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Discovery at the LHC 
Proton-proton collisions at 𝑠 = 7000 GeV 
Proton-lead collisions at 𝑠 = 5020 GeV 

𝜋+ 

𝑝                       𝑝, 𝐴 

𝜋+ 

Particles with large rapidity separation prefer similar azimuthal  
angles (collimation)! 
 
Back-to-back contribution also present (jets, obvious) 

∆𝜑 ~ 0 
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The effect is larger in p+Pb than p+p collisions 

CMS Coll., JHEP 1009 (2010) 091; PLB 718 (2013) 795 
ALICE Coll., PLB 719 (2013) 29 
ATLAS Coll., PRL 110, 182302 (2013) 
PHENIX Coll., PRL 111, 212301 (2013), d+Au at 200 GeV 

at the same multiplicity in  
𝜂 < 2.4 and 𝑝𝑡 > 0.4 GeV 

Experimental data (sample) 

The more particles the stronger the effect not shown here 
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Perhaps we can apply hydrodynamics to high-multiplicity pp and pA  
collisions. The interaction region is small but dense.  

P.Bozek, PRC 85 (2012) 014911; P.Bozek, W.Broniowski, G.Torrieri, PRL 111 (2013) 172303 
AB, B.Schenke, P.Tribedy, R.Venugopalan, PRC 87 (2013) 064906 
E.Shuryak, I.Zahed, PRC 88, 044915 (2013) 
K.Werner, B.Guiot, Iu.Karpenko, T.Pierog, arXiv:1312.1233 
G.Qin, B.Müller, PRC 89, 044902 (2014) 

𝑝𝑝 
𝑝𝐴 

Standard hydro can fit the data for  
p+Pb. p+p and p+Pb described well  
by EPOS3. 

? ? 
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However, there is no strong control over initial conditions in p+A 

AB, B.Schenke, P.Tribedy, R.Venugopalan, PRC 87 (2013) 064906 

Results are strongly dependent on viscosity 
No real predictive power 
Centrality dependence is not clear 
→ hydro in p+p and p+Pb is plausible but it is still an open question  
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Color Glass Condensate  
Relevant diagrams: 

two back-to-back jets 

collimation “diagram” 

K.Dusling, R.Venugopalan, PRD 87 (2013) 094034; PRL 108 (2012) 262001 

CGC results (sample) 



8 

Color Glass Condensate  
Relevant diagrams: 

two back-to-back jets 

collimation “diagram” 

K.Dusling, R.Venugopalan, PRD 87 (2013) 094034; PRL 108 (2012) 262001 

here physics is trivial: Transverse  
momentum conservation, ∆𝜑 ~ 𝜋 

what exactly is responsible for ∆𝜑 ~ 0 ?  
Yes, it comes from CGC equations but  
this is not a satisfactory answer… 
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CGC is not parameter-free 

For each 𝑁trk a separate 𝑄0(proton) is chosen  
No real predictive power (like hydrodynamics) 
No intuitive picture 
In A+A there is no smoking-gun evidence of CGC   

K.Dusling, R.Venugopalan, PRD 87 (2013) 054014 



10 

Parton scatterings (AMPT) 

Gu-Liang Ma, AB, in preparation. 

Only elastic 2-to-2 scatterings. 
Not clear to what degree a simple partonic picture is OK. 

𝜎 = 1.5 mb 

preliminary 
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Despite many  
problems, model  
works very well 

Basically only one  
free parameter 
𝜎 = 1.5 mb 

It combines best  
features of CGC  
and hydrodynamics 

More results soon 

Gu-Liang Ma, AB, in preparation. 

preliminary 
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CGC vs Hydrodynamics 
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Superposition of p+p cannot describe 𝑝𝑇  vs. 𝑁track > 50.  

AB, V.Skokov, PLB 726 (2013) 408 
CMS Coll., arXiv:1307.3442 [hep-ex] 

𝜂 < 2.4  

𝑦 < 1 

For heavier particles disagreement is stronger.  
Indication of some “collective” physics dependent on particle mass 

Is p+Pb a superposition of p+p? Not a priori obvious. 



Wounded Nucleon Model (WNM) 

The model works very well in the non-perturbative region for  
200 GeV d+Au collisions at RHIC (and for smaller energies in  
various p+X collisions). To be checked at LHC. 

A.Bialas, M.Bleszynski, W.Czyz,  
Nucl. Phys. B 111, 461 (1976) 
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𝑁𝑝𝑎𝑟𝑡 = 4 + 1 

At 𝑦 = 0 or for the total number of  
particles: 

𝑁𝑝𝐴 =
𝑁𝑝𝑝

2
𝑁𝑝𝑎𝑟𝑡 

Number of “sources” scaling 

𝑁𝑐𝑜𝑙𝑙 = 4 

Not clear how to understand this in QCD 



CGC in general gives something different 

small 𝑥 

large 𝑥 

nucleons in the nucleus (here 𝑁𝑝𝑎𝑟𝑡 = 3) 

Number of large-𝑥 partons is proportional to 𝑁𝑝𝑎𝑟𝑡  

 
Number of low-𝑥 gluons (saturation) do not scale with 𝑁𝑝𝑎𝑟𝑡  

since we are in the nonlinear regime  

𝑁𝑝𝐴  ~ ln (𝑁𝑝𝑎𝑟𝑡) 

