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What physics can Spectra tell us?

• Low pT

– Integrated particle yields (dN/dy)

– Radial Flow and freeze-out temperature

• Intermediate pT

– Coalescence

• High pT

– Jet quenching– Jet quenching

• What are the connections among them
– Bulk medium interaction and pressure gradient drives 

thermalization and radial flow

– Thermalization and quark degree of freedom provides 
quark coalescence

– Jet quenching dissipates energy into the system

• Bulk Viscosity, Fluctuation?
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mT slope vs mass

Nu Xu’s plot
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Nu Xu, QM2008 STAR whitepaper, PRL92(2004)

Teff = T+1/2mβ2



Radial flow

STAR PRL92

Spectral shape depends on PID mass

Higher mass => larger inverse slope

More central => larger inverse slope

F. Retiere and M. Lisa PRC70; PHENIX PRL88
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Blast Wave

F. Retiere, M. Lisa, PRC70

E. Schnedermann, J. Sollfrank, U. Heinz, nucl-th/9307020, PRC48 (cited 312)

F. Retiere, M. Lisa, PRC70

Assumptions:

1) Local thermal equilibrium � Boltzmann distribution

2) Longitudinal and transverse expansions (1+2)

3) Radial flow profile ρ(r)∝Atanh(βm(r/R)n ), (n=1)

4) Temperature and <β> are global quantities
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Limitations of THE BlastWave
• Strong assumption on local thermal 

equilibrium

• Arbitrary choice of pT range of the spectra 

(low and high cuts)

• Flow velocity <β>=0.2 in p+p

• Lack of non-extensive quantities to 

describe the evolution from p+p to central 

A+A collisions 

STAR PRC71

A+A collisions 

• example in chemical fits: 

canonical to grand canonical  ensemble

• mT spectra in p+p collisions:

Levy function or mT power-law

• mT spectra in A+A collisions:

Boltzmann or mT exponential

• What function can capture these features?
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STAR PRL99



Tsallis Statistics
• Nice web based notebooks: Tsallis Statistics, Statistical Mechanics 

for Non-extensive Systems and Long-Range Interactions 

http://www.cscs.umich.edu/~crshalizi/notabene/tsallis.html

• http://tsallis.cat.cbpf.br/biblio.htm
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It is all about the q-statistics

• Why is this relevant to us (Heavy-ion physics)?

– We have dealt with Boltzmann distribution
But the spectra are clearly non-Boltzmann 

– It is easy to make a change

– It is easy to compare

– Change mT exponential to mT power law
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Tsallis statistics in Blast Wave model
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Where ρ=Atanh(βm(r/R)n), n=1 ;  any of the three integrals is HypergeometryF1

With Tsallis distribution, the BlastWave equation is: 



Fit results in Au+Au collisions

STAR PRL97

STAR PRL99

STAR PRL98
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Au+Au 60—80%: 

<β>=0

T      = 0.114 +- 0.003

q      = 1.086 +- 0.002

chi^2/nDof = 138/ 123

Au+Au 0—10%:

<β> = 0.470+- 0.009 

T = 0.122 +- 0.002 

q = 1.018 +- 0.005 

chi^2/nDof = 130 / 125

STAR PRL98

STAR PRL92



Dissipative energy into flow and heat
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More thermalized

1. Decrease of q�1, closer to Boltzmann

2. Increase of radial flow (0�0.5)

3. Increase of temperature 

4. T, β∝ (q-1)2, NOT  linear (q-1)



Related to bulk viscosity (ξ)

)(
)/(

)/(
)1(

)(
)/(

)/)(/(
)1(

)(

2
0

0

0

βρξ

β
ρρξ

βξ

f
Dcc

qT

f
cc

ac
qT

f
a

TT

Vp

Vp

p

eff

−+=

−+=

+=

Zhangbu Xu (QGP, Kolkata, India, 2008) 12

cp, ρ and a are, respectively,

the specific heat under 

constant pressure, 

density and 

the coefficient of external conductance

)/( Dcc Vp

G. Wilk: arXiv: 0810.2939



Results in p+p collisioins

STAR PLB615

STAR PLB637
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<β> = 0

T = 0.097+- 0.010 

q = 1.073 +- 0.005 

chi^2/nDof = 55 / 73

<β> = 0 

T = 0.0889+- 0.004 

q = 1.100 +- 0.003 

chi^2/nDof = 53 / 66

STAR PLB637

STAR PLB612

STAR PLB616

STAR PRC72

STAR PRC75



Evolution from p+p to Au+Au
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•Sharp increase of <T> from p+p to peripheral Au+Au

•Similar q from p+p to peripheral Au+Au

•Radial flow is zero at p+p and peripheral Au+Au



Baryon and meson are different classes
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STAR PRC75

In p+p collisions, the mT spectra of baryons and mesons are in two groups

However, equilibrated toward more central Au+Au collisions



Observations from the q-statistics

• Fit spectra well for all particles 
with pT<~ 3 GeV/c

• Radial flow increases from 0 to 
0.5c 

• Kinetical freeze-out temperature 
increases from 90 (110) to 130 
MeV

• Tsallis statistics describes the data 
better than Boltzmann-Gibbs statistics

• Radial flow is zero in p+p and 
peripheral Au+Au collisions

• Evolution from peripheral to central 
Au+Au collisions: 
hot spots (temperature fluctuation) 
are quenched toward a more uniform 

MeV

• q-1 decreases from 0.1 to 0.01

• T and β depend on (q-1)2

• p+p collisions are very different, 
split between mesons and 
baryons

hot spots (temperature fluctuation) 
are quenched toward a more uniform 
Boltzmann-like distribution

• dissipative energy into heat and flow, 
related to bulk viscosity

• Energy conservation is a built-in 
requirement in any statistical model 
(that is where you get the 
temperature)
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Outlook

• Search for critical point:

– large bulk viscosity at 
phase transition

– PID spectra to 3 GeV/c

– Study T, β vs q-1 with 

• Higher energy at LHC:

– Large power-law tail due 
to semi-hard processes

– Without Tsallis
distribution, it is likely – Study T, β vs q-1 with 

centrality and energy
AGS�SPS�RHIC

– Abnormal larger (small) 
coefficients of T (β) vs
(q-1)2

distribution, it is likely 
impossible to extract 
radial flow from spectra

– Good (large) non-
extensive effect and easy 
to extract bulk viscosity

Zhangbu Xu (QGP, Kolkata, India, 2008) 17

D. Kharzeev et al., QM08



Application of Tsallis statistics has a long 

history at RHIC

• mT-m0 power-law
– STAR PRD74 (2006)

– STAR PRC71 (2005)

– STAR PRL99 (2007)

• Energy conservation• Energy conservation
Z. Chajecki and M. Lisa 

arXiv:0807.3569

• Soft+Minijets
T. Trainor, arXiv:0710.4504
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