavy-ion collisions, we have considered the possibility
of pion condensation in the Pb-Pb collisions at

√
sNN =

2.76 TeV and contrasted with the results from Fig 3. For
the former system, we have taken the T and q param-
eters from [48] which have been extracted by fitting a
thermodynamically consistent Tsallis distribution func-
tion to the pT-spectra. From fig.4, we observe that for
Pb-Pb collision systems, the number of particles in the
excited states are higher at higher charged particle mul-
tiplicity. In this region, the temperature of the system is
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very high and the non-extensive parameter q has lower
value, and almost tends to 1. This suggests that the
system is in a state of thermodynamic equilibrium. As
the charged particle multiplicity decreases, which in turn
means the temperature also decreases and the q value in-
creases, we observe that particles start accumulating in
the ground state. The number of particles in the conden-
sate begins to increase from almost zero in the highest
charged particle multiplicity to higher value in the most
peripheral Pb-Pb collisions as shown in Ref. [21]. When
we go to pp collisions, we observe a smooth transition
from collision species following a monotonic behaviour
with final state multiplicity of the system. The figure
shows that at around 〈dNch/dη〉 ' 6, we may observe
BEC, regardless of the collision systems.
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FIG. 4: (Color online) Ratios of number of particles in the
condensates and number of particles in the excited states
with respect to the total number of particles as a function
of charged particle multiplicity for pp collisions at

√
s = 7

TeV and Pb-Pb collisions at
√
sNN = 2.76 in ALICE at the

Large Hadron Collider

IV. SUMMARY

We have made an attempt to study the possible forma-
tion of Bose-Einstein Condensates in the hadronic colli-
sions at the TeV energies at the Large Hadron Collider,
using the information from identified particle spectra.
Motivated by the fact that a thermodynamically con-
sistent form of Tsallis non-extensive distribution func-
tion gives a better description of the particle transverse
momentum spectra, we have extended the standard for-

malism of BEC to the domain of non-extensivity. Tak-
ing final state multiplicity dependence of the identified
particle spectra and hence the freeze-out parameters like
temperature and non-extensive parameter, q for hadronic
and heavy-ion collisions, we have studied various aspects
of BEC.

In summary,

• In the low-multiplicity pp collisions, where the sys-
tems are away from equilibrium (q 6= 1), the prob-
ability of formation of BEC is seen to be higher.

• The critical temperature for the BEC to occur, de-
pends on the degree of non-equilibrium in the sys-
tem. This is observed from the dependency of the
number of pions in the condensates on the non-
extensive parameter q. For systems away from
equilibrium, the values of critical temperature are
lower.

• We observe a threshold in the final state charged-
particle multiplicity, i.e. 〈dNch/dη〉 ' 6, which cor-
responds to an event class with freeze-out tempera-
ture of around 78 MeV. In this domain of tempera-
ture and particle density, we envisage a possibility
of BEC occurring in pp collision at

√
s = 7 TeV

energy at the Large Hadron Collider.

As a part of the outlook of the present work, it should
be mentioned here explicitly that a Bose-Einstein con-
densate of strongly interacting matter, having an ex-
tremely large temperature as compared to the conven-
tional systems, consisting of charged particles would be
highly interesting in the coming future, if seen experi-
mentally. The low transverse momentum reach of the
TeV scale detector systems after the upgrade programs
at the LHC will be much better at enabling such a mea-
surement in future.
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