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Abstract: We present an overview of a proposal in relativistic proton-proton (pp) collisions
emphasizing the thermal or kinetic freeze-out stage in the framework of the Tsallis distribution.
In this paper we take into account the chemical potential present in the Tsallis distribution by
following a two step procedure. In the first step we used the redudancy present in the variables such
as the system temperature, T, volume, V, Tsallis exponent, 4, chemical potential, 1, and performed all
fits by effectively setting to zero the chemical potential. In the second step the value g is kept fixed
at the value determined in the first step. This way the complete set of variables T,q, V and u can
be determined. The final results show almost no (or at best a very weak) energy dependence in pp
collisions at the centre-of-mass energy /s = 20 TeV to 13 TeV. The chemical potential u at kinetic
freeze-out shows a steep increase with beam energy. This considerably simplifies the description of
the thermal freeze-out stage in pp collisions as the values of T and of the freeze-out radius R remain
constant to a good approximation over a wide range of beam energies.
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1. Introduction

It has been estimated [1] that about 30,000 particles (pions, kaons, protons, antiprotons)) are
produced in a central heavy ion collision at the Large Hadron Collider (LHC) at 5.02 TeV. Hence it is
natural to use concepts from statistical mechanics to analyze the produced particles. This procedure
has a long and proud history with contributions from three Nobel prize winners: E. Fermi [2,3],
W. Heisenberg [4] and L.D. Landau [5]. To quote Landau:

“Fermi originated the ingenious idea of considering the collision process at very high energies by the
use of thermodynamic methods.”

This turned out to be useful also at much higher beam energies than those initially envisaged.
The main ingredient in the hadron resonance gas model (referred to as thermal model here) is that
all resonances listed in the Review of Particle Physics [6] are in thermal and chemical equilibrium.
This reduces the number of available parameters and just a few thermodynamic variables characterize
the system.

The chemical freeze-out stage is well understood and is strongly supported by experimental
results (see e.g., [7] for a recent review) with a strong connection to results obtained using Lattice
Quantum Chromodynamics (LQCD) as the chemical freeze-out temperature is consistent with the
phase transition temperature calculated in LQCD. Indeed, for the most central Pb-Pb collisions, the best
description of the ALICE data on yields of particles in one unit of rapidity at mid-rapidity was obtained
for a chemical freeze-out temperature given by T.;, = 156.6 £ 1.7 MeV [7,8]. Remarkably, this value
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of Ty, is close to the pseudo-critical temperature T, = 156.5 & 1.5 MeV obtained from first principles
Lattice QCD (LQCD) calculations [9], albeit with the possibility of a broad transition region [10].

For several decades, a well-established procedure using hydrodynamics [11] and variations
thereof has existed to describe this stage. In this paper we review another possibility to describe the
thermal freeze-out stage which has shown considerable potential especially to describe the final state
in proton—proton (pp) collisions. Most of these approaches are based on variations of a distribution
proposed by Tsallis about 40 years ago [12] to describe entropy by introducing an additional parameter
called g. In the limit ¢ — 1 this reproduces the standard Boltzmann-Gibbs entropy. The advantage is
that thermodynamic variables like temperature, energy density, pressure and particle density can still
be used and thermodynamic consistency is maintained.

This paper is an extension of [13]. For completeness and for the convenience of the reader we have
included the tables presented there, the inclusion of the NA61/SHINE [14] is new and contributes
very much to the understanding of the energy dependence of the parameters, also all figures are new.

2. Thermal Freeze-Out

We will focus here on one particular form of the Tsallis distribution, satisfying thermodynamic
consistency relations [15,16] and given by:
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where V is the volume, g is the Tsallis parameter, T is the corresponding temperature, E is the energy
of the particle, p is the momentum, g is the degeneracy factor and y is the chemical potential. In terms

of variables commonly used in high-energy physics, rapidity y, transverse mass mr = |/ p% + m?:
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In the limit where the parameter g tends to unity one recovers the well-known
Boltzmann—Gibbs distribution (with pr being the particle transverse momentum):
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The main advantage of Equation (2) over Equation (3) is that it has a polynomial decrease with
increasing pr which is what is observed experimentally.
It was recognized early on [17] that there is a redundancy in the number of parameters in this
distribution, namely the four parameters T, V,q and u in Equation (2) can be replaced by just three
parameters Ty, Vp, g with the help of the following transformation:

