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Why colliding ultra-relativistic heavy ions?!

“In high-energy physics we have concentrated on 
experiments in which we distribute a higher and 
higher amount of energy into a region with smaller 
and smaller dimensions.!
!
In order to study the question of ‘vacuum’, we 
must turn to a different direction; we should 
investigate some ‘bulk’ phenomena by distributing 
high energy over a relatively large volume.”!
!
!
Prof. T.D. Lee, Rev. Mod. Phys. 47, 267(1975).!
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Standard paradigm of a heavy-ion collision!

Visualization: madai.us!

fm/c!

~1!0! ~10! ~20!

Initial state!

Pre-equilibrium!
Dynamics!

QGP!

Hadronization! Freeze-out!

Discovery of a high temperature, thermalized 
medium with quark and gluon degree of freedom!

~ 10fm!
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Surprisingly, the QGP behaves as a fluid, descirbed 
by nearly ideal hydrodynamics (very little friction)!

     − defines ψR,!
(direction of the impact parameter)!

Reaction  
      plane 
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z 

y 

Reaction!
plane!

Initial-state asymmetry: !
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Surprisingly, the QGP behaves as a fluid, descirbed 
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Nothing at ΔΦ ~ 0, |Δη|>2 !



Breaking news in 2010!!

(Near-side)!
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pp 7 TeV, MinBias! pp 7 TeV, Ntrk>110!

High-multiplicity pp events!

CMS, JHEP 09 (2010) 091 
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Breaking news in 2010!!

Nothing at ΔΦ ~ 0, |Δη|>2 !
(Near-side)!

1 < pT
a, pT

b < 3 GeV/c!

p! p!

pp 7 TeV, MinBias! pp 7 TeV, Ntrk>110!

High-multiplicity pp events!

Near-side ridge!
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Breaking news in 2010!!

1 < pT
a, pT

b < 3 GeV/c!

p! p!

pp 7 TeV, Ntrk>110!

High-multiplicity pp events!

Not a pileup!!

10-6 – 10-5 prob.!
CMS, JHEP 09 (2010) 091 

Near-side ridge!
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“Ridge” tsunami in pPb at the LHC!

φΔ
0

2

4

ηΔ

)
η

Δ,φ
Δ

C
( 1

1.1
 

-4     
 -2     

 0     
 2     

 4

(a)

φΔ
0

2

4

ηΔ

)
η

Δ,φ
Δ

C
( 1

1.04
 

-4     
 -2     

 0     
 2     

 4

(b)

ATLAS =5.02 TeVNNsp+Pb  
-1bµ 1 ≈ L ∫ <4 GeVa,b

T
0.5<p<20 GeVPb

TEΣ >80 GeVPb
TEΣ

|φΔ|0 1 2 3

)φ
Δ

Y(

0

0.2

0.4

0.6

 

(c)
ATLAS -1bµ 1 ≈ L ∫=5.02 TeV, NNsp+Pb   

|<5ηΔ<4 GeV,   2<|a,b
T

0.5<p

>80 GeVPb
TEΣ

<20 GeVPb
TEΣ

=14.3C
ZYAMb

=3.2P
ZYAMb

 [GeV]〉Pb
T

EΣ〈
0 50 100

in
t

Y

0

0.2

0.4

0.6

 

/3π|<φΔNear:  |

/3π|>2φΔAway: |

Difference

ATLAS -1bµ 1 ≈ L ∫=5.02 TeV, NNsp+Pb   

|<5ηΔ<4 GeV,   2<|a,b
T

0.5<p (d)

Long-range angular correlations in p–Pb collisions ALICE Collaboration

Fig. 3: Left: Associated yield per trigger particle in Dj and Dh for pairs of charged particles with
2 < pT,trig < 4 GeV/c and 1 < pT,assoc < 2 GeV/c in p–Pb collisions at

p
sNN = 5.02 TeV for the 0–20%

multiplicity class, after subtraction of the associated yield obtained in the 60–100% event class. Top
right: the associated per-trigger yield after subtraction (as shown on the left) projected onto Dh averaged
over |Dj| < p/3 (black circles), |Dj �p| < p/3 (red squares), and the remaining area (blue triangles,
Dj < �p/3, p/3 < Dj < 2p/3 and Dj > 4p/3). Bottom right: as above but projected onto Dj av-
eraged over 0.8 < |Dh | < 1.8 on the near side and |Dh | < 1.8 on the away side. Superimposed are fits
containing a cos(2Dj) shape alone (black dashed line) and a combination of cos(2Dj) and cos(3Dj)
shapes (red solid line). The blue horizontal line shows the baseline obtained from the latter fit which
is used for the yield calculation. Also shown for comparison is the subtracted associated yield when
the same procedure is applied on HIJING shifted to the same baseline. The figure shows only statisti-
cal uncertainties. Systematic uncertainties are mostly correlated and affect the baseline. Uncorrelated
uncertainties are less than 1%.

the above-mentioned incomplete near-side peak subtraction on v2 and v3 is evaluated in the
following way: a) the size of the near-side exclusion region is changed from |Dh | < 0.8 to
|Dh |< 1.2; b) the residual near-side peak above the ridge is also subtracted from the away side
by mirroring it at Dj = p/2 accounting for the general pT-dependent difference of near-side
and away-side jet yields due to the kinematic constraints and the detector acceptance, which is
evaluated using the lowest multiplicity class; and c) the lower multiplicity class is scaled before
the subtraction such that no residual near-side peak above the ridge remains. The resulting
differences in v2 (up to 15%) and v3 coefficients (up to 40%) when applying these approaches
have been added to the systematic uncertainties.

The coefficients v2 and v3 are shown in the left panel of Fig. 4 for different event classes. The
coefficient v2 increases with increasing pT, and shows only a small dependence on multiplicity.
In the 0–20% event class, v2 increases from 0.06±0.01 for 0.5 < pT < 1 GeV/c to 0.12±0.02
for 2 < pT < 4 GeV/c, while v3 is about 0.03 and shows, within large errors, an increasing trend
with pT. Reference [34] gives predictions for two-particle correlations arising from collective
flow in p–Pb collisions at the LHC in the framework of a hydrodynamical model. The values
for v2 and v3 coefficients, as well as the pT and the multiplicity dependences, are in qualitative
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“Ridge” tsunami in pPb at the LHC!
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“Flow” analysis!

Collective phenomena and QGP fluid!
in small systems (L ~ 1fm)?!!

in 2012!
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How small a QGP fluid can be?!

Hydrodynamic applies when:!

L >> λm. f . p.

L~10 fm  !

AA!

L~1 fm  !

Too small and dilute?!
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How small a QGP fluid can be?!

Hydrodynamic applies when:!

L >> λm. f . p.

L~10 fm  !

AA!

L~1 fm  !

What if making it denser!
by increasing Ntrk?!
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Summary of current status!

Almost all signatures of “flow” phenomena now 
commonly observed in all hadronic systems (pp, 
pA, AA), at sufficiently high multiplicities.!

Some questions:!
!

²  Is QGP fluid created in small systems like pp?!
²  Is there a smallest scale of QCD fluid-like system?!
²  What’s still needed (experimentally) to reach a 

definitive conclusion?!
²  If everything flows, do we learn anything new 

about QGP from small systems?!
8!


