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Hot QCD in laboratory - experiments
* Relativistic Heavy-lon Collider: Au-Au collisions at 200 GeV/n)
e Large Hadron Collider: Pb-Pb collisions at 2.76 — 5 TeV (2015)

_ Heavy lon Collision Event

o L ATLAS

Run 168665, Event 83797

Time 2010-11-88 11:37:15 CET .}lEXPER'MENT




Systems:

Proton-proton
p-Pb
Pb-Pb

QOutline of this talk:

— Selected subjects from
soft and hard probes

— Signatures of collective

effects even in small
systems — mini-QGP?

— Summary

Outline

Properties & Tools

Global event / system properties:

— Inclusive spectra; Identified particles; mean p;
“Blast-wave” fits (T, collective velocity)

e Collective effects

— Correlations, flow coefficients, v,, v,
(propagation / energy dissipation)

Heavy-flavour — energy loss and thermalization
— Production vs. multiplicity; suppression and v,
Quarkonia — QGP vs. Cold Nuclear Matter

— Production vs. multiplicity; suppression in Pb-Pb;
V,; suppression/enhancement in pA

e Jets

— R,,—inclusive production in pp and AA; jet

structure; test of Ny, ... scaling in min. bias pPb
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A heavy-ion collison -

.. e

Mid Rapidity

Hydrodynamic
Evolution Pre-Equilibrium
Phase (< 1)
-
a) without QGP b) with QGP
A B

DPF 2015, Ann Arbor, Heavy-ions




“CALIBRATION” MEASUREMENTS
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Multiplicity is crucial [input] for modeling
e Saturation models tend to predict lower multiplicity
Data driven extrapolations did not seem to anticipate the results
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Particle production in Pb-Pb: 10
Measurements of source dimensions

T — , _ _
e - A E89527,3.3,38,4.3GeV . sideN
T 350 A NA4987,125,17.3 GeV =
g - ®  CERES 17.3 GeV ]
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L 250F ® ALICE 2760 GeV =
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150 E%%% E E
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S0E E
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(dN /dn)
ch
1. Energy dependence: Phys.Lett.B 696:328-337,2011

» system with larger (2x) volume and (1.4x) lifetime (w.r.t RHIC); follows the
trend of multiplicity; faster expansion <=> larger collective flow

2. Pair momentum dependence:
* larger radii, strong dependence on kT; Rout/Rside smaller than at RHIC;
overall agreement with extrapolations

3. Important constrains to [hydrodynamical] modelling
DPF 2015, Ann Arbor, Heavy-ions



Particle production in Pb-Pb:

11

I\/Ieasurements Of source dlmen5|ons
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Phys.Lett.B 696:328-337,2011

» system with larger (2x) volume and (1.4x) lifetime (w.r.t RHIC); follows the
trend of multiplicity; faster expansion <=> larger collective flow

2. Pair momentum dependence:

* larger radii, strong dependence on kT; Rout/Rside smaller than at RHIC;
overall agreement with extrapolations

3. Important constrains to [hydrodynamical] modelling
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Systematic control: compare RHIC to LHC

The same experiment under
vastly different conditions!

* Identical variation of particle
production with centrality
(volume) at RHIC and LHC!

=> Global features of the system
independent on energy

=> Initial conditions!

More on RHIC:
Phobos (Phys. Rev. Lett. 102, 142301 (2009))

Centrality dependence of particle production

DPF 2015, Ann Arbor, Heavy-ions
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Systematic control: compare RHIC to LHC

Centrality dependence of particle production

The same experiment under o
vastly different conditions! ‘é

* Identical variation of particle
production with centrality
(volume) at RHIC and LHC!

=> Global features of the system
independent on energy S
=> Initial conditions!

9— e = Pb-Pb 2.76 TeV ALICE
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— — Armesto et al. [12]
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More on RHIC: 0

Phobos (Phys. Rev. Lett. 102, 142301 (2009))
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Centrality of the collisions:
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Direct photons

QGP shines
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14
P, (GeV/c)

Ydecay
Ydir = Yine X (1 - —)

Yine
Obtained from ©® measurement and
m, scaling for other mesons

At p; < 2.2 GeV/c, the spectrum
is fitted with an exponential,
inverse slope parameter T:

T = 304 + 51512t TsYst Moy

T =221 + 19°7%" £ 19°Y%" Mev
(Au-Au centrality 0-20%)

Outlook for Run-2: higher precision data (higher collision energy)
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+) /(T + 1)

[63]

e Strangeness enhancement — especially

e Also in high-multiplicity p-Pb collisions ? 0.055—

Onset of de-confined medium

multi-strange baryons

— Xi/p reaches Pb-Pb values
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A heavy-ion collison -
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Mid Rapidity
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Phase (< T,)
=
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Particle production — statistical hadronization models
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T.,=155-156 MeV >
* Similar temperature as at RHIC, however proton/ 2 100k
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Collective expansion —
particle spectra — kinetic freeze-out

Collective expansion modifies
particle spectra — mass dependence

Kinetic freeze-out and radial flow:
— interacting system expands into vacuum
— =>radial flow is a natural consequence
— Cascade process => an ordering of
particles with the highest common
underlying velocity at the outer edge
Hadrons are released in the final
stage and therefore measure
“FREEZE-OUT” Temperature