To = T[lf(qfl)%}, PlSq_Tl, (4)
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leading to a transverse momentum distribution which can thus be written equivalently as
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where the chemical potential does not appear explicitly.
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Corresponding to the volumes V and Vj defined in Equations (1) and (5) we also introduce the
correponding radii R and Rg

v o= g, @)
3
Vo = %”Rg. (8)

It is to be noted that most previous analyses have confused the two Equations (2) and (6) and
reached conclusions that are incorrect, namely that at LHC energies, different hadrons, 7, K, p, ... cannot
be described by the same values of T and V. As we will show this is based on using T and V) and
not T and V. Many authors have followed this conclusion because at LHC energies equal numbers
of particles and antiparticles are being produced and, furthermore, at chemical equilibrium, one has
indeed p = 0 MeV for all quantum numbers. However the equality of particle and antiparticle yields,
at thermal freeze-out, only implies that e.g., 7" and 71~ have the same chemical potential but they are
not necessarily zero. We emphasize that Equations (2) and (6) carry a different meaning, notice the
difference in parameters: T is not equal to T and neither is V equal to V{. Notice also that we do not
have y in Equation (6).

It is the purpose of the present paper to resolve this issue. The procedure we choose is
the following:

1. Use Equation (6) to fit the transverse momentum distributions. This determines the three
parameters Ty, g and Vjp.

2. Fix the parameter g thus obtained.

3. Perform a new fit to the transverse momentum distributions using Equation (2) keeping g as
determined in the previous step. This determines the parameters T and V and the chemical
potential .

4. Check the consistency with Equations (4) and (5).

Each step in the fitting procedure thus involves only three parameters to describe the transverse
momentum distributions. This procedure was presented in [13] and the present paper is an extension
with more details in this paper, some of the entries in Table 2 have been corrected.

We emphasize that the chemical potentials at kinetic freeze-out (described here with a Tsallis
distribution), are not related to those at chemical freeze-out. At chemical freeze-out, where thermal
and chemical equilibrium have been well established the chemical potentials are zero. At kinetic
freeze-out however, there is no chemical equilibrium and the observed particle-antiparticle symmetry
only implies that the chemical potentials for particles must be equal to those for antiparticles. However,
due to the absence of chemical equilibrium they do not have to be zero. The only constraint is that
they should be equal for particles and antiparticles.

We remind the reader here of the advantage of using the above distribution as they follow a
consistent set of thermodynamic relations (see e.g., [17]). From this, it is thus clear that the parameter T
can indeed be considered as a temperature in the thermodynamic sense since the relation below holds
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where the entropy S is the Tsallis entropy.

In this section we consider the possibility of including the chemical potential parameter in the
Tsallis fits to the transverse momentum spectra. Previously, it was first noted by [17] that the variables
T,V,q and yu in the Tsallis distribution function Equation (1) have a redundancy for y # 0 MeV and
recently [18] considered the mass of a particle in place of chemical potential. This necessitates work on
determining the chemical potential from the transverse momentum spectra.
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3. Comparison of Fit Results

As mentioned in the introduction, we reproduce here for completeness the values extracted from
the results published by the ALICE Collaboration [19-22]. The data at the centre-of-mass energy
v/s = 0.9 TeV had the smallest range in pr (for all the ALICE Collaboration results considered here), of
about an order of magnitude less than the experimental data at /s = 2.76 GeV and /s = 7 TeV with
ALICE.

In general the data were described very well; the figures showing the actual fits results are not
included in this paper since they form part of previous publications. The least squares method was
performed by the Minuit package [23] as part of the fitting procedure in the code. There was no manual
selection in the choice of parameters, all parameters were initialized at the beginning and the code
returned the best fit parameter values. We did not particularly fix the value of T and tried to obtain the
other parameters. In particular, the value of u did not affect V.

We did not observe any trend which suggested a deterioration of the fits with the centre-of-mass
energy. In Tables 1 and 2; we give the x? values. Comparing the values of x? from 2.76 to 7.0 TeV,
in Tables 1 and 2, there was no clear trend with increasing energy.

