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« Observables at RHIC and LHC (elliptic flow, jets, heavy quarks)
« Dynamical description: “macro” or fluid dynamics

« Dynamical description: “micro” or transport dynamics
 Transport properties of the QGP
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Initial pp scattering
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Sketch of heavy ion collision
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Energy loss
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Energy loss

Hadronic phase




Heavy-ion collisions are complex !

Dynamical bulk description

BAMPS

No model can describe all aspects

Glauber
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Gluon saturation

Low Energy
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Early thermalisation
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of the QGP evolution



Nuclear modification factor R,

Nuclear modification factor

1.5

0.5

Raa

GOETHE @4

UNIVERSITAT

FRANKFURT AM MAIN

dN/dprdy|ata

T T T 10T T T T 11T T
GLV: dNgdy = 400
GLVZ dNjdy = 1400

GLV: dNgdy = 2000-4000

3PS5 17.3 GeV (PbPb)
o =" WASS (0-7%)

RHIC 200 GeV (AuAu)

— YalEM-D

---- elasfic, small P

ﬁ' + -
I W STAR(0-5%)  _ _ opastic, large P

O =° PHENIX (0-10%)

SPS LHC 2.76 TeV (PbPb) e valEM
| ® CMS (0-5%) — ASW
:[ 4  ALICE (0-5%) PQM: <{= = 30 - 80 GeViim |
""""" ' 17 “““'““““““““'““““'““““““;:'::‘:_::“““
— ¢ .\ri\ /
: M%' { g

2

34 10 20
P, (GeV/c)

100 20

~ Noin dN/dprdylps,

p+p AutAu
L]
-»> | -
27

Successfully described

by perturbative QCD

CMS, Eur. Phys. J. C72 (2012)



Jet quenching vs “cold* matter / EW observables
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No indication of any departure from unity in p+Pb

... provide experimental demonstration that suppression =

parton energy loss
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AN (pr.y. &) = 1 d2N
prdprdyde pT. 4, @) = 21 prdprdy

(1 + 2vs (pr, y) cos(2¢) + . . .]

0.2
0.15
0.1
0.05
Successfully described by 0
viscous) hydrodynamics
( ) hydrody o [GeV]
(... but no microscopic information ) Gale, Jeon, Schenke, Tribedy, Venugopalan,

Phys. Rev. Lett. 110 (2013)
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 Basic equations: energy and momentum conservation

energy density pressure
\ v
O, =0 with T = (g + P)ubu” — Pg"” + IT*
t t
flow velocity viscous correction

« Constituent equations for JJHY

v apf 1 U U 4 U i:_”]%
AZAg(u- )™ = —;(H“ — SH) — 5(5' u)II¢ A~ Tox
2 ’
with S’Jy — n(vpuv —I_ Vyu“ T §Apy(a ’ U)) v,(0) s

AP = g’uLr —utdY and VP =AF9,

. | chear viecosit
 Equation of stateP(¢) relates thermodynamic 1] :shear viscosity

_ T . relaxation time
pressure to the energy density n
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 Models need to provide input for fluid dynamic simulations:
initial energy density, flow velocities, shear stress tensor

« [Initial conditions fluctuate from event to event
 Main source of fluctuations: nucleon positions

« Different models give different energy density distributions

IP-Glasma
©=0.2 fm/c

MC-Glauber

C. Gale, S. Jeon, B. Schenke, Int.J.Mod.Phys. A28 (2013) 1340011
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System expands

« Initial shape is converted into particle momentum distribution

* Quantify its azimuthal anisotropy d_N _ N (1 + Z(2vn cos(nc,b)))
n

via Fourier expansion: do ~ 2n
° _ 0.14 - -
Qompare P C_SIasma+MUSIC ALICE data v_{2}, p;>0.2 GeV
simulation with ALICE data 012 n/s = 0.2
0.1
« Extracted shear viscosity = 008
to entropy density ratio: > 006}
0.04
n/s=10.2 0.02
u 1 i i
> Almost perfect fluidity! ¢ 1 20 30 4 50

centrality percentile

Gale, Jeon, Schenke, Tribedy, Venugopalan, Phys.Rev.Lett.110 (2013) 012302
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Event-by-event fluctuations
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Each event produces different vn

cGeoead

Event-by-eVent distributions
of vnare also well reproduced
by the simulations

Fluid dynamics correctly
describes the bulk dynamics
of heavy-ion collisions
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Gale, Jeon, Schenke, Tribedy, Venugopalan, Phys.Rev.Lett.110 (2013) 012302

