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(*)    Introduction ( Tsallis fits to hadron pT spectra ,power laws and 
                               power index ) 
 
(*)     Relativistic hard-scattering model 

 
(*)     Extraction of the power index n  from  experimental jet and hadron 
                        pT distributions  
 
(*)     Phenomenological input necessary to get the low pT  limit 

 
(*)     Conclusions 
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Phenix Coll., PRD 83, 
052004 (2011) 
 
Fig. 12 
Invariant differential 
cross sections of 
different particles 
measured in p p 
collisions at √s = 200 
GeV in various decay 
modes. 
 
q=1.1                n=10 

Example of Tsallis distribution: application to PHENIX data 
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Tsallis distribution can describe LHC pT distributions 
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Notice that: 
 
Tsallis fit describes  
 
THE WHOLE RANGE OF VARIABLE pT 
 
notwithstanding the fact that they are  
believed to correspond to  
different dynamics 



Good Tsallis pT fits raise questions 

• What is the physical meaning of  n ?  
 

• If n is the power index of 1/pT
n,     then why is  n ~ 7,  

                                    whereas pQCD predicts    n ~ 4  ? 
 
• Why are there only few degrees of freedom over such a large pT  domain ? 
 
• Do multiple parton collisions play any role in modifying the power index n? 
 
• Does the hard scattering process contribute significantly to the production  
      of low-pT hadrons? 
 
• What is the origin of low-pT part of Tsallis fits ? 

 
• ……………………………………………………………………….. 
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Parton Multiple Scattering 

The contribution from the single collision dominates,  but high multiple 
collisions comes in at lower pT  and for more central collisions 

For the collision of a parton a with a target of A partons in sequence without centrality 
selection, the differential cT distribution is given by 
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One expects then  that for more and more central collisions, 

contributions with a greater number of multiple parton collisions 

gains in importance. As a consequence, the power index n is 

expected to become greater when we select more central collisions 

(subject to experimental verification). 



Good Tsallis pT fits raise questions 

• What is the physical meaning of  n ?  
 

• If n is the power index of 1/pT
n,     then why is  n ~ 7,  

                                    whereas pQCD predicts    n ~ 4  ? 
 
• Why are there only few degrees of freedom over such a large pT  domain ? 
 
• Do multiple parton collisions play any role in modifying the power index n? 
 
• Does the hard scattering process contribute significantly to the production  
      of low-pT hadrons? 
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RHS Model - The Power Index in Jet Production 

[18] D. W. Duke and J. F. Owens, Phy. Rev D30, 49 (1984). 
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How to get n from data ? 
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Notice: parameter C regularizes the coupling constant for small values of Q(cT ). 

How to get n from data ? 



D0 jet data can be described by RHS model  
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ALICE and CMS jet data can be described by RHS model  

(without regularization of α(pT);  R is clustering parameter used  in  jet finding algorithms) 
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Except for the CMS data at 7 TeV that may need further re-examination, the power 

indices extracted for hadron jet production are in approximate agreement with the 

value of  n=4.5  in Eq. (19) and with previous analysis in [10], indicating the 

approximate validity of the hard scattering model for jet production in hadron-hadron 

collisions, with the predominant α2
s / c4

T  parton-parton differential cross section as 

predicted by pQCD. 

[10] F. Arleo, S. Brodsky, D. S. Hwang, and A. M. Sickles, Phys. Rev. Lett. 105, 062002 (2010). 



Evolution from jet to hadrons 

The evolution from a jet to hadrons passes through the 
stages of 
 
   (i) showering (and/or fragmentation), 
 
   (ii) hadronization. 

18 
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Phenomenological Modifications for Hadron  Production 
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(*) For the case of hadron production, it is necessary to take into account additional  

effects. Jets undergoes fragmentation and hadronization to produce the observed  

hadrons.   

(*) For example:  from the fragmentation function for a parent parton jet to fragment 

into hadrons, an observed hadron p of transverse momentum pT    can be estimated 

to arise (on the average) from the fragmentation of a parent jet  c  with transverse  

momentum  <cT > =2.3pT  [11]. 

hadrons 

[11] C. Y. Wong and G. Wilk, Phys. Rev. D87, 114007 (2013). 



Effects of showering (and/or fragmentation) on power law  
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Showering and the power index  
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As a result of parton showering involving virtuality degradation, the 
leading hadron momentum p and the showering parton momentum   c    
may not be linearly related and can expect that 
 
 
 
 
 
 
where parameter μ describes details of virtuality degradation. As a 
consequence, the power index can be changed  under  parton 
showering. 
 

μ1c zp −=
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After the fragmentation and showering of the parton c to hadron p, the hard-scattering cross 
section for the scattering in terms of hadron momentum pT  becomes 
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Here a is a constant relating the scales of virtuality and transverse momentum. Therefore 
under the fragmentation    c→ 𝒑𝒑,  the hard scattering cross section for 𝑨𝑨𝑨𝑨 → 𝒑𝒑𝒑𝒑 becomes: 
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After all  this one gets power-law behavior but not Tsallis formula: 
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Low pT is not correct.   
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Low pT is not correct.  The proposed possible remedy is  
 
to replace the usual parameter     p0   (~𝟏𝟏 ÷ 𝟐𝟐 𝑮𝑮𝑮𝑮𝑮𝑮)     dividing phase space into 
part governed by „soft  physics „    (pT  < p0 )   from that governed by „hard 
physics” ( pT ≥ p0  )     by regularizing denominator in (*), 
 
for example by using: 
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Notice that we have just assumed 
 
the form  of Tsallis formula showed 
 
at the beginning:  
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In addition to the replacement  
 
                              𝟏𝟏/𝒑𝒑𝑻𝑻 𝒏𝒏  →     𝟏𝟏/ 𝟏𝟏 +  𝒑𝒑𝑻𝑻/𝒑𝒑𝟎𝟎 

𝒏𝒏 
 
in actual calculations  we also  regularize coupling constant for small 
values of  pT    (following method proposed in hadron spectroscopic studies by 
C. Y. Wong, E. S. Swanson, and T. Barnes, Phy. Rev. C, 65, 014903 (2001)). 
 



27 

Experiments measure the differential yield in nonsingle-diffractive events, which in 
our case is 
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Experiments measure the differential yield in nonsingle-diffractive events, which in 
our case is 
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Looks like Tsallis … but with quite complicated prefactor 



Analysis of hadron pT distributions 
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Comparison of the experimental data for hadron production in pp collisions at the  LHC   
with the relativistic hard scattering model results (solid and dashed curves) (a) using  
Eq. (25), with a quadratic mT dependence of the regulating function, and (b) using  
Eq. (24), with a linear mT dependence of the regulating function. In both cases 
regularized coupling constant αS  was used. 
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(*) For pp collisions at the LHC the power index extracted from hadron 

spectra has the value of n∼6 and is  slightly greater than the power indices 

of n∼4-5 extracted from jet transverse differential cross sections.  

 

(*)  Fragmentation and showering processes increase therefore slightly the 

value of the power index n of the transverse spectra. 
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Relevance to Tsallis fits to pT spectra 
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Conclusions 

• A simple Tsallis formula can describe data with a power 
index of  n ~ 6.6 - 7.6 

 
• A power law with a power index of  n ~ 4 - 5  can describe 

the pT spectra of jets. 
 
• A regularized power law with a power index of n ~  5.5 -  6 

can describe (together with regularized coupling constant) 
the pT spectra of  hadrons for all pT . 

 
• The power index  n  appears to become larger as   a jet 

evolves into hadrons. 
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Thank you 
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