Table 1. Fit results at /s = 0.9 [19], 2.76 [20], 5.02 [21] and 7 TeV [21,22], using data from the ALICE

Collaboration using Equations (6) and (7) .

v/s (TeV)  Particle Rp (fm) q Ty (GeV) x2/INDF
0.9 e 483+014 1.148+0.005 0.070=+0.002 22.73/30
T 474+013 1.145+0.005 0.072+0.002 15.83/30

Kt 452+130 1.175+0.017 0.057 £0.013 13.02/24

K~ 396+096 1.161+0.016 0.064+0.013 6.21/24

4 427 +19.8 1.158 £0.006 0.020 +0.004 14.29/21

P 744 +395 1.1324+0.014 0.052+0.016 13.82/21

2.76 at 4+ 480+010 1.1494+0.002 0.077 +0.001  20.64/60
Kt +K= 2514013 1.1444+0.002 0.096 +0.004 2.46/55

p+p 401+0.62 1.121+0.005 0.086+0.008 3.51/46

5.02 7+~ 5024011 1.155+0.002 0.076 +0.002 20.13/55
Kt +K~ 244+017 115+£0.005 0.099 +£0.006 1.52/48

p+p 3.60£ 055 1.126+0.005 0.091+0.009 2.56/46

7.0 T+ 7" 566+017 1.179+0.003 0.066 + 0.002 14.14/38
Kt +K~ 2514015 1.1584+0.005 0.097 +0.005 3.11/45

p+p 3.07+041 1.1244+0.005 0.101 +0.008 6.03/43

Table 2. Fit results at /s = 0.9 [19], 2.76 [20], 5.02 [21] and 7 TeV [21,22], using data from the ALICE

Collaboration with g from Table 1 following Equations (2) and (8) .

V/5(TeV)  Particle R (fm) 7 (GeV) T (GeV) X*/NDF
0.9 t 3.64 +0.21 0.055 + 0.012 0.079 +£ 0.002 3.66/30
T 3.53+0.21 0.059 + 0.012 0.080 + 0.002 2.18/30

K* 3.76 £ 0.33 0.029 £ 0.017 0.062 + 0.003 5.31/24

K~ 3.89+£0.35 0.003 £0.018 0.065 + 0.003 3.38/24

4 3.34+027 0.233 £0.020 0.057 +£ 0.007 7.44/21

P 393+0.33 0.097 £0.024 0.065 + 0.002 7.69/21

2.76 at+mT 4324268  0.02240.130 0.080 £ 0.019  20.48/60
Kt +K~ 4754003 —0.140£0.008 0.075 £ 0.004 2.48/55

p+p 447 £550 —0.071 £0.253  0.077 £+ 0.030 3.52/46

5.02 at 4+ 419 £264 0.038 + 0.134 0.082 +0.021  20.14/55
KT +K~ 4494003 —0.1424+0.009 0.0784+0.0005 1.52/48

p+p 4.00+448 —0.075+0.243 0.081 £ 0.031 2.56/46

7.0 at+m~ 33740.02  0.099 & 0.003 0.084 +0.003 14.15/38
KT +K~ 3804022 —0.098+£0.014 0.082 £ 0.002 3.13/55

p+p 407 £0.27 —0.127+£0.018 0.085 £ 0.002  6.03/43
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The fits to the transverse momentum distributions were then repeated using Equation (2) but
this time keeping the parameter g fixed to the value determined in the previous section and listed
in Table 1. The results are listed in Table 2, where we present the fit results for non-zero chemical
potential for pp collisions at four different beam energies by the ALICE Collaboration.

In the first case, we set the chemical potential as the mass of the respective particle and compare
our results to [18] for pp collisions at 0.9 TeV with the CMS Collaboration, secondly we set the chemical
potential as a free parameter to fit the data and analysis of the fit results and lastly, we calculated the
chemical potential directly from Equation (12).

In Table 3 we present the extracted values of T, g,R and p at four different energies with the

CMS Collaboration.

Table 3. The extracted values of T, q,R, pand x?/NDF parameters, using the data published

in [24-26] for pp collisions with the CMS experiment.

