
Forward particle production in the CGC approach 

University of São Paulo        

 F.S. Navarra 

I  - Leading baryons in pp and AA 

II – Average pT  in pp and AA 

Heavy Ion Meeting, Orsay, 9 december, 2015  



     Leading Baryons  in pp  and AA 
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Leading protons  in  pp  
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How does it happen microscopically ? 

Is there a simple QCD understanding ? 

What happens at higher energies ? 
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“Gluon stripping” and  valence quark recombination 

Carruthers, Duong-Van, PRD 28 (1983) 130 Pokorski, Van Hove, NPB 86 (1975) 243 

Gluons carry half of the momentum of the proton 

Gluon interactions are stronger �gg > �qg > �qq
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Duraes, FSN, Wilk, hep-ph/0412293 

    “Gluon stripping” and   
valence quark recombination 

Brenner et al., PRD (1982) 

Barton et al., PRD (1983) 
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Valence diquark fragmentation 
Strikman et al., hep-ph/9604299  
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Valence quark  independent fragmentation: color glass condensate 

Albacete, Kovchegov, hep-ph/0605053   
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Dumitru, Gerland, Strikman, hep-ph/0211342  

Dumitru, Jalilian-Marian, hep-ph/0111357   
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Baryon junction excitation 
Kharzeev,  PLB (1996) 

hep-lat/0006005 

hep-lat/0204011 

Suganuma et. al 
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Leinweber et al. 
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Recombination       Quark 
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    Diquark 
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Higher energies 

more gluons 

low x  gluons in the target 

< pT > grows 

Transverse “kick”  destroys  
projectile coherence  

no recombination ! 

Recombination  Independent fragmentation  
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       CGC: 
 onset at Qsat  ! 



Softening of the LP spectrum in cosmic rays 
Dumitru, Gerland, Strikman, hep-ph/0211342  

Large xL : clear separation between recombination and independent fragmentation 

Duraes et al (2007) 
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Start with pp, increase the energy and use the  LHCf   



CGC approach 

Mehtar-Tani, Wolschin,  arXiv:1102.3134, arXiv:1001.3617, arXiv:0907. 5444   

Duraes, Goncalves, Giannini, FSN, arXiv:1401.7888 

Leading baryons  in  AA  

Not always forward production:  “large y”   à   medium to small  xF   

Valence quarks are in the net baryon distribution:    B � B̄

Valence quarks “go through” 
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“Net baryon” fragmentation function 

Unintegrated gluon distribution 

Valence quark distribution 

Dipole scattering amplitude  N (x2, rT )

Albino, Kniehl, Kramer,  
    arXiv:0803.2768 

   Martin, Stirling, Thorne  
    Phys.Lett. B636 (2006) 

Dumitru, Jalilian-Marian,  
     hep-ph/0204028   



Dipole scattering amplitude  

Golec-Biernat – Wüsthoff (GBW):  

Boer - Utermann – Wessels (BUW):  
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arXiv:0711.4312  
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BUW works! 
exp(�q

2
T ) ! 1/q4T

             large xF : 
  failure of independent 
     fragmentation ? 
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Summary I 

Forward baryon production (cosmic rays, LHCf, ? ) 

Valence quarks probe the low gluons in  the target  (test for saturation) 

CGC approach works (!)  

Net baryons:  they carry the valence quarks 

Transition from recombination to independent fragmentation 

Onset of the CGC regime  

Observable: 

Physics: 

Results: 

Onset of  independent fragmentation (?) 

Future: 



Average pT  versus rapidity  in p A Collisions 

II 



p-Pb : CGC or hydrodynamics ? 

“Ridge effect”: long range correlations in rapidity and azimuthal angle 

CGC:  

Dumitru, Giannini, Nucl. Phys. A933, 212 (2014) 
Dumitru, McLerran and Skokov, arXiv:1410.4844 
Lappi, Phys. Lett. B744, 315 (2015) 
Schenke, Schlichting, R. Venugopalan, Phys. Lett. B747, 76 (2015) 
Dumitru,  Giannini, Skokov, arXiv:1503 
Lappi, Schenke, Schlichting, Venugopalan, arXiv:1509.03499  

Dusling, Venugopalan,   arXiv:1302.7018, arXiv:1211.3701, arXiv:1201.2658 

Hydro:  

Azimuthal asymmetries and elliptic and triangular flow 

CGC:  

