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hydro�Standard model� of HICApproah
Our approah (�Standard Model of heavy-ion ollisions�):initial → hydro → statistial hadronizationInitial phase - Glauber model (or Color Glass, KLN)HydrodynamisStatistial hadronization at freeze-out



hydro�Standard model� of HICGLISSANDOGLauber Initial State Simulations AND mOre...[WB, Bo»ek, Rybzy«ski℄
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hydro�Standard model� of HICHydrodynamis (Bo»ek)
EM tensor of the perfect fluid

T µν
0 = (ǫ + p)uµuν − pgµν

+ stress corrections from shear π and bulk Π viscosities (Israel-Stewart)

T µν = T µν
0 + πµν +Π∆µν

∂µT
µν = 0

The viscous corrections are solutions of

∆µα∆νβuγ∂γπαβ =
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∆µν = gµν − uµuν, ∇µ = ∆µν∂ν
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The relaxation time is taken as τπ = τΠ = 3η
Ts



hydro�Standard model� of HICSound veloity and visosity
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hydro�Standard model� of HICStatistial hadronization
Statistial hadronization at freeze-out via Frye-Cooper formula +resonane deays (THERMINATOR), transverse-momentumonservation approximately imposed, harge onservation imposed

Ed3Ni

d3p
=

∫

dΣµ(x)p
µ fi[p · u(x)]



hydro�Standard model� of HICHow hydro works?



hydro�Standard model� of HIC3+1 D visous hydro
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hydroFlutuationsInitial �utuations in the Glauber approah
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generated with GLISSANDO, isentropes at s = 0.05, 0.2, and 0.4 GeV−3



hydroFlutuationsOdd harmoni �ow from �utuations
d2N

dpT
=

d2N

2πpTdpT

(

1 +
∞
∑

i=1

vi(pT ) cos[i(φ−Ψi)]

)triangular �ow
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hydroFlutuationsTransverse-momentum �utuationssmaller initial size in the event → stronger hydro push → largerradial �ow veloity → larger average transverse momentum in theevent, and vie versa
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hydroTwo-partile two-dimensional orrelations2D two-partile orrelations
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hydroTwo-partile two-dimensional orrelations2D two-partile orrelations
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hydroTwo-partile two-dimensional orrelationsSoures of orrelationsjets → entral peak (same jet), away-side ridge (bak-to-bakjets)olletive harmoni �ow → near- and away-side ridgesharge balaning → entral peak, shape of the near-side ridgeresonane deays → away-side ridgeBose-Einstein → entral peakCoulomb, �nal-state, . . .



hydroTwo-partile two-dimensional orrelationsRidges



hydroTwo-partile two-dimensional orrelationsp-p



hydroTwo-partile two-dimensional orrelationsPhysis World, pp



hydroTwo-partile two-dimensional orrelationsPb-Pb



hydroTwo-partile two-dimensional orrelationsp-Pb

(released Otober 2012)Near-side ridge indiates olletivity



hydroTwo-partile two-dimensional orrelationsFlow
ρ
phys
2 (∆φ,∆η)=

1
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hydroTwo-partile two-dimensional orrelationsStar data, 2007
(0.8 < pT < 4 GeV - “unbiased”, HBT peak removed)

η ∆

0

0.5

1

1.5 (deg)   

φ ∆

0

50

100

150

0.99

1

1.01

(a)

Unlike-sign

η ∆

0

0.5

1

1.5
 (deg)  

φ ∆

0

50

100

150

0.99

1

1.01

(b)