V/5(TeV) Particle T (MeV) q R (fm) # (MeV) x*/NDF
0.9 [24] nt 95+1  1.164+0.004 4344+0.102 173+6  4.044/18
K+t 93+2  1.158+0.008 3.852+0.117 101+12 2.123/13
pt 92+2  1.139+0.003 4.034+0.110 246+12 9.596/23
2.76[25] wt 9%6+1  1.189+£0.005 4.439+0.104 185+6 5711/18
K+t 100+3 116240008 3.971+0.121 80413  2.447/13
pt 93+2  1.166+0.004 3.802+0.101 262+13 27.43/23
7.0 [25] nt 10042 120340005 4.481+0.108 199+6  14.29/18
K+ 11143 115240009 3.985+0.122 56414  2.074/13
pt 9%6+2  1.184+0.004 3.808+0.101 238+14 12.22/23
130[26] 7wt 10342 121540008 4.129+0.152 211+10 3.546/18
K* 110+5 1.14240.0150 41254024 29+3 1.828/13
pt 85+3  1213+£0.008 3.617+0.143 313+£20 8.892/22

In Figure 1 we compare the values for Ty and T at four different beam energies. The results
obtained for T were consistently more stable for different particle types than the values obtained for
Tp. We will come back to this with more detail later in this paper.

An interesting proposal to determine the chemical potential was made in [27], where the
observation was made that the radius Ry given in Table 1 is larger than the one obtained from a
femtoscopy analysis [28] by a factor x estimated to be about 3.5, i.e.,

1
Rfemto ~ ER(} (10)

Hence in [27] the suggestion is made to identify the corresponding volume Ve, with the volume
V appearing in Equation (1).
Hence
Vor VxS (11)

Combining this with Equations (4) and (5) this leads to a chemical potential given by

Hence, using this proposal, a knowledge of Ty would lead to a determination of y.

We compared the resulting values of the chemical potential i using this proposal [27] to the
values using the procedure outlined above starting Equation (2) and concluded that the results are
very different; hence, our results do not support this assumption and thus the volume V appearing in
Equation (2) cannot be identified with the volume determined from femtoscopy. The volume V must
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be considered to be specific to the Tsallis distribution as is the case with all the other variables used in

this paper.

A clearer picture of the energy dependence emerges when including results from the
NA61/SHINE Collaboration [14] for 77~’s. The procedure outlined above was repeated in this case
using the data published in [14], first we used Equation (6) and collect the results in Table 4. Next we
fix the values of g obtained this way and repeat the fits using Equation (1); the results are then collected

in Table 5.
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Figure 1. A comparison of the values of temperatures T and T of different hadron species for pp

collisions at /s = 0.9 [19], 2.76 [20], 5.02 [21] and 7 [22] TeV.

Table 4. The extracted values of Ty, q,Rg and x?>/NDF parameters, using the data published in [14]

for pp collisions with the NA 61 Collaboration.

V/5(GeV) Particle Ty (MeV) q Ro fm)  x*/NDF
20 T 98+6  1.04240.015 255+0.14 4.454/15
31 o 95+3  1.0574+0.008 272+0.09 4.561/15
40 - 9%6+2  1.055+£0.006 2764006 8.423/15
80 T 95+2  1.064+£0.006 2904006 6.775/15
158 - 93+3  1.069+£0.006 3.07+0.08 2.176/15

Table 5. The extracted values of T, #,R and x?/NDF parameters, using the data published in [14] for

pp collisions with the NA 61 Collaboration.

v/s (GeV) Particle R (fm) # (GeV) T (GeV) Xx2/INDF
20 i 3546 +0.577 0.081 +0.048 0.101 £0.003 4.454/15
31 T 3.734 +£0.043  0.082+0.002 0.100£0.001 4.561/15
40 a 3.769 £0.030 0.084 +0.0002 0.101 +£0.001 8.423/15
80 T 3.899 +0.252  0.087+0.018 0.101 £0.001 6.776/15
158 i 3.948 £0.305 0.100£0.022  0.100 £0.002 2.179/15
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The values for Tj as a function of beam energy are shown in Figure 2. As one can see a fairly
strong energy dependence was present when comparing the two sets of data.

