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hydrodynamic model

» expansion of dense matter

> close to local equilibrium

=
s
s

> initial conditions
> equation of state

» flow 4+ thermal emission +
decays + rescattering
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ideal hydrodynamics

> energy momentum tensor
Ty = (e+p)g" — Pu"u”

» ideal hydro (5 functions in 34+1D),
energy density, pressure, flow velocity

E(Xu) ) P(Xu) ) V(Xu)
» 4 hydrodynamic equations
0T =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(su”) =0

one equation = entropy conservation (ideal hydro)

> 3 other equations for flow velocity

su,otu” = (g — u"'u”)o,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 ut = (t/T, 07 O7 Z/T) cooling in 241D and 3+1D

> one equation

500
de(r) _ (r)+ P(r) < NG
- — N
2 .
dr T = N
. o : F 300 N
cooling from longitudinal expansion z N
1 N
. x N
> if lee P g 200 N
3 %
c
= 150} ]
T0\4/3 =
5(7-) =6 — 05 1.0 20 50 10.0
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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3+1D expansion
collective transverse expansion
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faster expansion in the direction of large pressure gradient
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OBSERVATION 1 - transverse flow
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asymmetry in the transverse plane at finite impact parameter

Glauber model, KLN model, IP—GIasma
_ [dxdy(x*—y )p( )

eccentricity - e = T Taxdy (C 1y p(x

Snellings 2011

larger gradient and stronger flow in-plane - v, > 0 - elliptic flow

dN
PP x 1+ 2vycos(2¢)

€2 + HYDRO RESPONSE — va

Event Plane (Reaction plane) must be reconstructed in each event
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OBSERVATION 2 - Elliptic flow

0.4 e
V2 " Pb-Pb 2.76TeV ALICE v2{4} V2  Pb-Pb 2.76TeV ALICE Data ' E
0.1 - * Au-Au 200GeV STAR v2{4} 0.35 -
. E o 10-20% E
0.3F E
0.25F E
02f =
0.05 01sf E
t// —— HYDRO 1/s=0.08, {/s=0.04 0.05F E
| | | ok k!

%% 20 40 60 - 2 :
centrality % P, [GeV]

variable-axes eccentricities, n=2,3,4,5,6
initial shape asymmetry transformed into flow asymmetry

strong indication of collective behavior

smoking gun for collectivity
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fluctuating initial conditions

T
~ 0.08[ —80<N_ <120

AMP
= e 160<N,,,<200 Au+Au 200GeV
> [ 240<N,, <280 <1
& 0:08[ . 320<N, <360 -

o
8 0.04r "
XA .
n
fluctuating initial density 00
e & (b)
— larger eccentricity %] 1 3

— fluctuating eccentricity

— triangular deformation €3 B. Alver, G. Roland
— dipolar (directed) flow vq

— < po > fluctuations

— RP orientation, torqued fireball

dN

a0 x 142vq cos(p—W1)+2vs cos(2(p—W2))+2v3 cos(3(p—V3))+. ..

Piotr Bozek Collective flow



Event by event hydro
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Takahashi et al., Phys. Rev. 103, 242301 (2009)
event by event ideal hydro - Andrade, Grassi, Hama, Kodama, Socolowski 2006
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OBSERVATION 3 - triangular flow

odd harmonics generated by fluctuations in initial conditions
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C.Gale et al. arXiv:1209.6330
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PHENIX

(viscous) event by event hydrodynamics
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sQGP or wQGP ?
How to see the difference?
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Haque, Andersen, Mustafa, Strickland, Su, 2013
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small viscosity fluid

> strongly coupled theory I = % ~ 0.08

» short mean-free path, large cross section

1
n= gnpl-mfp

» for n/s = 0.08
3s

4mnp

~ 0.15 — 0.3fm

mep =
» mean-free path comparable to wavelength
Lmgp >~ 0.9X
» mean-free path comparable to inter-particle distance
Lmgp =~ 0.5n1/3