— =>simple parametrization - radially
boosted source with velocity B (y=0)

T, (MeV)

(B

140

120}
100}
80|

60

40
20
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“COLLECTIVITY”
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Collective Flow of QCD Matter

Reaction plane o Py @ = arctan Py
pI
< INTERATIONS i
: (hydrodynamlcszz) ) <p£> _<p)z>
()= (x*) i)+ (p2)
£= <y2> + <x2> Final momentum anisotropy

Reaction plane defined by
“soft” (low py) particles
AQO = — SpReaction Plane

Initial spatial anisotropy

dN
Elliptic flow dAgp x 1 -+ 2@COS(2AS@)

DPF 2015, Ann Arbor, Heavy-ions




0.08

0.06

0.04

0.02

-0.02

-0.04

-0.06

-0.08

Azimuthal anisotropy

Energy dependence of v2

f — I I —

- ¢ =

L ¥ :

Y ta -

— }l‘ é ® ALICE ]

¥ STAR ]

__"'x “““““““““““ 47 PHOBOS ]

v

: [0 PHENIX 7]

— H NA49 -]

r O CERES ]

— + E877 -]

- * EOS ]

— f A E895 =]

- ¥ FOPI 7]

- Lol ol ol AR
1 10 102 10°

\/Syy (GeV)

22

PRL 105, 252302 (2010)

>N 0.12_----|----|---- I
i . ]
Two-particle 0.1 o* © o* st
methods . > ot ]
B o i
Multi-particle 0.08 i [—_
methods - - ]
0.06 — [ -]
: . "zg; harge ]
o v samec arge
0.04 n ] vi{ 4} i ~
- O v,{4} (same charge) -
© { & v,{g-dist} i
0.02 ?HL i viLYZ) —
v,{EP} STAR .
" vz{LYL} STAR ]
e b T P Pl BT B
00 10 20 30 40 50 60 70 80

centrality percentile

Collective behavior observed in Pb-Pb collisions at LHC (integrated:
+0.3 v,"HIC— consequence of larger <p;>) -> V,(p;) similar to RHIC -
almost ideal fluid at LHC ? Similar observation down to ~20 GeV!
New input to the energy dependence of collective flow
* Additional constraints on Eq-Of-State and transport properties
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Shear viscosity in fluids

F \%
Z=7729 77NIO<V>A’mfp

Weak coupling

e small cross section, long mean free path
=> large viscosity

Strong coupling

e large cross section, small mean free path
=> small viscosity

Nn—0: strongly coupled (perfect) fluid
n—>: weakly coupled (ideal) gas

DPF 2015, Ann Arbor, Heavy-ions
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24
How ideal fluid is QCD Matter?

Viscous hydrodynamics needed to explain the data

0.3-ALICEPb-Pb |syn=276TeV ¥ .- [ STAR Au-Au {syy = 200 GeV
[ “PhysRev.C85,054902 (2012) ¢ .° [ 30-40% % Rt

| #*Phys Rev. C86, 014902 (2012)v e
| #**arXiv:1210.1700 e L-® L4
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% UrQMD (STAR) n Lhi
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— Hydro* (LHC, w/s=020) [ g
— . - Hydro** (RHIC, 1/5=0.12) , T ,},

- . = Hydro** (RHIC, 1/s=0.16) | ’@ * % X Kk *

- - = Hydro*** (LHC, 1/5=0.08) 5 KX

-4 - - - Hydro®** (LHC, /s=0.16) [ ®%

O |'¥|||||||||||||||||||||||||||||| |@||||||||||||||||||||||||||||||

0O 05 1 15 2 25 3 0 05 1 15 2 25 Tine > Truic
pT (GeV/c) pT (GeV/c) [n/S]LHC > [n/S]RHIC
. apprO);imate rénge of | I by LHé

maximal initial temperatures
probed by RHIC

0.1—

&

Shear viscosity — lower limit:  p 1

KSS (string theory); Gyullassy-Danielewicz - > — 3
(quantum mechanics + ballistic theory) S 47T

Hot, deconfined QCD matter flows
as an almost perfect liquid
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v, of identified particles

Viscous hydro predictions are able to describe the data
Hydrodynamic flow: Pronounced mass dependence

ALICE 10-20% Pb-Pb |s,, = 2.76 TeV

0.4_97[i K*

v,{SP,|An| > 0.9}

v,{SP,|An| > 0.9/,

Fitp

- (GeVie)
. v2/nq scaling at the LHC'less obvious (within ~20%)

(vof Ng)/ (v ng)

Not shown: v, and v,(p;) — mass ordering reproduced by
hydrodynamic calculations with very small viscosity to

entropy ratio: n/s ~ 0.2
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Higher harmonics in azimuthal decomposition

dN
dAp

~ 1 4+ 2v5 cos(2Ap)€ )

Alver, Roland, 2010

Fluctuations in initial state lead to e-by-e fluctuating symmetry planes
=> Odd harmonics are not zero

DPF 2015, Ann Arbor, Heavy-ions
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Higher harmonics —the measurements

0.05

Alver, Gombeaud, Luzum & Ollitrault, Phys. Rev. C82 034813 (2010)
| v, Glauber /s=0.08

.V, CGC 1/5=0.16
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Bt
) D
Alver, Roland, 2010

v, - triangular flow :

- weak centrality dependence
- vanishes as expected when
measured w.r.t. reaction plane

Similar p; dependence for all v,
Also similar to RHIC

Higher harmonics - additional
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Flow and particle mass...
Focus on the ¢ meson

Pb-Pb: Hydrodynamics + hadronic

rescattering model struggles with v,

v, at low p; follows mass ordering

v, at high p; close to p in central and

close to t in mid-central

In central collisions p and ¢ p;

spectra: similar shape up to ~4 GeV/c
* As expected from radial flow

e Similar in p-Pb?