13



-
e
A9

GOETHE &Y

ldentified hadrons m, K, p: Elliptic flow / p, — spectra .4

FRANKFURT AM MAIN

B ALICE VISHNU T Pb+Pb2.76 A TeV

H. Song, S. Bass and U. Heinz,

Pb+Pb 2.76 A TeV (LHC)

2

dN/(dyp,dp,)(GeV™)
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Phys. Rev. C 89, 0349119 (2014)

(2+1)-D viscous hydro + UrQMD (VISHNU), (g)Qg,,: 0.16
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n/s(T) from LHC v,S

of

n/s :0|.20
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=

§ ALICEv,

0.12—— n/5=0.20

—+— 1n/s=paraml

0.10—+— n/s=param?2
—+— n/s=params3

LHC 2.76 TeV Pb+Pb

pr=1[0.2...5.0] GeV

" 0.06- .
~
0.04— —
, 02_/ 4\
- ‘-—Q
0.00 | | | | | |
0 10 20 30 40 50 60

centrality [%)]

Paatelainen, Eskola, Niemi and Tuominen, Phys. Lett. B 731, 126 (2014)

... temperature dependence of the shear viscosity / entropy density ?
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d+Au * @ _ ..

- -
o * s MC-Glauber
o .

« Experiments find similar vn in p+A
as in A+A collisions cwums Collaboration, Phys.Lett. B724, 213 (2013)

e Can fluid dynamics work in such small systems? N IGACNES
Viscous corrections become very large xlim)
o . " . IP-Giasma
- Initial state strongly depends on model NG O
=0 .,.:'.'. ': : |
« Some models work, some do not. Not yet settled... SRR
4 2 x[fom] 2 4
g rrr - r-rr°rrrrrrrrrrrrrrrrr 0.16
0.12F p-Pb 5.02TeV ATLAS GMS Fb+F'IJ'u" S
v - o v,{2} ] 0.14 | [CMS p+Pb v, -e-
2 01 O 0 *v{.q; n.12 | Pb+Fb v, e | mis=0.18
0.08k M = = v,{2PC} 01 | [P+PDY2 .- .

0.06 F + : ‘:‘:‘ -
' 1~ 0.06
0.04F A V,{2} hydro Glauber E

[1vy{2} hydro Glauber+NB 0.04

0-02:_ ¢ v2{4} hydro Glauber+NB 002 o —— .
036 ——20 80 80 100 120 0 0 60 B0 100 120 140
(ZE)) GeV offline
Ntlh

Bozek, Broniowski, Phys.Rev. C88 (2013) 014903 Schenke, Venugopalan,arXiv:1405.3605 (2014)
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oltzmann Approach to Multi-Parton Scatterings

e 3+1dimensional, fully dynamic parton transport model
* Boltzmann equations for on-shell partons with pQCD interactions

9 9 Z. Xu & CG,
Pq Phys. Rev. C71 (2005)
( + ) fi(r,pi,t) = Cz'z_ﬂ + 6393 T Phys. Rev. C76 (2007)

ot Ez or

BAMPS

PYTHIA-Glauber AA = pp X Nypinary noneq. QGP

17
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« Leading-order pQCD cross sections

_ o 6412 2 uw + 57
M / / = —— O (t>
Mg —qq'| [t —m7)(as(t))]?

9
» Divergences screened by Debye mass

* Running coupling

99—~ 99

_ . Bethke et al. 2006
99 — qq s

_ _ ; —t a(Q) | B
94¢—99  and 19— a4 sal| oo e Amintaion
q g % q g and (jg _> gg ‘ 2 ® Heavy Quarkonia
qq9 — qq 30\
99 — q4q and 94— q4q ozl
¢ —qq  and  qd —qd
0.1 | e
= QCD as(l'vllz)z().llsg i0.00lP
1 10 Q [GEV] 100

18
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Inelastic collisions UNIVERSITAT
g, k
99999
99 <499 and 79 < qgg
q4q9 <> qqg Q, p1 - - > Q, p3
994 qqg and 9 q4qy %‘1
qq¢ <> qqdg and  q7 < qqyg ¢ pr > 7 P
Improved Gunion-Bertsch matrix element: Effective QCD LPM effect:
— 2 — 2
_ Mean free luon f i
’MX—>Y—|—g’ — ’MX_Q/" Pg vath A> X1 Guonti(:T:renatlon

P, = 48ma, (k1) (1 — )2
Kk 2 Fochler, Uphoff, Xu, CG
k. L = X1 Phys. Rev. D88 (2013)

X -+
0 (ar —k1)?2+m3 (as(k]))
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Nuclear modification factor R,

1.2

08 |
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0.2

BAMPS, neutral pions'
BAMPS, gluon

- BAMPS, quark

PHENIX, neutral pions, 0-10%

Au+Au,Ns=200 GeV
improved GB,X=0.3
running coupling
e=0.6 §3erfm3
=4.2 fm
e

-
.......
...............

