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Heavy ion collision: Geometry
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Bjorken expansion

Experimental observation: At high energy (Ay — oo) rapidity
distributions of produced particles (in both pp and AA) are “flat”

dN
—— ~ const
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Physics depends on proper time 7 = /2 — 22, not on ¥y
All comoving (v = z/t) observers are equivalent

Analogous to Hubble expansion



Bjorken expansion
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Bjorken expansion: Hydrodynamics

Boost invariant expansion
ut =~(1,0,0,v,) = (t/1,0,0, z/7)

solves Euler equation (no longitudinal acceleration)

d

0" (su,) =0 = . 7s(7)] =0
Solution for ideal Bj hydrodynamics
S0To const
s(r) = =~ ="

Exact boost invariance, no transverse expansion, no dissipation, ...



Numerical estimates

Total entropy in rapidity interval [y, y + Ay]

R

S = stR*z = sTR*TAy = (5079)TR* Ay
1S .
S0To — 7TR2 Ay Z=TAY

Use S/N ~ 3.6
5.0 (dN) Bj estimate
So = estim
' T xR27, dy ‘]

Depends on initial time 75. Assume QGP equation of state
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Fixes initial temperature (and energy density)



BNL and RHIC




Multiplicities
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Bjorken expansion
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LHC: Pb—l—Pb A/SNN — 2.76 TeV




Predictions: Limiting fragmentation
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Result vs Predictions: mini-jets, color glass, ...
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Alice results: Scaling with energy

@ AA(0-5 %) ALICE A pp NSD ALICE

B AA(0-5 %) NA50 o pp NSD CMS
A AA(0-5%) BRAHMS % pp NSD CDF
* AA(0-5%) PHENIX ¢ pp NSD UA5 o< 015
] AA(0-5 %) STAR % pp NSD UA1

¥V AA(0-6 %) PHOBOS  x pp NSD STAR




What does it mean?

Factor 2.2 in multiplicity: factor 2.85 in energy
density, factor 1.3 in temperature (at fixed 7)

AA = pp: extra multiplicity per participant pair.

Simple saturation works better than improved sat-

uration.



Chemical equilibrium at freezeout
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Collective behavior: Radial flow

Radial expansion leads to blue-shifted spectra in Au-+Au
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Collective behavior: Elliptic flow

Hydrodynamic
expansion converts
coordinate space
anisotropy
to momentum space

anisotropy
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Elliptic flow |I: Multiplicity scaling
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Viscous Corrections

Longitudinal expansion: Bj expansion solves Navier-Stokes equation

4
entropy equation lds 1 1 _ 3" +4
s dr T sTT
: . . 4n ¢
Viscous corrections small if 35 + = < (T'7)
s s

2/3

ecarly TT~T n/s ~ const n/s < 10Ty

late Tt ~ const n~T/o /o < 1

Hydro valid for 7 € |7, 74]



Viscous corrections to T;; (radial expansion)

4 2
Tzz: __Q Txx:Tyy:P+_Q

3T 3T

increases radial flow (central collision)
decreases elliptic flow (peripheral collision)

Modification of distribution function

=31
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Correction to spectrum grows with p?
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Elliptic flow Ill: Viscous effects
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Elliptic flow IV: Systematic trends
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Elliptic flow V: Predictions for LHC
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Elliptic flow VI: Recombination

“quark number” scaling of elliptic flow
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Flow excitation function
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What does it mean?

Hydro rules! RHIC data not an accident.
Differential vo exactly equal to RHIC (17)

Integrated v, somewhat high: mean pp increase?
acceptance?
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Jet quenching
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Jet quenching Il

Disappearance of away-side jet
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Jet quenching lll: The Mach cone

azimuthal multiplicity dN/d¢ wake of a fast quark
(high energy trigger particle at ¢ = 0) in N/ = 4 plasma
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Jet quenching: Theory
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energy loss governed by
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ATLAS mono-jet
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Event display of a highly asymmetric dijet event, with
one jet with Ep > 100 GeV and no evident recoil-
ing jet, and with high energy calorimeter cell deposits

distributed over a wide azimuthal region. Only tracks
with pr > 2.6 GeV.



What does it mean?

Jets can be identified in AA environment.

E7 > 100 GeV jet is stopped!

Proof of principle, detailed analysis needed.