Mass (not number of

Ratios ton

1tk

107 F

constituent quarks) is main

driver of v, and spectra

in central Pb-Pb collisions |
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v 80-90% |

6k
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-| Pb-Pb: p/¢ ratio vs p;

arXiv: 1404.0495




CMS

O e— NG > 110

2-particle correlations

A@ azimuthal angle difference
- angle in the transverse plane

<
L8
3

Az
z

B S

ATLAS Preliminary
Is=13 TeV, L_~14 nb
Data 2015

O.5<p$’b<5.0 GeV

> -

Z 51.02
=
32
©)

An - longitudinal - pseudo-
ra pldlty distance DPF 2015, Ann Arbor, Heavy-ions 4



Two particle correlations — Fourier decomposition 30

long range correlations

P <4GeVic Eﬂ";? 276 TeV  |ntegration of the correlation function in
SN i e W 0.8 < |An| < 1.8 (long) and Fourier decomposition
e ' Collective flow: the coefficients factorize V_,=v (p;")v,(p;")
o .h};ﬂs«;_ ., 1 4
I NS _ " max
!;ﬁff}%}»jglggp;% Cl4¢)=——— [, clan, ap)~142 V 008 ndep)
- LI _!Qbﬁi‘.\“‘ M max M min min n=1
A Pair-wise coefficients
0.35-F & Centrality 5“ - Centrality
0.3+ — 0-2% 4 -+ 40-50%
0.25- 2<pl <2.5GeVic 1 —*20-30%
Pb-Pb 2.76 TeV, 0-2% central — o021 & 1.5<p; <2 GeVic Y ;D{ﬁg‘{“
- 2 < pt <2.5 GeVic ° e | DiPern
1018 *‘* 15 -:Tp$ <2 GeVic 015 = ol 0-2%
1.01— * ' 0.8 <|An|<1.8 = 0.1 = > 1 2 <pl <2.5GeVic
. 1.5-:p:<2l3eWc
= 1.005— * f 0,05 1+ . -
3 : e Por, i =S T %%
1 *' * * .f sttt 3 0 e == 0= |
:,* . ;‘, | | | | | | | | | | | | | | | |
AR PA 38 12 3 4 6 6 7 8 12 3 4 56 6 7 8
0.001- ¥ ¥ 2Indf=33.3 1 35 : . no,
1°°2EF ——— -+ Few components describe the low-pT correlations
g s e L ; <> Strong near side ridge and double-peak on the away
- i * o - :
0.998 I I I I I I I I } } } I } tri asSsocC -
! : < Also recoil jet up to p;'"&>8 & p,;®*°¢ 6-8 in central

A [rad] DPF 2015, Ann Arbor, Heavy-ions
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Two-particle correlations in p-Pb

The method: from the high-multiplicity yield subtract
the jet yield in low-multiplicity events (no ridge)

2<p;,,,<4GeVic p-Pb \'s,, = 5.02 TeV

71 \(0-20%) - (60-100%)

p-Pb |5, = 5.02 TeV wig < 4 GeVie p-Pb |/s, = 5.02 TeV
0-20% <P assoc <2 G8VIC 60-100%

Low multiplicity event class 2
Remaining correlation:

High multiplicity event class
<dN_/dn>~ 35 <dN_/dn>~7
two twin long range structures

Analysis in multiplicity classes defined by the total charge in VZERO detector

(away from the central region)
DPF 2015, Ann Arbor, Heavy-ions



v,{2PC, sub}

0.25

0.2

0.15

0.1

0.05

Comparison of v, in Pb-Pb and p-Pb

High-multiplicity p-Pb collisions

L AL UL |
ALICE

L] L] L] L] L] L] L] L] I L] L] L]
|An| > 0.8 (Near side only)

E p-Pb \/s_NN=5.02 TeV E
[ (0-20%) - (60-100%) ]
C mh  am I 15
E e - ER
3 e 133
: . | 1%
= — >N
[ +$ —+— -]
o S :
IS BT EP R TR | PR - L]
0.5 1 1.5 2 2.5 3 3.5 4
P, (GeV/c)

32

50-60% Pb-Pb
ALICE 50-60% Pb-Pb |5, = 2.76 TeV
0.4, .
03 "
. piD LTI N é
0.2 ﬁ!ﬁim .
S $e 0
L o._t‘f !
0.1 ..:A:f *
OT.F ‘ ‘
0 2 4
P (GeV/e)

Similar features in p-Pb and Pb-Pb: mass ordering at low-p;
in Pb-Pb ascribed to hydrodynamics

