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e Thermal Models from 1 to 7000 GeV
e /synv =11 GeV is special
e The Tsallis Distribution at the LHC
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SPS data.
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SPS data.

SPS: Freeze-Out Parameters:

T = 156.0 £ 2.4MeV
ug = 239+ 12MeV
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Physical Review C64 (2001) 024901.
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E/N in 2006
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Chemical Freeze-Out Temperature
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The Tsallis Distribution
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In the thermal model the roller-coaster seen in the particle
ratios corresponds to a transition from a baryon-dominated to a
meson-dominated hadronic gas. This transition occurs at a

e temperature T = 151 MeV,

In the thermal model this transition leads to peaks in the A/ (r),
K*/xt, ="/t and Q= /= ratios but all occur at slightly
different energies.

The maximimum in the K™ /= ratio can be reproduced in
thermal models but not the sharpness of the peak.

NEED SMALL STEPS IN BEAM ENERGY!!
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Chemical Equilibrium

In the thermal model the roller-coaster seen in the particle
ratios corresponds to a transition from a baryon-dominated to a
meson-dominated hadronic gas. This transition occurs at a

e temperature T = 151 MeV,
e baryon chemical potential ug = 327 MeV,

e energy /syy = 11 GeV.
In the thermal model this transition leads to peaks in the A/ (r),
K*/xt, ="/t and Q= /= ratios but all occur at slightly
different energies.
The maximimum in the K™ /= ratio can be reproduced in
thermal models but not the sharpness of the peak.
NEED SMALL STEPS IN BEAM ENERGY!!
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The Tsallis Distribution at the LHC
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Transverse Momentum Distribution
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Transverse Momentum Distribution

STAR, PHENIX, ALICE, CMS, ATLAS use:

2 _ _ _ —n
d°N zprxﬁ (n—1)(n—-2) 1+mT Mo
dprdy dy nT(nT + mg(n — 2)) nT

What is the connection with the Tsallis distribution?
Also, the physical significance of the parameters nand T has

never been discussed by STAR, PHENIX, ALICE, ATLAS, CMS.
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Tsallis Distribution

Possible generalization of Boltzmann-Gibbs statistics

Constantino Tsallis
Rio de Janeiro, TBPF
J. Stat. Phys. 52 (1988) 479-487

Citations: 1 389
Citations in HEP: 513
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The Tsallis Distribution
Entropy: Tsallis vs Boltzmann

The Boltzmann entropy is given by

$8= g3 [finf— ], (1)

The Tsallis entropy is given by
SZ=-g) [fIngfi— 1], (2)
i

which uses =g
x'79 -1
Ing(x) = q_q 3)
often referred to as g-logarithm.
By maximizing the entropy one obtains expressions for particle

density, energy density and pressure.
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Maxmizing the Entropy

1

f=[1+@-nE22 (4)



The Tsallis Distribution

For high energy physics a consistent form of Tsallis
thermodynamics is:

S = —gV / (gjr‘)’s [FIngf — 1], (5)
N = gV / (gjr‘)’sfq, (6)
e = g / (gi’; Ef, (7)
P — g / (gif)’sifq 8)

where T and y are the temperature and the chemical potential,
V is the volume and g is the degeneracy factor.
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Thermodynamic consistency

dE = —pdV + TdS + pdN
Inserting E = eV, S=sV and N = nV leads to

de = Tds + pdn
dP = ndu + sdT
In particular
p PG 0P| Lo o
T ouly ST ot|, T oasl, M anl,

are satisfied.



The Tsallis Distribution

Transverse Momentum Distributions

In the Tsallis distribution the total number of particles is given
by:

q

d®p E—p] o7
= — —1 .
N=gv [ gl |rra-nSFt]
The corresponding momentum distribution is given by

[¢]
dN 1 E—pl o7
E—— =gVE— |1 1

R IR
which, in terms of the rapidity and transverse mass variables,
E = mycosh y, becomes (at mid-rapidity for . = 0)

=V [T o

J.C. and D. Worku, J. Phys. G39 (2012) 025006;
arXiv:1203.4343[hep-ph].
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Tsallis Distribution p-p

Transverse momentum spectra of Kg in pp collisions at Vs = 900 GeV
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Tsallis Distribution p-p

Transverse momentum spectra of A in pp collisions at {s = 900 GeV
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Tsallis Distribution p-p

Transverse momentum spectra of = + =in pp collisions at Vs = 900 GeV
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Tsallis Distribution does not describe Pb-Pb

. ALICE.Ph-Ph @ 5=276TeV. ... ...
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The Tsallis Distribution

Summary of Results

... but works for p-Pb collisions

Conclusions

Transverse momentum distribution of charged particles with TSallis Fit in NSD p-Pb collisions

g ALICE, p - Pb
8 ’ Vs =5.02 TeV
iy
=~ 10 -
5 s The ALICE Collaboration
g 1 Cr, PRL 110, 082302 (2013)
- b
= 107 iy
210 s
2 102 Y
= g,
5 " e,
d 10 e
= N
s 10-4 %
z Sag
= S
10° S
St
10°[—— <03 \\
107 —— 03 <My <0.8 (x5)
10° —4—08<n,, <1320 L .
1 10 p, (GeVic)
q=1.140 M. Danish Azmi



Chemical Equilibrium The Tsallis Distribution Summary of Results Conclusions

ol.2 —m— ALICE (INEL)
—— ALICE (NSD)
1.19|-e- cms

—4— CMS

1.18| %+ cms

—— ATLAS

—— ATLAS
1.17| 4 atLas

—A— ALICE

1.16| - ALICE

—&— ALICE A

1.15F +

1.14F *
11354 | .
1.12F

1.11

|
0.9 0.9 0.9 2.36 7 0.9 2.36 7 0.9 2.76 7

Vs (TeV)

1.1



Chemical Equilibrium

The Tsallis Distribution

Summary of Results
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10 T T

Charged Hadrons
UA1land ATLAS

J.C., G.I. Lykasov, A.S. Sorin, O.V. Teryaev, A.S. Pravan, D.

Worku ..NICA
Physics Letters B 723 (2013) 351-354.



Conclusions

Conclusion:
e Thermal models give a good description of particle yields
from 1 to 7000 GeV.
e LHC: Temperature is a bit lower than expected.
e LHC: Too many pions and not enough protons.

¢ NICA: needed with small steps in beam energy! /syny = 11
GeV is special

e LHC: Final state in Proton-Proton collisions at the LHC
produce a system consistent with Tsallis thermodynamics.
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