15 A.Dumitru, L.McLerran, NPA 700 (2002) 492 
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CGC:       𝑁𝑝𝐴  ~ ln (𝑁𝑝𝑎𝑟𝑡)     checked in rcBK, IP-Glasma, KLN 

WNM:    𝑁𝑝𝐴  ~ 𝑁𝑝𝑎𝑟𝑡 

AB, V.Skokov, PRL 111 (2013) 182301 
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ATLAS preliminary data 

WNM 

CGC 

Look at −1 < 𝜂 < 0, 
the shaded bands 

Preliminary data  
consistent with WNM 

E.Shulga (ATLAS Coll.), talk at IS2013 
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𝑝𝑇  versus 𝜂 on proton side 

P.Bozek, AB, V.Skokov, PLB 728 (2014) 662 

CGC predictions are not so clear, many uncertainties. 
Anyway, it is worth giving a try. 

p side Pb side p side 

less stuff on proton side 𝑝𝑡  ~ 𝑄𝑠
𝐴, 𝑄𝑠

𝐴 is growing with y 



19 

(𝑣2{2})2 = 𝑒𝑖2(𝜑1−𝜑2)  

                   = 𝑣2
2 + 𝑐2 

(𝑣2{4})4 = − 𝑒𝑖2 𝜑1+𝜑2−𝜑3−𝜑4 + 2 𝑒𝑖2 𝜑1−𝜑2
2

 

  = − 𝑣2
4 + 2 𝑣2

2 2
+ 𝑐4                   

Correlations: 

etc. 

If in each event 𝑣2 = 𝑣2: 
𝑣2 2 = 𝑣2 + 𝑐2 

𝑣2 𝑚 = 𝑣2 + 𝑐𝑚 

N.Borghini, P.M.Dinh, J.-Y.Ollitrault, PRC 63 (2001) 054906 

𝑐𝑚 is non-flow 
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Pb-Pb 
this difference is    
             due to 𝑐2 

difference between 𝑣2{2} and 𝑣2 4 ≈ 𝑣2{6} ≈ 𝑣2{8} is due to  
flow fluctuations 
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MC calculation for ellipticities    

AB, P. Bozek, L. McLerran, NPA 927 (2014) 15  

𝑏 

𝜎𝑖𝑛 𝑏  ~ 𝑒−𝑏2/𝛾 

inelastic cross-section 

in hydrodynamics 𝜈2 ~ 𝜖2 

(so called Glauber MC) 

Indication that 𝑣2 2 > 𝑣2 4 ≈ 𝑣2{6} ≈ 𝑣2 8  in A+A follows from  
initial geometry. What about p+A ? 
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p+A with negative binomial distribution 

Hydro calculations: 

AB, P. Bozek, L. McLerran, NPA 927 (2014) 15 
AB, V. Skokov, arXiv:1312.7349  

𝑣2 2 = 0.082 ± 0.002 

𝑣2 4 = 0.055 ± 0.004 

𝑣2 6 = 0.052 ± 0.005 

for many other implementations  
it looks similar 

see our beautiful analytical calculations:  
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CMS Coll., PLB 724 (2013) 213 𝑣2 2  and 𝑣2 4  in p+Pb 

What is the CGC answer? Is 𝑣2 4  positive ?  
If not, it could be the decisive test. 
  
We need 𝑣2 6  to see if 𝑣2 2 > 𝑣2 4 ≈ 𝑣2{6} 

looks like A+A 
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HBT radii 

(p+p, p+Pb) AB, B.Schenke, P.Tribedy, R.Venugopalan, PRC 87 (2013) 064906 
(Pb+Pb) taken from B.Schenke 

Initial sizes of p+p, p+Pb and Pb+Pb are very similar in CGC  

(Pb+Pb is 15% larger than p+Pb for (𝑑𝑁/𝑑𝑦)1/3= 3) 
 
Similar size, same number of gluons, similar densities → similar initial  
conditions in all systems for potential hydro evolution and … 

IP-Glasma 
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→ consequently similar measured quantities, e.g., HBT radii (no  
matter if there is hydro or not). 
 
In experiment 𝑅inv in peripheral Pb+Pb is larger by 30-50% than in  
p+Pb, not clear if this is consistent with CGC initial conditions. 
 
𝑅inv is a non-trivial observable and should be calculated explicitly. 
 
Are HBT radii good observables for small systems? 

ALICE Coll., arXiv:1404.1194 
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Interesting PHENIX result, d+Au  

PHOBOS, PRC 72 (2005) 031901 

To be checked in all models, possibly the decisive test. 
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Conclusions (1) 

• surprising long-range (in rapidity) azimuthal collimation in  
      p+p, p+Pb, d+Au collisions 

• the more particles the stronger the effect 

• hydrodynamics seems to work 

• CGC seems to work 

• simple parton scattering also seems to work  

• the data are over-described, we need good observables to  

      learn something  
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Conclusions (2) 

• CGC: the number of particles ~ ln (𝑁𝑝𝑎𝑟𝑡) 

      in the WNM: ~ 𝑁𝑝𝑎𝑟𝑡 

• the preliminary ATLAS data supports the WNM 

• CGC vs. hydro: 𝑝𝑇  as a function of 𝜂 can help 

• perhaps 𝜐2 𝑛  can help, in hydro  

                   𝑣2 2 > 𝑣2 4 ≈ 𝑣2 6 ≈ 𝑣2 8   

      not clear about CGC (especially sign) 

• HBT 𝑅inv, no real predictions so far 

• Interesting PHENIX result, to be checked in all models 