1.2

0.8
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BAMPS, char'ged hadrons
BAMPS, gluon

- BAMPS, quark

ALICE, charged hadrons, 0-5%
CMS, charged hadrons, 0-5%

{

Pb+Pb,Vs=2.76 TeV

-

running coupling
£=0.6 GeV/fm®
b=3.6 fm

20 40 60 80
pt [GeV]

100 120 140

Uphoff et al, arXiv:1401.1364

 Hadronization of high p; partons with AKK fragmentation functions

« LPM parameter fixed by comparison to RHIC data

 Realistic suppression both for RHIC and LHC

20



Reconstructed jets

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1

P(A))

Momentum imbalance

A _ pt;leading T pt;subleading 0.05
J p—
Pt;leading =+ Pt;subleading 0
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PYTHIA, w/o. smearing ==
PYTHIA, w. smearing _—
BAMPS, w/o. smearing e
BAMPS, w. smearing —_— ]
CMS, Pb+Pb 2.76TeV 0-10% ——

CMS, p+p 2.76 TeV

improved GB,X=0.3 b =23.4 fm
running coupl. anti-k;, R=0.3
2->2, 2->3

CoL g

Pi-o > 30 GeV

Ap > 2w/

O = 2.3 pt

L)
ey
-,
™

et T

0.1 0.2 0.3 04 05 06 0.7 0.8 09
Ay

1

Senzel et al, arXiv:1309.1657
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Elliptic flow v,

0.16
0.14
0.12

. BAMPS, parton, X=0.3
- BAMPS, quark, X=0.3

BAMPS, gluon, X=0.3

STAR, charged hadrons, v,{4}

- PHOBOS, charged hadrons, track-based —+— 1
0.1 r

> 0.08 r
0.06
0.04
0.02

PHOBOS, charged hadrons, hit-based

Au+Au,Ns=200 GeV |
improved GB,X=0.3 _

running coupllng
- £=0.6 GeV/fm°

-
-
.y
.,
-
L8
Y

-
.
.

e

50 100
<Npar1>

150 200 250 300 350 400

0.16
0.14

0.12
0.1 r
0.08
0.06
0.04
0.02

~
-
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. BAMPS, parton
- BAMPS, light quark

BAMPS, gluon

CMS, charged particles, v2{4} ——

Pb+Pb,Vs=2.76 TeV
improved GB,X=0.3
running coupling
£=0.6 GeV/fm®

50 100 150 200 250 300 350 400 450
<Npart>

Uphoff et al, arXiv:1401.1364

« Same pQCD interactions lead to a sizeable elliptic flow for bulk medium

« No hadronization for bulk medium — no hadronic after-burner

22
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Shear viscosity as QGP transport parameter uNVErsiTat

2, 1/2
v,”

0.16 | BAMPS, parton = —— |
BAMPS, gluon e
0.14 | BAMPS, quark e o
STAR, charged hadrons, v,{4} ——
0.12 | PHOBOS, charged hadrons, track-based —— 1
01 | PHOBOS, charged hadrons, hit-based = —— |
: Au+Au,Vs=200 GeV
0.08 | improved GB,X=0.3 |
R (T " P running coupling
0.06 [ g ~HrUsEe gy ;. £506 GeV/fm®
0'04 b TR
002t e H H
0 1 1 1 1 1 1 Il
0 50 100 150 200 250 300 350 400
<Npart>
0.2 : . ;
Vo — | ATLAS 10-20%, EP
0.15
/
0.1
0.05
0

Reason for large elliptic flow:
Small shear viscosity to
entropy density ratio

From parameters to calculations:

0_6 T T T T T T T

shear viscosity / entropy density n/s, =0 ———
0.5
04 t

w

= 037

6_

0.1

Uphoff et al, arXiv:1401.1364

0 1 L 1 I L 1 1
02 025 03 035 04 045 05 055 0.6

T[GeV]
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Microscopic transport theory 0

GOETHE

..gives QGP transport coefficients ~ JxrsimT

-Shear viscosity n
- bulk viscosity ¢
- heat conductivity K

- electric conductivity o

Other coefficients of interest:

Heavy quark diffusion constants, susceptibilites,...