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
w uv
T 0o 0 p+n o |77
0 0 0 p+

» shear viscosity

2not — v 1 nT Tal®
AHEAVB Y — /%
TRNONG o 27r - O ( 0T

> bulk viscosity

(oY =N 1_¢T Tnu®
YoM = > 10 2l
u'dy o 2 Do T

viscosity corrections from velocity gradients
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OBSERVATION 4 - small viscosity

Glauber

0.1 = PHOBOS] |
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Luzum, Romatschke, Phys. Rev. C78, 034915 (2009)

Model uncertainties

Small viscosity : n/s = 0.08 — 0.2 - sQGP

Strongly interacting fluid
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OBSERVATION 5 - Elliptic and triangular flow observed in p-Pb

- Glauber MC initial cond. - agreement with data
- EPOS3 - agreement with data
0.2 T T T
v, p-Pb5.02TeV CMS Data 0-2% £ ou E e
. 2
. 4 B
3
z
v v Sy
] z
076 [ squares: ALICE EPOS3.074
i PRI R
. . 0 2 O

K. Werner et al. 1307.4379

3
P, [GeVic] - IP-Glasma initial cond. - small vp, v3 !
0.16
CMS Pb+Pb -
0.14 H{CMS psPbvy” . | V5018
PB, W.Broniowski, G. Torrieri arXiv:1306.5442; G.Y. Qin, B. 0.12 Efgbp?/vz oo
o 0.1 2
Miiller 1306.3439; |. Kozlov et al. 1405.3976; A. Bzdak et al. & 008 5 ° © °
= .
S 006lg 88 o o *
1304.34003 0.04
002t .

0
> vy, v3 consistent with hydro 0 R T

(Glauber MC, EPOS3)
. L. B. Schenke, R. Venugopalan 1405.3605
> sensitive probe of init. cond.

v2 3 - hydro response to initial deformation !
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Small system with large deformation

3

2|

E 1

> deuteron projectile -0
. . . . . -1
intrinsic deformation dominates over »
fluctuations — large v» -3

-3-2-10 1 2 3
x [fm]

PB 1112.0915
» 3He projectile
larger triangular flow

Nagle et al. arXiv:1312.4565

central collisions - deformed fireball, control of initial geometry
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Elliptic and triangular flow in d-Au, 3He-Au and p-Au

= “He+Au 200GeV 0-5%, arXiv:1507.06273
= d+Au200GeV 0-5%, PRL. 114, 192301
025 & piAu200GeV 0-5%

-
> T *He+Au at 200 GeV, 0-5% Central 0220
e PHENIX data'v,, v,

0.25] == SONIC == superSONIC 0
~rvs Glauber+Hydro - - IPGlasma+Hydro 0185 == SONIC *HesAu
== AMPT == SONIC d+Au
it 0165 — sONIC prAu
£ 0.14 arXiv:1502.0474:
F 012
5 0.1
F 0.08
5 0.06
004
0.02 preliminary
A
05 1 15 5 3 35
p, [Gevic] 25 3 35
p, [Gevic]
PHENIX, arXiv:1507.06273
PHENIX

P observed vz — collectivity

> hierarchy of vp and v3 consistent with collective response on fireball geometry

hydrodynamic calculations reproduce the data

sensitivity to details, limits of applicability of hydro - systematic model uncertainty

large eccentricity - large flow component
collective response to geometry
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Collective flow in pp?

[ OpPb s =5Tev
[ O PbPb (5., =2.76 Tev

|an|>2 o

-]

Q"
0o ° °

]
— 00 op 8
%%9“%

03<p, <3Gevic
\

goooon

000005 5

®pps=13TeV
S pp V§=7TeV
0 ppVs=5Tev

an>2

QEEU$D

T T
2.04anj<5.0
1040450 Gev
)
08

-
RITTLELCIIN

T T
ATLAS  Preliminary
Templale Fils

soooDo0ooa

B pePb s, -5.02TeV
& ppis=1aTev

b oepis-s02Tev

.
200 250

03<p, <3Gevic

50 100 150 3

e

Nch

T T T T
2.0</An[<5.0 ATLAS Preliminary
10sp!"50Gey  Tamplata Fita
o
sbge s

)

T

Vil

°

o

300

|

Collective like correlations observed in pp

otr B

Collective flow




Hydrodynamics in small systems?