Not shown: more signatures for collectivity from cumulant analysis

DPF 2015, Ann Arbor, Heavy-ions



p-Pb

VOS: (0-20%)-(60-100%) -

e
[
(%4

Y(A9)-Czyam
S
o

5
)
O

0.00

Double ridge structure in p-Pb

Extends to very large rapidities

ALICE arXiv:1506.08032
0.5 < p (GeV/c) < 1

Assoc. tracklets

ALICE
ISy = 502 TeV

LHCb \/ S\N = 5TeV
Activity bin T

1.0< p, < 2.0 GeV/c
Activity bin IT

33

v,(Pb-going) > v,(p-going)
and independent of p;

012 ALICE
[ p-Pb \sy=5.02TeV
- VOS: (0-20%)-(60-100%)

[ ] Data, Pb-going
o Data, p-going

AMPT, Pb-going

AMPT, p-going

LHCB-CONF-2015-004

Activity bin III Activity bin IV Activity bin V

' Cryan=121 (p+Pb)
Cryan=1.04 (Pb+p)

Sy

T Cryan=132 (p+Pb) -

s at
& »

T Cryan=142 (p+Pb)
Cyyan=1.27 (Pb+p)

| FAREY RS B AT
Cryan=1.38 (Pb+p) Cryan=1.54 (Pb+p)

0o 2
Ad
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Collective particle production in p-Pb

Multiple-particle correlations

PhysRevlLett.115.012301

- CMS PbPb \s,, =2.76 TeV
. 0.3< P, <3.0GeV/c; Inl < 2.?5 500 o o4

omE E B 00005 T

| T T T T
CMS pPb |s,, = 5.02 TeV
0.3< p, < 3.0 GeVic;inl <2.4

Multiple particle (up to N=8) correlations

(@) 4
P ¢
O V{2, I[An>2}  — O D*WD EI] -
O v,{4} 1 [I] 'l"* _
+ v,{6} 1 [‘LJ 1
¢ V,{8}
o v4LYZ}
ST SN SO AT T ST S TN NS TN SN SO (NN SO | AN SO ST SO S N PR A R RN N N
0 100 200 300 0 100 200 300
N:)rflzline Nﬁfgline

0.1

0.05

0

Phys.Lett. B725 2013 (60-78)

I I
- ATLAS

| p+Pb, \Syy=5.02TeV, L _=1ub’ )

e ° 1

i +’ —

- e |

| +. -i%i ijj,iiiiiiLi"'* i
e oV, (2)

i *v,{4}

- 03<p <5 GeV Hv,{2PC}

- Inl<2.5 AV,{2} hydro |

2|0‘ ‘ ‘4‘0‘ ‘ ‘6‘0‘ ‘ ‘8‘0‘ ‘ ‘1(‘)0‘ ‘ ‘12|0‘

<2E$b> [GeV]

— very clear signal of collective particle production
Droplets of QGP in pA collisions? Other “initial-state” effects?

DPF 2015, Ann Arbor, Heavy-ions
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Long-range correlations also in pp collisions at 13 TeV

Y(A9)

7.2

71

> 0.08

0.06

0.04

0.02

Rldge at Ad)"‘O over aII rapldltles ATLAS CONF 2015 027
1 += 0.06 — T
ATLAS Pre“mmary ] o> - ATLAS Prellmlnary 05<p <50 GeV .
\s=13 TeV, L _~14 nb § | {s=13TeV,L_~14nb" 2 0<Ani<5.0 -
Data 2015 . | Data 2015 i
N ric>1 20 . 0.04— e All pairs N
ch — |
a,b | ~ 0 Opp-Charge pairs -
O'5<p-r <5.0 GeV - ~ O Same-Charge pairs ++ 1
2.0<lAnI<5.0 - - i
| 0.02—
- - :8::@=
rS | P | s i s-——r— :
0 2 4 N I |
Aq) 1 1 1 1 | 1 1 1 1 | 1 1
_ATLASI Prellmlnar‘y 05<p <56GeV ‘rec n 0 50 100 rec
Vs=13 TeV, L ~14nb" 2 04iAni<5.0 ONg, =100 1 N .,
" Data 2015 DNliczso ]
L 060=N"°<70 _| o ) ) o
I —%)— 1 Finite yield for high-multiplicity events N>50
I L — + 1 - Sameyield in like-sign and unlike-sign pairs
: — N - — this is not a jet effect
B T . .
C B Yield increases up to 2.5 GeV then drops
<:D~ — - Similar trend as in Pb-Pb and p-Pb collisions
e ¢ - Consistent with 7 TeV observation by CMS
oo PR R | P R R
1 2 3 4

pfi’éZGQ}]S, Ann Arbor, Heavy-ions



“Hard probes” of the medium

G ~ {ar)/) = (a1)/(po)

Induced ™)

q: fast colour triplet

jet quenching
gluon R
g: fast colour octet . radiation > <> Tvansport coeff.
. dN
charm/bottom dynamics — 3 nitial gluon
Q: slow colour : Energy dy dencit
triplet = \QQJ, I loss ? ./ J

- T Critical
J/yw& Y QQ:slow colour C temperature

. —"'<Dissociation
singlet/octet 80 and energy

v*: colourless density
Colorless (photons, Z,W) -
v-: colourless e Controls
QCD medium

Figure: d'Enterria arXiv:0902.2011



Jet quenching at high-energy 37

QCD Bremsstrahlung

High energy color charged probe t formation < L & w < w,
propagating through color charged medium -
(LPM effect; multiple soft radiations) 0=XE

E

Hard
Production

Define a transport coefficient:

G~ p?/\

Partonic energy loss in QCD medium is proportional: 1
* to squared average path length (Note: QED ™~ linear) A 0
* to density of the medium S

=> energy flow (parton+radiation) modified as compared to jet in vacuum
= jet “quenched” (“softened” fragmentatich) ™



Jets: LHC vs RHIC

LHC + RHIC: QCD evolution of jet quénching ?