Hydro:  

Bozek, Eur. Phys. J. C71, 1530 (2011); Phys. Rev. C85, 014911 (2012). 
Bozek, Broniowski, Phys. Lett. B718, 1557 (2013); Phys. Rev. C88, 014903 (2013). 
Bozek, Broniowski. Torrieri, Phys. Rev. Lett.111, 172303 (2013). 
Bzdak, Schenke, Tribedy, Venugopalan, Phys. Rev. C87,064906 (2013). 
Shuryak, Zahed, Phys. Rev. C88, 044915 (2013). 
Werner, Bleicher, Guiot, Karpenko, Pierog, Phys. Rev. Lett.112, 232301 (2014). 
Schenke, Venugopalan, arXiv:1405.3605 

Alver, Roland, Phys. Rev.C81, 054905 (2010).  
Bozek, Eur. Phys. J.C71, 1530 (2011); Phys. Rev.C88, 014903 (2013) 
Bozek, Broniowski,Torrieri, Phys. Rev. Lett.111, 172303 (2013). 
Shuryak, Zahed, Phys. Rev. C88, 044915 (2013). 
Werner, Bleicher, Guiot, Karpenko, Pierog, Phys. Rev. Lett.112, 232301 (2014). 



How to disentangle CGC from hydrodynamics ? 
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Summary II 





Central region: 

Forward region: 

N
protons

' N
antiprotons

ALICE, arXiv:1305.1562 

N
protons

> N
antiprotons

Protons from sea quarks 
         and gluons 

Protons from valence quarks  

Np � Np̄ = ”Net protons” ' 0

Np � Np̄ = ”Net protons” > 0



Feynman scaling  ? 
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Not really forward production:  “large y”   à   medium to small  xF   

CGC:  

Valence quarks are in the net baryon distribution:    B � B̄

Nucleus-Nucleus Collisions 

Valence quarks “go through” 

y = 4

pT = 4GeV
p
s = 5000GeV

xF ' 0.04

Dumitru, Jalilian-Marian, hep-ph/0204028   

DJ 

hard valence quarks with no-recoil 







Start with pp, increase the energy and use the  LHCf   

Look for net-baryons in AA plus indep. frag. 

                When does the transition   
Recombination  to  Independent  Fragmentation   
                           occur ? 

Another way to follow the valence quarks: 





Proton-Nucleus  



MTW 

F NF 



Albacete, Kovchegov, 
  hep-ph/0605053   

Y=0 
“soft” valence quarks 



p/⇡

ratio 

   Net-protons: 
no enhancement ! 



Baryon stopping 

II)  Duraes, Goncalves, Giannini, FSN (DGGN) 

GBW  dipole amplitude BUW  dipole amplitude 

KKP fragmentation functions AKN fragmentation functions 

Dp� p̄(z) = Nza (1� z)b

I) Mehtar-Tani, Wolschin (MTW) 
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Higher energies  

Number of quarks, antiquarks and gluons (“partons”) grows ! 

Parton distribution  ( = “number of partons”): f(x,Q2)

x = momentum fraction of the proton 

Q2 = 4-momentum squared  
        of the probe (“resolution”) 

f(x,Q2) grows with energy  (~1/x) 

More and harder partons à  saturation ! 

Color Glass Condensate (CGC) 



Proton-Nucleus: Nuclear Modification Ratio 



Baryon production  in high energy collisions: 

Central region: from sea quarks and gluons 

Forward region: from valence quarks (“leading baryons”)  
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ALICE, arXiv:1305.1562  



Valence quark recombination (“coalescence”)  

Braaten, Jia, Mehen, hep-ph/0108201  

Effective theory for  heavy quark recombination 

Rapp, Shuryak, hep-ph/0301245   

Model for quark coalescence   

Hwa, Yang,  Zhong,  nucl-th/0401001   

Duraes, FSN, Wilk,  
hep-ph/9809309 
hep-ph/0412293  
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Test of CGC  at large rapidity with  heavy nuclei :  Qs is large ! 



Energy loss of one valence quark + independent fragmentation 

p p 

energy loss fragmentation 

CGC 
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No strong baryon stopping:  baryon  “transparency” 

p p 

Valence quark recombination 









Pictures of the nucleon 
E. Shuryak,  hep-ph/9603354 

Non-relativistic  
  quark model 

MIT bag model  Skyrmion Chiral bag 
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