Collectivity in ultrarelativistic collisions
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hydrodynamic model

» expansion of dense matter
> close to local equilibrium
> initial conditions

> equation of state

» flow + thermal emission +
decays + rescattering
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ideal hydrodynamics

> energy momentum tensor
T = (e+ p)gh — Putu”

» ideal hydro (5 functions in 3+1D),
energy density, pressure, flow velocity

€(Xu) ) P(Xu) ) V(Xu)
» 4 hydrodynamic equations
0, TH =0
» equation of state (zero baryon density)
e =¢€(P)
massless gas ¢ = 3p
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hydro equations

> using e+ P=Ts, de = Tds, dP = sdT

> we calculate v, 0, TH
Ou(sut) =0

one equation = entropy conservation (ideal hydro)

» 3 other equations for flow velocity

su, v’ = (g — u"'u”)0,P
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longitudinal expansion
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Bjorken flow
» the density depends on the proper time

T =+t2 — 22 only,

flow velocity u* = (t/7,0,0,z/7) cooling in 2+1D and 3+1D

> one equation

500
de(r) _e(r) + P(r) < NS
= — ~
2 .
dr T 2 N
. o . 3 300 N
cooling from longitudinal expansion 2 N
1] .
. x N
> if %e ~ P G 200 N
=
v
= 150
T0\4/3
6(7-) =€ — 05 10 20 50 100
T T [fm/c]

» in 3+1D faster cooling when transverse
expansion sets in
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longitudinal+transverse expansion
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hadron gas at low temperature (know resonances from PDG)

matching at T,

Laine, Schroder 2006, Chojnacki, Florkowski 2007, Huovinen, Petreczky 2009

crossover - not first order phase transition
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freezeout
» density drops - hydrodynamic
evolution stops

» usually surface of constant
temperature

» particles emitted from fluid elements
Cooper-Frye formula

d3N
£ = [ dmp lp,u ()

» fluid velocity + thermal momenta

> latter - resonance decays
and/or rescattering
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OBSERVATION 1 - transverse flow
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» stronger flow at the LHC
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asymmetry in the transverse plane at finite impact parameter

Glauber model, KLN model, IP-Glasma
[ axdy(:P—y*)p(x.y)

eccentricity - e = Ty (ZEyD)p(xy)

Snellings 2011

larger gradient and stronger flow in-plane - v, > 0 - elliptic flow
dN
PP o 14 2vacos(2¢)
€2 + HYDRO RESPONSE — vo

Event Plane (Reaction plane) must be reconstructed in each event
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two-particle correlations in relative azimuthal angle
Cad) [ dordoad(on+ bo— i) 0
o 14 2vZ cos(Ag) + 2v2 cos(2A¢) + 2vZ cos(3A¢) +

rms v can be measured from two-particle correlations

(v3) = (ﬁ 22 cos(¢i — ¢;)) (cummulant method)

(a) Pb-Pb |5NN=27ST5V
L.=8ub" 0-5% 1.02-
2<p}. phed GeV

‘\ &

i‘.\

Ew WWWWM

Ad

(vq - directed flow, v3 - triangular flow) odd harmonics from fluctuations - see below
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OBSERVATION 2 - Elliptic flow

v 0.4F ; ; r . . ]
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208+208, 50000 events
b=00-24.0 fm

Mixéd Model:0,,= 67.7 mb,o,, =67.7 mb,a=0.150
Gaussian wounding profie, A% 0.92

variable-axes eccentricities, n=2,3,4,5,6

initial shape asymmetry transformed into flow asymmetry

strong indication of collective behavior
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Hanbury Brown-Twiss (HBT) correlations
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HBT requires hard equation of state

Broniowski, Chojnacki, Florkowski, Kisiel 2008, Pratt, 2009
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OBSERVATION 3 - hard equation of state
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Heavy-ion experiments consistent with lattice QCD
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fluctuating initial conditions