Vary energy of the jet
=> LHC: Vary the scale with which QGP is probed ( a |a DIS)

=> Compare and contrast RHIC and LHC

DPF 2015, Ann Arbor, Heavy-ions
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Quantifying nuclear effects: Ry,

R =

“QCD medium”

“QCD vacuum”

Yields measured in AA (or pA)
per binary N-N collision

Yields measured in pp collisions

R > 1 —enhanced particle production
R =1 —no nuclear effects
,,,,,,,,, » R<1-suppression

Sometimes useful to take the “vacuum” reference
""""" > asyields in peripheral events — defined as R,

& (quenched) jet

DPF 2015, Ann Arbor, Heavy-ions
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Jet quenching via hadron suppression

#(particles observed in AA collision per N-N (binary) collision)
Ratio =

#(particles observed per p-p collision) Phys. Lett. B 696 (2011)

105 T T T T ‘ T T T T ‘ T T T ‘ T T T ‘ T T T T ‘ ‘ T T ) : :
- 1 _ ALICE Pb-Pb \[s_ = 2.76 TeV (0 - 5%)
10° Cross SECHION rory s, =276 Tov ©0-5%  Pb-Pby\s,, =276TeV . STARA-AU\S,, = 200 GeV (0 - 5%)
NN
10°Ls —— scaled pp reference u PHENIX Au-Au \[s,, =200 GeV (0 - 10%)
e 0-5%
2| Bt s S P PEr CEPERERS B — Al - —
108 o 70-80% 11 1l I I -
105 Ruslpy) = —LUNED NG dndpr i ]
APT ) = T35 77 PP PP T *
1 (Neon) (1/Nz; )d*NY [dndpr Cent
| ral
10" e e
collisions |
10 {
10° suppression * ) ]
® *
10* § i N ¢ I
i Lr it t
10° : *
° [)
10° .
107
10-8 | | | | | | | | | | | | | ) 1 B | | | | ‘ | | | | ‘ | | | | ‘ | | | | N 1 B | | | | ‘ | | | | ‘ | | | | ‘ | | | | N
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
p, (GeVic) p, (GeVic) P, (GeVlc)

1. Strong depletion of high-pT hadrons in A-A collisions
— consistent with parton energy loss (jet quenching)
2. Qualitatively new feature : evolution of R,, as a function of p;
3. New, much anticipated ¢onstraint'for'parton energy-loss models



RAA from SPS, RHIC & LHC

RAA
—

SPS

[
O
O~
Y

SPS 17.3 GeV (PbPb) GLV: dN/dy = 400
O n° WA98 (0-7%) GLV: dN/dy = 1400
GLV: dN,/dy = 2000-4000
RHIC 200 GeV (AuAu)

— YaJEM-D
O [r° PHENIX (0-10%)
---- elastic, small P___

% h* STAR (0-5%)

| lllllll | |

Ll

& -.- elastic, large Pm
LHC 2.76 TeV (PbPb) I :
® CMS (0-5%) —— ASW |
¢ ALICE (0-5%) PQM: <&> = 30 - 80 GeV?/fm—
""""""""""""""""""""""""" ;'::':“"“"'
- _

0

1 2 34 10 20 100 20
CMS, arXiv:1202.2554y1, 0,5 P (GEV/C)
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Hadron suppression

Pb-Pb: QGP transparent to color neutral
probes — R,,~1

A R B B L B

pPb

. N, Pb-Pb (ALICE) ~® N, p-Pb\S,,=5.02 TeV, NSD (ALICE)
CC  1.8F 4N, Pb-Pb(CMS) % v Pb-Pb\s,. =2.76 TeV, 0-10% (CMS)

- [\/Syy =276 TeV,0-5% & W*, Pb-Pb\/s, = 2.76 TeV, 0-10% (CMS)

v Z°, Pb-Pb\[s, =276 TeV, 0-10% (CMS) ]

Repep »

________________ B

===1

40 50 60 70 80 80 100
p. (GeV/c), E_(GeV), or mass (GeV/c?)