However, quite remarkably, this picture changed when plotting the temperature T as a function
of beam energy as shown in Figure 3. The energy dependence disappeared and the same value of T
could describe the kinetic freeze-out from about 10 GeV all the way up to 13,000 GeV.

012 T T TTTTT T T TTTTT T TTTTTT T TTTTTT
011 _]
B NAG61 ]
< 009 L -
> B _
e B ]
= 0.08|— -
B ] + ]
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1 10 10? 10° 10*
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Figure 2. The energy dependence of the temperature parameter Tj. The triangular points are values
of Ty extracted from data in pp collisions obtained by the NA61/SHINE [14] Collaboration for pions
(see Table 4). The squares are the Ty values in Table 1. All points were obtained by fits using Equation (6).
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Figure 3. The energy dependence of the temperature T for pions in pp collisions. The triangular points
are values of T extracted from data in pp collisions obtained by the NA61/SHINE [14] Collaboration
for pions (see Table 5). The squares are the T values in Tables 2 and 3. All points were obtained by fits
using Equation (2). The straight line at T = 0.1 GeV is there to guide the eye only.
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Similarly when plotting the results obtained for the radius R( one sees a strong dependence on
the beam energy as seen in Figure 4.

6: T T TTTTT T T TTTTT T T TTTTT \\\\\H‘ :
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C *Q 7

25— + —
2 —
= =
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1 10 102 10° 10*

Vs (GeV)

Figure 4. The energy dependence of the freeze-out radius Ry of pions in pp collisions. The round (red)
points are obtained from fits to the results of the NA61/SHINE Collaboration [14] (see Table 4), the
square points are for the ALICE Collaboration data (see Table 1). The straight line at Ry = 4 fm is there
to guide the eye only.

However, similarly to the case with the temperatures T and Ty the energy dependence disappeared
when plotting the radius R where only a very mild energy dependence could be noticed, see Figure 5.
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Figure 5. The energy dependence of the freeze-out radius R of pions in pp collisions. The round (red)
points are obtained from fits to the results of the NA61/SHINE Collaboration [14] (see Table 5), the
square (blue) points are for the ALICE Collaboration data (see Table 2), while the round (black) points
are for the CMS Collaboration data (see Table 3). The straight line at R = 4 fm is there to guide the eye only.
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Finally the parameter which was most influenced by deviations from chemical equilibrium,
namely the chemical potential # which is shown in Figure 6. Here one sees a very clear increase with
beam energy.

03 T T TTTTT T T TTTTT T T TTTTT T T TTTTT

0.25— -
02— CMS t
B . ¢ ]
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Q 05— ALICE ]
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B A AA ]
0.05/— _|
07 | | \\HH‘ | | \\HH‘ | | \\HH‘ | | \\HH‘ ]

1 10 10? 10° 10*
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Figure 6. The energy dependence of the freeze-out chemical potential u for pions in pp collisions.
The round (red) points are obtained from fits to the results of the NA61/SHINE Collaboration [14] (see
Table 5), the square (blue) points are for the ALICE Collaboration data (see Table 2), while the round
(black) points are for the CMS Collaboration data (see Table 3).

4. Conclusions

In this paper we have taken into account the chemical potential present in the Tsallis distribution
Equation (1) by following a two step procedure. In the first step we used the redundancy present in
the variables T, V, g and p expressed in Equations (4) and (5) and performed all fits using Equation (6),
i.e., effectively setting the chemical potential equal to zero. The only variable which is common
between Equations (1) and (6) is the Tsallis parameter g; hence, in the second step of our procedure we
fixed the g and performed all fits using Equation (1). This way we finally obtained the set of variable
T,V and yu. The results are shown in several figures. It is to be noted that T and R (as deduced from
the volume V) show almost no energy dependence in going from /s = 20 GeV up to 7 and 13 TeV.
This is not the case for the variables Ty and Vj. The chemical potential at kinetic freeze-out shows a
steep increase with beam energy as presented in Figure 6. This considerably simplifies the resulting
description of the thermal freeze-out stage in pp collisions as the values of T and R remain constant to
a good approximation over a wide range of beam energies.
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