. Oo008F . eoN <120 T avuer

T o 160<N,,<200 Au+Au 200GeV 1

g 0.065 " Ini<1 7
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S| [ ]

fluctuating initial density & 0020 4

,0.021 ]

— larger eccentricity = 0:4;‘ ]
— fluctuating eccentricity 0

P, (GeV)

— triangular deformation €3
B. Alver, G. Roland

— dipolar (directed) flow vq

— < p1 > fluctuations

— RP orientation, torqued fireball
dN

5 x 14-2vy cos(p—W1)+2va cos(2(p—W2))+2v3 cos(3(p—WV3))+. ..
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Event by event hydro

=04 mie 6.0 mic, ideal =60 fmic, 7s=016
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Schenke, Jeon, Gale, Phys. Rev. 106, 04

042301 (2011) 02

Takahashi et al., Phys. Rev. 103, 242301 (2009)
event by event ideal hydro - Andrade, Grassi, Hama, Kodama, Socolowski 2006
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OBSERVATION 4 - triangular flow
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C.Gale et al. arXiv:1209.6330

(viscous) event by event hydrodynamics



OBSERVATION 5 -flow fluctuations
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< Vp >, < v2 > and the whole distribution of v, can be reconstructed.
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good description of flow fluctuations with IP-glasma + hydro
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C.Gale et al. arXiv:1209.6330
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event by event twist of the reaction plane
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Fluctuating RP twist o 450MeV.< pr <3GeV

can be measured 0 ' 2 .
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PB, Broniowski, Moreira, Phys. Rev. C83, 034911 (2011)

<eik[(¢F,1 +érF,2)—(d8,1+¢5,2)] )

cos(2kArg) {4} = <efk[(¢F,1—¢F,2)—(¢B,1—¢B,2)]>:

(cos(2k A g))

events T nonflow
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Event planes correlations
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» initial correlations

Bhalerao, Luzum, Ollitrault 2011, Qiu, Heinz 2012 . .. .
» nonlinearities of viscous

hydrodynamics
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sQGP or wQGP ?

How to see the difference?

[ p— : _ -
kp =0 MeV 5 e . 9
1 ——- pions
0.8 o ! - pions + kaons
. 4 ' — QGP N,~=3
- 1
. i
. 3 |
» \
o \
L ISP
3
— NNILO HTlpt
02f P PRy 1E
L ® Wippertal ~Hudapest |
e ® HoQn |
. : _— 0 10 1é‘ 1(‘)” 10*
200 00 A0 B0 1000 T(MeV)
T{MeV|

Csernai, Kapusta, McLerran, 2006
Haque, Andersen, Mustafa, Strickland, Su, 2013
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small viscosity fluid

» strongly coupled theory g = ﬁ ~ 0.08
» short mean-free path, large cross section

1
n= § anmfp

» for n/s = 0.08

Ly = 35 015 03fm
4mnp

» mean-free path comparable to wavelength
Lmgp =~ 0.9X
» mean-free path comparable to inter-particle distance
Lo ~ 0.5n71/3

all of the above means no quasi-particles, no kinetic description
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energy-momentum tensor

e 0 0 0
0 p+M 0 0
2 N7
T 0 0 p+n o |7
0 0 0  p4n

» shear viscosity

2not — a1 nT Tru®
AP AVB Y — _ kY
! a'yﬂ'aﬂ Tr 27T Tr Oa < 77T

» bulk viscosity

—Cayu7 -1 1 (T Tmu®
o Y 2 m “\ (T

viscosity corrections from velocity gradients
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OBSERVATION 6 - small viscosity

Glauber CGC
T T T T T T
0.1+ » _ PHOBOS] 0.3 1
2.0
0.08- B 0.04 1
.0.08- E .,0.06 E
> >
0.04/5-0.04 g 0.04 1
02 4 .02 E
0.0 n/s=0.16 00
0 ! L L 1 B o L L L .
0 100 200 300 400 0 100 200 300 400
NPar\ NPan