Like-sign



hydroTwo-partile two-dimensional orrelationsSTAR data, 2008
like sign (0.8 < pT < 4 GeV - “unbiased”)
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hydroTwo-partile two-dimensional orrelationsSTAR data, 2008
unlike sign (0.8 < pT < 4 GeV - “unbiased”)
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hydroTwo-partile two-dimensional orrelationsSTAR vs. model
(like sign, 0.8 < pT < 4 GeV, model unbalanced)
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hydroTwo-partile two-dimensional orrelationsSTAR vs. model
(unlike sign, 0.8 < pT < 4 GeV, model unbalanced)
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hydroTwo-partile two-dimensional orrelationsCharge balaning (from resonane deays and �diret�)transverse-plane view of the expanding system at freeze-out
u

p1

p 2

+

_

+

_

direct balancing: particle-antiparticle pair emitted from the neutral
hydrodynamic medium at freeze-out from the same space-time point,
e.g., π+π−, K+K−, pp̄, . . . , ∆0∆̄0 . . .
resonances also contribute



hydroTwo-partile two-dimensional orrelationsSTAR vs. model
(like sign, 0.8 < pT < 4 GeV, balanced)
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hydroTwo-partile two-dimensional orrelationsSTAR vs. model
(unlike sign, 0.8 < pT < 4 GeV, balanced)
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(orret �o�sets� - ompare to Takahashi et at. 2009, Sharma et al. 2011)



hydroTwo-partile two-dimensional orrelationsRole of balaning
(0.2 < pT < 2 GeV, C = R2)
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hydroTwo-partile two-dimensional orrelations3 entralities
(0.8 < pT < 4 GeV)
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hydroBalane funtions2D balane funtions
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hydroBalane funtions2D balane funtions
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hydroBalane funtions2D balane funtions
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hydroBalane funtions2D balane funtionsCruial role of harge balaning
η ∆-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

φ ∆
-3

-2
-1

0
1

2
3

)φ ∆, η ∆
B

(

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14

 (a)



hydroBalane funtions2D balane funtionsCruial role of harge balaning
η ∆-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

φ ∆
-3

-2
-1

0
1

2
3

)φ ∆, η ∆
B

(

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14

 (a)

η ∆-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

φ ∆
-3

-2
-1

0
1

2
3

)φ ∆, η ∆
B

(

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14

 (b)    30-40%

small (resonane deays only) big (diret balaning)balaning + �ow → ollimationimportant non-�ow e�et, a way to look at the data(�ow e�ets in orrelations ≡ obtainable by folding the single-partiledistributions ontaining �ow)



hydroBalane funtionsBalane funtions in relative pseudrapidity ∆η

Marginal distribution of the above 2D funtion: the harge balanefuntion in ∆η
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hydroBalane funtionsBalane funtions in relative azimuth ∆φ[STAR 2010℄
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hydroFlow
v2n(∆η)

v2n(∆η) =
∫

d∆φ/(2π) cos(n∆φ)R2(∆η,∆φ)
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omparison to extrated STAR data (HBT removed), v22, v23fat: with balaning, thin: no balaning - ompletely �at
balancing → explanation of the fall-off of the same-side ridge in ∆η
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hydroFlowCharge-dependene of v2n(∆η)

(0.15 < pT < 2 GeV)
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hydrop-PbPhysis World again, p-Pb



hydrop-PbRidge
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hydrop-PbProjetion 2 ≤ |∆η ≤ 4
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hydrop-PbFlow in p-Pb
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hydroHBT radii in pPbHBT in p-Pb
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hydroHBT radii in pPb
kT dependene
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hydroConlusionsConlusions
Standard model of HIC works! (spectra, flow, interferometry radii)

New development: description of e-by-e fluctuations

E-by-e hydro in semi-quantitative agreement with the soft data for
2-particle 2D correlations from RHIC and LHC for A-A and p-A
collisions

Charge balancing combined with flow explains the shape of the
same-side ridge for ∆η <∼ 1 and ∆φ - major non-flow effect

The fall-off of the flow coefficients v2n(∆η) reproduced

Charge balancing increases v2n{2} by a few % and splits the like-sign
and unlike-sign combinations

→ late charge separation, at freeze-out

Explanation of the same-side ridge in p-Pb

Prediction: HBT radii for p-Pb as in peripheral A-A collisions

→ collective behavior in high-multiplicity p-Pb systems
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