1. Early stage, pressure asymmetry P < P

H yd rody namics K <1 0.25 PHENIX Data Au-Au (5=200 GeV

V2o Charged particles ¢=20-25%
150 021 B (=0 1,,=0.25(mic
S [ - ideal fluid
10 1 135 0.15
1.20 [
0.1
1.05 L
0.90 0.05~ /2 7,,=0.25m/c
= r o2 7, =0.25Mm/c
& ; !
t 0.75 0, 1 5
0.60 p, [GeV]
0.45 PB, I. Wyskiel-Piekarska 1011.6210; J. Vredevoogt, S.
030 Pratt 0810.4325
early pressure asymmetry - irrelevant
0.15
2. Late stage, decoupling at freeze-out
0.00
0 & [TV, (exp. data) T
0 1 2 3 4 5 6 7 %01T§§(e:gdam
r [fm] 2 —e-V, (AMPT, 3 mb)
I~ =V, (AMPT, 3 mb)
H. Niemi, G. Denicol 1404.7327 > o ppt b b8 dhttey
00544
p+Pb 5.02 TeV
large gradients in the evolution Cap A fasa 4
higher order corrections,
effective viscosity reduced A.Bzdak, G.L. Ma 1404.4129; L. He et al. 1502.05572

hydrodynamics similar to AMPT cascade
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Summary
nuclear collisions - hydrodynamic expansion
> significant transverse flow generated
> elliptic flow reflecting initial asymmetry
» triangular flow - fluctuating initial conditions - flow fluctuations

» small viscosity fluid - sQGP
NEW: colectivity in small systems

> flow in small systems observed (p-A, ...)

» density driven collective expansion
» collectivity #= QGP 77

Collective expansion more general than hydrodynamic expansion
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341D visc. hydro

0.2 0.16
IP-Glasma Np,=7 — 1/5=0.08 014 | PHP7TeV: p+Pb 5.02 TeV:
:\gcéfilaube’:‘NpanJ —= IP-Glasman=2 * IP-Glasma n=2 i
0.15 f|IP-Glasma Npgq=20 = 1 012 |p.Glasman=3 x  MC-Glauber 1n=2 ~e-
MC-Glauber Np,=20 -
=== o 0.1 IP-Glasma n=3 sl
;A: 0.08 ; MC-Glauber 1 n=3 -~
2 ¢
0.06 .
v
0.04 ) . .
002 * @ v
x
0 . . . .
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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341D hydro
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G-Y.Qin, B. Miiller arXiv: 1306.3439
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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
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PB, I. Wyskiel - arXiv:1009.0701

- early pressure anisotropy irrelevant!
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Asymmetric emission

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

1l (o )=F,. () +F-(py)
0.8
S o6
041
0.2+

-5 -25 0 2.5 5
m

Piotr Bozek

p(n,x,y) o

fr(mN+(x,y)
+f-(m)N-(x, y)

bremsstrahlung (adil Gyulassy, Phys. Rev.

C72, 034907 (2005)
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Directed flow- tilted source

1.5FSTAR Data Au-Au \s=200 GeV 3

[fm]
N

X

« STAR Au-Au

o
5]

LTI T[T T T o
I
-

'2 c=5-40%)
k| -2
ot T J W W T =3
i T \ 4 -2 0 2 4
N o~ m
2. PHOBOS Au-Au °=9‘4?"/J ‘ Bozek, Wyskiel, Phys. Rev. C81, 054902 (2010)
©¢=40-80%
8XPJ_
O Uy = —
p+e
Ohp
n
4 2 0 2 a 0;Y = I
n 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 hydrodynamics
hydrodynamic expansion

color fields

hadronization, statistical emission
Plgy

local thermalization — hadronization
Plgy

Give similar flow
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Can we reduce uncertainties?
go back to very peripheral A-A