Luzum, Romatschke, Phys. Rev. C78, 034915 (2009)
Model uncertainties
Small viscosity : /s = 0.08 — 0.2 - sQGP
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C.Gale et al.

arXiv:1209.6330

P(v4/l¥30), P(es/E30) P(v,/¥,0), P(e,/1E,0)

P(vy/40), Pey/1840)
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pA collision
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5 ]
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p—F)b at 5.02-re\/ g ] >‘ g g 3
. A0F wW,2 3 o O 5

small dense fireball formed ! 2 R e
- g = £ 4

Y SO R
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3
<

VSNN
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Fireball in p-Pb

0.16; p-Pb Glauber Monte-Carlo

0.145 ‘ ‘ ‘ ‘

0.12H 8 Npyy < 10 v 0.12F p-pb 4.4TeV E
’\E 0.1¢] (32-49%) 11< Npy 17 2 01fF E
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0.04¢ : A 1SN, <17
0.02 002F .~ 8 Nygy < 10

£ . . z n " L L
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1 PB, arXiv:1112.0912
€
» collective flow effects ~ peripheral
Pb-Pb
104 > can be observed

»> p-A (d-A) is not p-p superposition
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d-Pb

l,

i d-Pb Glauber Monte-Carlo v, 0.25-d_Pb 3 11TeV ' =
0.8h 0.2F E
0.6 0.1sf ST

e [ A

i ™ 0.1f E
0.41:

H: 0.05F . E
o2f T i 11Ny, <15

H: ' 0 05 1 15 2 25

L] Il Il Il Il Il Il Il Il Il
051015720 25 30 35 40 45 50 Py [GeV]
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large elliptic flow

y [fm]

PB, arXiv:1112.0912

small-on-large system

with controled eccentricity
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OBSERVATION 7 - flow in pA collisions

0.2 T T T
Vi p-Pb 5.02TeV  CMS Data 0-2%

' E 0.12F p-Pb 5.02Tev ATLAS ]
1 V2 0.1 .\;i.\m. :xi% E
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-] 0.06f oy TS
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i om SR EriEe
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0.08
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0.02

PB, Broniowski, arXiv:1304.3044

p, [Gevid] » elliptic and triangular flow

» mass hierarchy of v»
PB, Broniowski, Torrieri arXiv:1306.5442
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d-Au at 200GeV

T T T El
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PHENIX, arXiv:1303.1794

large eccentricity - large elliptic flow
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Relativistic viscous hydrodynamics describes
the evolution of the fireball
1. significant transverse flow generated
elliptic flow reflecting initial asymmetry
hard equation of state
triangular flow - fluctuating initial conditions
flow fluctuations
small viscosity fluid - sSQGP
flow in p(d)A?

No oA~ b
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341D visc. hydro

0.2 0.16
IP-Glasma Npq=7 — n/s=0.08 014 | PHP7TeV: p+Pb 5.02 TeV:
MC-Glauber NPa_ﬂ:7 e IP-Glasman=2 *  IP-Glasma n=2 -
0.15 | IP-Glasma Nog=20 |~ = 0121 |p.Glasman=3 x  MC-Glauber1n=2 +e-
MC-Glauber Np,=20 -
o - N 0.1 IP-Glasma n=3 aal
I o T oos . MC-Glauber 1 n=3 2=
= & .
0.06 .
0.05 0.04 v
S 1 |
002 | * v s
x
0 0
0 0.5 1 15 2 0 5 10 15 20 25
pr[GeV] Npart

dependence on initial model, v, small for IP-Glasma i.c.