ALICE: Phys.Lett. B 720 (2013) 52-62; Phys.Rev.Lett. 110 (2013) 082302
CMS: Eur.Phys.). C72 (2012) 1945; Phys.Lett. B710 (2012) 256-277;
DPF 2015, Ann PRyS: Lty BI715 (2012) 66-87; PAS HIN-13-004
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Hadron suppression

Pb-Pb: QGP transparent to color neutral
probes — R,,~1

A R B B L B

pPb

. N, Pb-Pb (ALICE) ~® N, p-Pb\S,,=5.02 TeV, NSD (ALICE)
CC  1.8F 4N, Pb-Pb(CMS) % v Pb-Pb\s,. =2.76 TeV, 0-10% (CMS)

16 [\s\y =276 TeV,0-5% & WX, Pb-Pb\s,, =2.76 TeV, 0-10% (CMS)

p-Pb: R p, (min. bias) for hadrons
with p;> 4 GeV/c consistent with unity

v Z°, Pb-Pb\[5,, = 2.76 TeV, 0-10% (CMS) |

Repep »

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

===1

40 50 60 70 80 80 100
p. (GeV/c), E_(GeV), or mass (GeV/c?)

ALICE: Phys.Lett. B 720 (2013) 52-62; Phys.Rev.Lett. 110 (2013) 082302
CMS: Eur.Phys.). C72 (2012) 1945; Phys.Lett. B710 (2012) 256-277;
DPF 2015, Ann PRyS: Lty BI715 (2012) 66-87; PAS HIN-13-004



44

Hadron suppression

Pb-Pb: QGP transparent to color neutral

probes — R,,~1

p-Pb: R p, (min. bias) for hadrons

with p;> 4 GeV/c consistent with unity

Strong suppression of hadron yield in most B
central Pb-Pb collisions => final state effect g .. l ]
R, Fising up to 0.4 and flattening at high-p; - 7 AUTAd', N S A A r % """"""" E

reproduced by (most) models

pPb

= N, Pb-Pb (ALICE) N,., p-Pb \s,,, = 5.02 TeV, NSD (ALICE)
oC 18 - a4 N,, Pb-Pb (CMS) * 7Y, Pb-Pby\/s =276 TeV, 0-10% (CMS) ]

‘6 [\syy =276 TeV,0-5% & W*, Pb-Pb\/s,, = 2.76 TeV, 0-10% (CMS)

Z°, Pb-Pb\[s, = 2.76 TeV, 0-10% (CMS) |

Repep »

===1

50 60 70 80 90 100
p. (GeV/c), E_(GeV), or mass (GeV/c?)

ALICE: Phys.Lett. B 720 (2013) 52-62; Phys.Rev.Lett. 110 (2013) 082302
CMS: Eur.Phys.). C72 (2012) 1945; Phys.Lett. B710 (2012) 256-277;
DPF 2015, Ann PRyS: Lty BI715 (2012) 66-87; PAS HIN-13-004
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Hadron suppression

Pb-Pb: QGP transparent to color neutral
probes — R,,~1

p-Pb: R p, (min. bias) for hadrons
with p;> 4 GeV/c consistent with unity

Strong suppression of hadron yield in most

central Pb-Pb collisions => final state effectn:

<
<

Raa rising up to 0.4 and flattening at high-p; -

reproduced by (most) models

Similar R,, for pions, kaons and protons at
high-p;

0.8
0.6
0.4
0.2

1
0.8
0.6
0.4
0.2

T T T T I I I I I I I I I I I I

\ S\ = 2.76 TeV
0-5%

T+

m2K+K

*P+P
oh'+h

ALICE Pb-Pb

| | | | | |
0 2 4 6 8 101214 16 18 |

P (GeV/c)

8 10 12 14 16 18

ALICE: Phys. Rev. Lett. 109, 252301 (2012)
arXiv:1303.0737;
Preliminary SQM 2013

DPF 2015, Ann Arbor, Heavy-ions
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Hadron suppression LHC and RHIC

ALICE Pb-Pb \ s, = 2.76 TeV

T T T T

-0 0-5% - i -=7t*, ALICE 0-5% Pb-Pb - 5-10%
I o+ - 0.8 \Syny =2.76 TeV . arXiv: 1506.07287  _

BK+K “| 1% PHENIX 0-5% Au-Au |

06 *p+D 0.6 \S\w=200GeV T .
0.4 0.4 ¢
0.2 0.2 .
% =
m Io m I I I I I °I I 1 I I I I °I I
fo . 20-40% | | 20-40% 1 40-60% | [
0o #14arXiv: 1506.07287 0.8k 1 |
7 l i i o
0.6 0.6 3
0.4 0.4 O 7]
0.2 0.2 T 1
02 46 81012141618 6 8 10 12 14 16 18 6 8 10 12 14 16 18
p.. (GeV/c) p. (GeV/c)

* High-p;: Similar suppression for all particles <> leading particle jet structure umodified
» Similar suppression for identified pions at RHIC and the LHC (all centralities)

Despite different do/dp; R, "' compatible with R,,"H¢

DPF 2015, Ann Arbor, Heavy-ions
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Jet suppression

R,a < 1: medium induced out-of-cone radiation

<
<C

c

27
1.8 ALICE Pb-Pb s =2.76TeV

Anti-k; R=0.2 |n_| <05

1.6F
lead,ch
- ' >5GeV/c
1.41 T

C i ALICEO-10%
1.2F 77K/ CMS 0 - 5%

HIN-12-004-PAS

1 3 77%77) ATLAS 0 - 10% (R = 0.4)
0.8F PRL 114 (2015) 072302
0.4F 2 .
0o =
o | | | | | | | | | | ) .
00 100 200
pT,jet (GeV/c)