3 of eserrcssceu 20<p<a0Gave <P <a0GavE S0<p<100GaVs MC-Glauber initialization MC-KLN initialization
z foan 200 A'GeV Au*Ad]charged hadrons
o
9 e © Auohu 10<p7™ <25 GoVie
S Aueu i <07
e
05
e
1 o
fogiess 2
" »
8 D
os| [
4 = L | 0 04 08 12 16 00 04 08 12 16 20
B R R N Py p; (GeV) p, (GeV)
STAR-arXiv:1004.2377 Song, Bass, Heinz, Hirano, Shen-arXiv:1101.4638

also jet modification, dijet asymmetry, PID flow, HBT
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Flow without jet quenching?

L B L B B L B BN AL B
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o PP |5, =5.02TeV, NSD, |7, |<0.3

1.6 Pb.Pb |, =276 TeV, 0-5% central | [ <0.8

4 Pb-Pb \s,,,=2.76 TeV, 70-80% central, | n| < 0.8
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energy-momentum tensor

€ 0 0 0
0 p+ITl 0 0

Hyo nv

T 0 0 p+n o |7
0 0 0 p+Tl
» shear viscosity
y 2no — g1 0T Tru®
MDD map = = = om" T 0a < nT )

> bulk viscosity

(0’ =N 1_¢T Tu®
2 S 0 Sl y N
u’0,N - i Oa T

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

e

0.08

0.06 oty o
£ Oy

.
0.04 ‘.':.:\J@ ..f-
P SR
0005 % e i o 0 0

00 01 02 03 04 05 06 07

€ €3

- Ev-by-Ev hydro response to geometry valid
- response strength depends on details

Piotr Bozek Collective flow



Hydrodynamic flow in p-p?

P Humanic-nucl-th/0612098 (pythia, cascade) 0.16 T T i T
. 014 | PHP7 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 ¢ IP-Glasman=3 x  MC-Glauber 1 n=2 e~ |
0910.4844 (overlap) o 0.1 r IP-Glasma n=3 =
P Bozek-arXiv: 0911.2393 (flux-tubes) &o008 ¢ = MC-Glauber 1 n=3 &~
>
P Yan, Dong, Zhou, Li, Ma, Sa- arXiv: 0912.3342 0.06 ¢ ® q
(transport) 004 I P ]
) . - ' IS ! 5
P> Werner, Karpenko, Pierog, Bleicher, Mikhailov- 002 | x M v |
arXiv: 1010.0400 (EPOS) X
0 . . . .
> Deng, Xu, Greiner-arXiv: 1112.0470 (hot-spots, 0 5 10 15 20 25
transport model) N

P Shuryak, Zahed-arXiv:1301.4470 (symmetric)

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

-Is hydrodynamics valid?
-What is the initial eccentricity?

Piotr Bozek Collective flow



p-Pb reference system - No FSI expected
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Abstract 7. EXPERIMENTAL CONSIDERATIONS 25

Proton-nucleus (p+A) collisions have long been recognized as a crucial
component of the physics programme with nuclear beams at high en-
ergies, in particular for their reference role to interpret and understand
nucleus-nucleus data as well as for their potential to elucidate the par-
tonic structure of matter at low parton fractional momenta (small-z).
Here, we summarize the main motivations that make a proton-nucleus
run a decisive ingredient for a successful heavy-ion programme at the
Large Hadron Collider (LHC) and we present unique scientific opportu-
nities arising from these collisions. We also review the status of ongoing
s about operation plans for the p+A mode at the LHC.
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High multiplicity events in pp
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Ridge in pp