A.Bzdak, B.Schenke, P.Tribedy, R.Venugopalan - arXiv: 1304.3403
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3+1D hydro
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G-Y.Qin, B. Miiller arXiv: 1306.3439
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CMs
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excellent description of spectra

K. Werner, M. Bleicher, B. Guiot, lu. Karpenko, T. Pierog - arXiv:1307.4379
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pressure anisotropy

o \ Peq % 03F ... STARData Au-Au \5=200 GeV c=5-40%
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PB, |. Wyskiel - arXiv:1009.0701
- early pressure anisotropy irrelevant!
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n

Asymmetric emission

(Biatas, Czyz, Acta Phys.Polon.B36, 905 (2005)

fa)=F G+ ()

p(n:x,y) o f(nNi(x,y)
+f-(n)N-(x, y)

l L
0.8r
Sos
- 0.4+
0.2y N bremsstrahlung (adii Gyutassy, Phys. Rev.
R YR 25 5 C72, 034907 (2005)
mi
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Directed flow- tilted source

1.5ESTAR Data Au-Au \s=200 GeV
(%) 1= ©=0-5%
A 0-55%\ “E
o
05t TS .
-1F. STAR Au-Au
-1.5F. L L L
3 c=5-40%
%k g
IS
|
Namnys: IR
t IER \ \
li [T~
25 -
- PHOBOS Au-Au C‘Oj‘“’"’”i ‘ Bozek, Wyskiel, Phys. Rev. C81, 054902 (2010)
aF . ¢=40-80%)
2 — axPL
o% 87' Uy = —
—— pte
) Rt - 0,
42 o 2 a oY =—————
" T(p+e)

tilted source — transverse pressure + longitudinal pressure
Glauber model
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Asymmetric distributions
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FSI scenarios

fields+thermalization

color fields

local thermalization — hadronization
P14

hydrodynamics

hydrodynamic expansion

7oz %

hadronization, statistical emission
P1 g4+

Give similar flow

Piotr Bozek
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Can we reduce uncertainties?
go back to very peripheral A-A

& 1f 2s<s <z0cevic 30<p) <40V 40<p) <60GevIc 60<p]" <100Gevic
2 o
E
Zos|
o
i oo [ 10<p <25 Gevie
& A ol <07
o
03|
e
fl )
oo 3
» »
A D
osf £
o g o
(5 A 3
e, o’

TTTTEEEEY

TS

STAR-arXiv:1004.2377

e
T

MC-Glauber initialization MC-KLN initialization

200 A GeV Au+Au|charged hadrons

00 04 08 12 16

p; (GeV)

Song, Bass, Heinz, Hirano, Shen-arXiv:1101.4638

also jet modification, dijet asymmetry, PID flow, HBT

0 =m
o e
A A
V.
(oI 4
4 <
> »

VISHNU PHENIX v, {E

(0-5%)+

(5-10%)

(10-20

(20-30%

(30-407

(40-50%

(50-60
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Flow without jet quenching?

LR R R R
ALICE, charged particles

[ e p-Pb \Syy = 502 TeV, NSD, | ncms\ <0.3

1.6 Bb-Pb |5, = 2.76 TeV, 0-5% central, | 1| < 0.8

A Pb-Pb \s,, =276 TeV, 70-80% central, | n| < 0.8

A At BHEB 1
LR

@
A

m-ﬂ"’ai .

"Sggmw m w®
pa b b b by b by b L e
0 2 4 6 8 10 12 14 16 18 20
pT(GeV/c)
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No final-state effects

Eskola, Paukkunen, Salgado, arXiv:1308.6733

0.45 3
we = 70 GV, wyy = 0.5 GeV’ 04l VE=502TeV CT10
0 GeV, wy & 0 GeV — CT10xEPS09
12 IS data (preliminary)  ® 035 CT10xDSSZ
ALICE data (preliminary)  m -~ CT10xHKNO7

w. =2 GeV, wy = 05 GeV

1/o do/dngje

0.4 +

. i
s
0.2 # Bt b
Y]
Q3 10f
0 N
50 100 150 200 250 300 350 400 209"
e < EPS09 uncert.
P [GeV] =08 .
3 2 1 0 1 2 3