Longitudinal modification:

e out-of-cone: energy lost, loss of yield, di-jet
energy imbalance

* in-cone: softening of fragmentation

Transverse modification
e out-of-cone: increase acoplanarity kT

'300 * in-cone: broadening of jet-profile

LHC: Estimates (on average) of about 10-20 GeV radiated
— similar preliminarygesylt at BHIC. .., ions



Di-jet asymmetry

Er1 — Ero ™
Ay = ,Agb > —
Er1 4+ Ers 2
PhysRevlLett.105.252303
- 4 T T T - 4
< 10-20%] § [\s, _2 76 TeV 0-10%
> > ATLAS
2, 2. 0% Pb+Pb
. i I
c T 2
) . Hadron-Jet coincidences
—~ 0.7 T T T T T T
O %204 08> 08 49' AUCE
A, = | 0-10% Pb-Pb sy = 2.76 TeV
S Anti-k; charged jets, R =0.4
< 10 < 10F T ' ™3 40<pre°°°h<60 GeVic
3 g @ Pb+Pb Data
E 2 | open oute 005 " TT{20,50} — TT{8,9}
;1% 1 ;g T OHUING+PYTHIA . @ Pb-Pb: o = 0.173+0.031(stat)+0.005(sys)
= = - M PYTHIA + Pb-Pb: ¢ = 0.164+0.015(stat) i
10" 101*** 4 L §
102 102 . 0 "":'::"_‘_'.';.'i.: e ]
R T T T B Statlstlcal errors only
2 25 3 A R R \ |
Y o Ad 16 18 2 22 24 26 28 3
A, is modified Ao
but no medium-induced accoplanarity No sign of Moliere scattering

(angular distribution as in pp collisions) - Sensitivity to medium homogenity
DPF 2015, Ann Arbor, Heavy-ions



Momentum distribution within a jet

dnt

E(f,f)

14

0

p(r)

—_

1.5(

p(r) F'be/p(r)PP

o

= OPAL =

---- in medium, E;;=100 GeV f

o'

—
T
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In-medium jet modifications — jet quenching

f — ln(Ejet/phadron)

V.s=192-209 GeV
in vacuum, Ej;=100 Ge

AJet quenching

“hump-back
plateau”

\
\
\
‘\
LI

L

6 EZ]D(EJ et/ p hadmu)

CMS, {5y = 2.76 TeV pp, f Ldt=53pb" PbPb, f L dt = 150 ub™

Phys. Rev. C 90 (2014) 024908

- CMS  PbPb

E PbPb \/syy = 2.76 TeV
L 150 pb™"

(1 /Njet)dNtrack/dE

50-100%

—— pp reference data

T L T T T T T T T
100 < pf' <120GeVic L pi**>1GeV/c,R<03

03<|n® <2

PbPb/pp

"“anti-k, jets: R = 0.3 PbPb | ' ' ' S ' ' '
jet f
[ P ;_;2%%.?‘:’; | -e-SPprEterence 1 |- |--Central |
=o-pieck>1 GeVic] 8= - == "'I e ot
| == 1 == 1 == == 1 COJ!SIOﬂS_
- == o= - .-
== == - == ==
L 70-100% 1 50-70% 30-50% 10-30% 0-10% ]
| | ¥ | [ | LA e - } } }
Lo _._+
-
—— - 4 [ Ee ] = —e
_______________ SR S5 S = P o PR
B R =t i o o=
-I 1 1 1 ] 1 PN BN M | .--I P PSR | .--I MRS BT P | .--I 1 1 1
0 0.1 0.2 030 0.1 02 030 0.1 0.2 030 0.1 02 030 0.1 02 03
r r r r r

Phys. Lett. B 730 (2014)

DPF 2015, Ann Arbor, Heavy-ions

3N L
track
p

D
p(?’) o l 1 tracks € [ra, 1p)
Or Net jets P];t

r = V(track — 1jet)* + (Ptrack — Pjet)> < 03
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Jet v, (azimuthal asymmetry)

Sensitivity to path length dependence of parton energy loss

% 1"5-10% antikR=02]} 10-20% ' ATLAS
0.06} 1F ]
0.04 . I I
11 W B
oozl I P + 1E
OF o _ IS OSSO UT P UURURURRRORTEION IO
S ' 20-30% "f;d',;a,g;bh; ' 30-40%
0.06 1F
I Pb+Pb |5, =2.76 TeV ] |
0.04f [o g . l u - oS
0.02 + + 1t +
0_.I ........................ I ........................ II_ _II ........................ I ........................ I
%o | 40-50% | "1} 50-60% S
0.06[ ] *
Jets studied in-plane and out-of-plane oosll w * _I_ 1F W +
— traversing different path length 0.02} T 1t i
=> V2 OfJetS _ ﬁnlte Value eXpeCted; |tS 0_III ..... o I_ _I ..... | ,, ..... e ]
magnitude important input for jet 010 e Y Y Ge)
T T

guenching models
DPF 2015, Ann Arbor, Heavy-ions PhysRevLet‘t111152301
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Parton type/mass dependence of energy loss

AE x a;CriL*

Energy loss depends on parton:
— Casimir factor (C;=3 for gluons

and 4/3 for quarks)