2.0

15 }

1.0 |

0.5 ¢t

0.0 }

i Nakamura,
Sakai, IQCD

m|_j

Perturbative

— Theory — |

o
1 AdsicFThound |

1.3 2 2.5 3

n/s

08 r

06

0.2 f

0

-~
-
#
e
4 al
t ' #
- o
B L,
e
o
'

Green-Kubo relation:

LT I tJd3r<75ij (r,'[)7rij (0,0)>

shear vi'scosity'/ entroply densi'ty n/s, r'1f=0 —
shear viscosity / entropy density 1/s, n=3 =--=s=eseee

02 025 03 035 04 045 05 0.55 06
T[GeV]
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... electric conductivity

0.1

0.01 L {,§’ BAMPS, 252 pQCD, fixed 0=0.3 sl
. : BAMPS, 22 pQCD, running o ]
[ ‘ BAMPS, 2¢52+2¢53 pQCD, running o @)

; o
%%% transport model PHSD --- ]

AdS/CFT — |

&

@ Open symbols: Lattice

0.001 — 1 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7

T[GeV]
Lattice theory versus transport theory
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L4 e Static box
. R ° (]
. 0
° . E=c0nst..
. >
.

e .. ° -
L] qe . gluon .

] = UelE

Green-Kubo relation:

Lo =¥ T (2 (07 (£)) dlt

... and learn about the (strongly) interacting QGP
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ALICE data, QM12

14 1 2528253, running oy, k=0.2, X py=0.2 ——— 0-5 M 3328353, ruming o, k=0.2, X| pyy=0.2 ———
10 H! only 2—2, running oy, k=0.2, K=3.5 e 1 only 2—2, running o, k=0.2, K=3.5 e
R 0-7.5% (ALICE) —=— 04 r 30-50% (ALICE) —=— -
1
< Pb+Pb, \s = 2.76 TeV o 03} |
o 08 t | c ly| < 0.5
c - : b=23.6fm, |y| <05 S i —$~
S g 02r | .. 1
o 06 £ % _$_
D e —
04 0.1 .
i ——
0.2 r 0 Pb+Pb b—orim
0 1 | 1 1 1 1 -\/\S = 27|6 TeV 1 1 ~ . I 1 1
0 5 10 15 20 25 30 35 0 2 4 6 8 10 12 14 16
pr [GeV] pr [GeV]

Uphoff, Fochler, Xu, CG, Phys. Lett. B 717 (2012),
Uphoff, Fochler, Xu, CG, arXiv: 1408.2964

Heavy flavor R44 and v, simultaneously seems difficult
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Heavy-ion collisions provide an unique opportunity for
Investigating QCD matter under extreme conditions

Strong collective behavior of the QGP is successfully described
by fluid or transport dynamics

Both at RHIC and the LHC, hard probes (high p, and heavy flavor)
are quenched while traversing the QGP

Transport coefficients allow a connection between dynamical
models and lattice QCD

What can we learn for heavy-ion collisions from smaller systems
(p+p, ptA, ...)?
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Thank you for your attention.
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Heavy quark energy loss

GOETHE @4
UNIVERSITAT

FRANKFURT AM MAIN

mechanism

= Djordjevic, Gyulassy

= Buzatti, Gyulassy

= Sharma, Vitev

= Armesto, Cacciari,
Dainese, Salgado,
Wiedemann

= Nahrgang,
Gossiaux, Aichelin

= Cao, Bass

= Mazumder,
Bhattacharyya, Alam, Das

= JU, Fochler, Xu, Greiner

Perturbative

QCD

= v.Hees, Greco, Rapp
= He, Fries, Rapp
= Lang, v.Hees, Bleicher

Resonance

scattering

= Moore, Teaney

= Gossiaux, Aichelin

= Alberico, Beraudo, et al.

= JU, Fochler, Xu, Greiner

= Meistrenko, JU, Greiner, Peshier
= Young, Schenke, Gale

Elastic
scatterings

Radiative
processes

= Abir, Jamil, Mustafa,
Srivastava

= Horowitz, Gyulassy
= Chesler, Lekaveckas,
Rajagopal
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Heavy flavor and charged hadron R,, at LHC

1.2

0.8 | i

0.4 - A
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~ charged hadrons, k=1, X pyy=0.3 ——

D mesons, k=1, X ppy=0.3 =eseess
non-prompt J/psi, k=1, X| ppy=0.3 ===

o 0.6

charged hadrons 0-5% (ALICE) ——=—
D mesons 0-7.5% (ALICE) ——=—
non-prompt J/psi 0-20% (CMS) ——=—

b = 3.6 fm, running o

-
" iy 1 LICT
- - - -
L - O

At F——l e
l " LRy ] N

Pb+Pb, Vs = 2.76 TeV |
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dE/dx [GeV/fm]

Energy loss and transport cross section

Energy loss
in static medium

252 & 2-53, running o, k=02, X, p L0'2 —
only 2-2, runnmga K-O% M
T=400MeV |
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Transport cross section
In static medium
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