Naijer = (M + 1) /2
® Excellent situation to extract initial-state effects

also see H. Paukkunen’s and J. Qiu’s talks yesterday

K. Tywoniuk (UB) S .,.......,.g..m-..r.m
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energy-momentum tensor

» shear viscosity

2not¥ — v 1 nT Tru®
A“O‘Ayﬂ VO = —————— v
u 87 aff 5 2 5 8 < n >

> bulk viscosity

O~ 1_CT, [mu®
o= At T Snsly,
u'Oy o 2 e o7

> viscosity corrections from velocity gradients
» initial stress tensor - pressure anisotropy
> equation of state

Piotr Bozek Collective flow



fireball asymmetry - flow asymmetry

T T T T : . .\ Te

L e .7 4

0.15 " [ Y ‘. 1
0.10 i:r:g‘.. e .

[ R ] L

o oA - .. !
0.00h &% . e oo . . J 0.00L._° e o .o . 0 o . . . Ld
0.0 0.2 0.4 0.6 0.8 00 01 02 03 04 05 06 0.7

€2 €3

- Ev-by-Ev hydro response to geometry valid
- response strength depends on details
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Hydrodynamic flow in p-p?

P Humanic-nucl-th /0612098 (pythia, cascade) 0.16 T T i T
i 0.14 | P*P 7 TeV: p+Pb 5.02 TeV: |
P Romatschke, Luzum-arXiv:0901.4588 (overlap) . IP-Glasman=2 ¥  IP-Glasma n=2 -
P Prasad, Roy, Chattopadhyay, Chaudhuri -arXiv: 012 1 p.Glasman=3 x MC-Glauber 1 n=2 -o— ]
0910.4844 (overlap) N 0.1 r IP-Glasma n=3 Sl
> Bozek-arXiv: 0911.2393 (flux-tubes) I o008t : MC-Glauber 1n=3 4~ |
=
P Yan, Dong, Zhou, Li, Ma, Sa- arXiv: 0912.3342 0.06 - ¢ ° 1
(transport) 004 | v . 1
: A
P Werner, Karpenko, Pierog, Bleicher, Mikhailov- 002 | x @ : 1
arXiv: 1010.0400 (EPOS) X
0 . . . .
P Deng, Xu, Greiner-arXiv: 1112.0470 (hot-spots, 0 5 10 15 20 25
transport model) N

P Shuryak, Zahed-arXiv:1301.4470 (symmetric)

P Bzdak, Schenke, Tribedy, Venugopalan-arXiv:
1304.3403 (IP-Glasma)
Bzdak et al. arXiv: 1304.3403

-Is hydrodynamics valid?
-What is the initial eccentricity?
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arXiv:1105.3919v1 [hep-ph] 19 May 2011

p-Pb reference system -
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High multiplicity events in pp
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Ridge in pp

(a) CMS MinBias, p,>0.1GeV/c

R(An,AQ)

(b) CMS MinBias, 1.0GeV/c<p <3.0GeV/c

0.1GeV<p,<1.0GeV 1.0GeV<p;<2.0GeV 2.0GeV<p,<30GeV 3.0GeV<p,<40GeV
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Fireball shape in pp

7

one+two strings ( €=0.29)
03 -

one+two strings ( €=0.2)
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sQGP formed in A-A collisions

Jet quenching

sQGP

s oo « v, (ALICE) u V,(ALICE) 4 Vy,, (ALICE)
0 V2 (ATLAS) 0 ) (ATLAS) & Vys, (ATLAS)
v v, (CMS)
v (STAR)

pr{assoc) > 2 GeVie passoc) > 0.15 GeVle

= d+Au FTPC-Au

dN g “: -L — p+p min. bias
— 14 2wcos(2(¢ — Wy)) 2 o+ AusAu Gentral |
d¢ ua m. * {

+2vzcos(3(¢p — W3)) + ...

)
N1<1.0 g auvaus%

A ¢ (radians)
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