() CMS MinBias, p_>0.1GeVi/c (b) CMS MinBias, 1.0GeV/c<p <3.0GeV/c

0.1GeV<p;<1.0GeV 1.0GeV<p,<2.0GeV 2.0GeV<p;<3.0GeV 3.0GeV<p <4.0GeV

CMS Data
% 1 fNuc3s Fep 7Tev  F F
RS z
N
i -
s, - s
Sl Rl I - N .
4 Qs 1 £35<N,,<90 b 3 £
)
0

AE . E . E . F .
1 [90sN,,<110 r L

1[Nw2110 A /, L

Ao Ao Ao

PB arXiv:1010.0405

can we measure (calculate) v,

Collective flow

otr B




Fireball shape in pp
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sQGP formed in A-A collisions

Jet quenching

sQGP
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equation of state - input
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lattice equation of state at high T
hadron gas at low temperature (know resonances from PDG)

matchlng at TC 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

d*N

Eg = / JE,,p" Flp,u (x)]

> fluid velocity + thermal momenta

> latter - resonance decays
and/or rescattering
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two-particle correlations in relative azimuthal angle
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Hanbury Brown-Twiss (HBT) correlations
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HBT requires hard equation of state
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OBSERVATION - hard equation of state
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Heavy-ion experiments consistent with lattice QCD
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OBSERVATION -flow fluctuations

<25 T TATLAS | PosPb <25 T TATLAS T PosPb | <25 | Glabera, fte) T
FEL %0, - -+ MCKLNG, e b
0.1sf a 0081 % o
a
.o o
o e . J grooaf
Bl L ¢
s o
o . o -
° . L ]
005 o-0.5<p <1 GoV 0.02) ° o e " o 05p<1Gov ATLAS  PbiPb
&-p,>1GeV ""“i =p>1Gev Wara7eTov
p.>0.5 GeV. X 205 GeV G
700 300 w0 700 206 300 £y
N
<25 ATLAS | PoiPb <25 Glauber o /(e)
006 oo 003 o6l + MCKLNG, (2) B
8
o v BR8sa-p0t—e—e—o—stem
oo e oo . T o ]
2z - s . =.
" - ©
58600 0 o BEEGo o o
L o ° o L ]
002 o 05ep <1 Gev OO 5 05p <1 GV ° 02 4 05ep <1 Gev ATLAS  PbsPb
op 1 Gov -p,21 Gev o po Gov 7670V
—-p >0.5 GeV. =P 205 GeV P05 GeV o
700 200 £ W0 700 700 206 300 0
N Ny
EEEIN ATLAS | PoiPb EER <25 — Glaubero, fe)
0.03f pi<25 o, a2 <25 06 . MC-KLNG_ (e B
ok Hua I Bas T od ]
B .. 2,
- S
865 fBgs
00 oospeicev: © B g 4 T 0005 o oscpctcev O B g 02 o 054p <1 Gev ATLAS  Pb+Pb ]
=1 GeV =p>1 GV =p>1Gev
- p.>0.5 GeV. P05 GeV P05 GeV
700 200 300 70 700 200 300 70 700 200
N N Nourd

< 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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event by event twist of the reaction plane

1.05

100 ;%F v
> 4 i 095 % \?\i {7 m
B oo~
/ S osof % -
/ S ossf (b) N
Fluctuating RP twist 080p  450MeV < pr<3GeV %
can be measured 0 ! : } ¢

n
PB, Broniowski, Moreira, Phys. Rev. C83, 034911 (2011)
<eik[(¢F,1+¢F,2)—(¢B,1+¢B,2)]>
<eik[(¢F,1—¢>F,2)—(¢B,1—¢B,2)]> -
(cos(2kAFB)) eyents + nonflow

cos(2kArg) {4} =

Piotr Bozek Collective flow



Event planes correlations
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» initial correlations
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» correlations between EP
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hydrodynamics




pA collision
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Fireball in p-Pb
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p-Pb Glauber Monte-Carlo
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collective flow effects ~ peripheral
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can be observed

p-A (d-A) is not p-p superposition



d-Pb
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small-on-large system

with controled eccentricity
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C.Gale et al. arXiv:1209.6330
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