— Mass of the quark (dead cone
effect): radiation suppressed for<

angles 6 < m/E

A-Egl'u,o'n, > AEquark
AElz’ght—q > AEh,ea,'vy—q
* Does it persist at low-p; as:

D B
A < Ria < Raq

1.0

Wicks, Gyulassy, Last Call for LHC predictions

oa
-

0.6
—

3

m04
| D{m

0.2

0.0

I o

.~ 1.5 GeV)

| ! | ! | !
a, = 04

— Charm dN_/dy = 1750 |
— Bottom ng/dy = 1750 4
- = Charm ng/dy = 2900 ]
- - Bottom ng/dy = 2900

—

B (m,~5 GeV)

-~
—~
S
-~
-——
il S —

.~ — -

DPF 2015, Ann Arbor, Heavy-ions




Charm suppression < Jet quenching

D-mesons measured at mid-rapidity Vijl 5

hadronic decays o
1.8
R . . ., 1.6
Ap - SUppression pattern (ratio of yield
in Pb-Pb to yield in proton-proton) 1.4
shows a strong deficit (jet quenching) 1.2
’

Quenching: charm at high-pT similar to 08
light flavor '

52

*IIIIIIIIIIIIIIIII

e Average D°D*,D*, |y|<0.5, 0-7.5%
with pp pT-extrapolated reference

o Charged particles, n|<0.8, 0-10%
= Charged pions, n|<0.8, 0-10%

O

lllllllIIIIIIIIIIIIIIIIIIIIIl

Pb-Pb,\ s\ =2.76 TeV

ALICE

PRELIMINARY

IIIIIIIIIIIIIIllIlllll

Suppression (also strong for charm)

lIIIlIllI

0.6

Possible hint of colour charge effects at 0.4
low-p; (below 10 GeV/c) 0.2F
— =>need better precision (outlook for O:'
next years and upgraded detector) 0
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Charm suppression
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High-p;: Rr,, for D-mesons compatible with R, of pions
=> Similar E-loss for glue/light- and charm quarks
Despite different do/dp; R,,*"'C compatible with R, ,'H¢
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Mass dependence of in-medium E-loss

arXiv:1506.06604 ALICE & CMS data
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i . D non-promptJ
Indication of R,,P < R, "°n-PromptJ/y

Consistent with mass dependent energy loss
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Open charm: R,, and v,

D-meson R,, arXiv: 1203.2160 (JHEP 1209)
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* RAA of D —similar suppression as light flavor
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* Non-zero D v, — interactions of the c-quark withing thermal bulk (TBC)

* The simultaneous description of D meson R,, and v, needed
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b-jet suppression

Phys. Rev. Lett. 113, 132301 (2014)

CMS \'Syn = 2.76 TeV
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Similar suppression for b-jets as compared to inclusive jets
Consistent with the expectatiofi = €-[§55 itidependent of mass at high-p



Extracting jet transport coefficient from
jet quenching at RHIC and LHC

57

arXiv:1312.5003
Phys.Rev. C90 (2014) 014909

Evaluatlon of qhat ina perturbatlve framework based on inclusive hadron RAA
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Considering the variation of the ¢ values between the
five different models studied here as theoretical uncer-
tainties, one can extract its range of values as constrained

by the measured suppression factors of single hadron
spectra at RHIC and LHC as follows:

q _[46+12 at RHIC,
T3 7| 3.7+1.4 at LHC,

at the highest temperatures reached in the most central
Au+Au collisions at RHIC and Pb+Pb collisions at LHC.
The corresponding absolute values for ¢ for a 10 GeV
quark jet are,

T=370 MeV,

. _f12403
~ T=470 MeV,

2
19407 GeV*/fm at
at an initial time 79 = 0.6 fm/c. These values are very
close to an early estimate [6] and are consistent with LO
pQCD estimates, albeit with a somewhat surprisingly
small value of the strong coupling constant as obtained

in CUJET, MARTINI and McGill-AMY model. The HT

RHIC ~ 25% uncert. LHC™~ 37% uncert.
Excellent progress within the last few years.
0. 5 Next steps: use full jets, jet structure, .

T (GeV) DPF 2015, Ann ArboEtraction of ehat with (new) HF data



Quarkonia in QGP

QGP signature proposed by Matsui and Satz, 1986

In the plasma phase the interaction potential is expected to be
screened beyond the Debye length AD (analogous to e.m. Debye
screening):

Charmonium(cc) and bottonium(bb) states with r > AD will not

T/Te (e [fm]

2 Y(1S)

*(1P)

J/p(15) Y'(2S)

% (2P) Y"(39)
x(1P)  w'(25)
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Mocsy, EP] C 61 (2009) 705

secondary production
vid statistical combination

thdymal suppression
of primary produgtin

bind; their production will be suppressed (qgbar states will “melt”)
g 1 e s :@
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ALICE Coll. PLB 73/(2

Suppression
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Suppression vs. binding energy of quarkonia
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I/ Ry, — closer look at low-pT
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in collisions with b > 2R




Regeneration < J/ flow?

Au+Au 0-80%

Rys (0-20%)

® MB Trigger
AutAu— Jy @ 200 GeV

O HT Trigger

----- Regeneration
I 1 I

0 2 4 6 8 10

Transverse Momentum P, (GeVlc)

RHIC v, 3
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* Expect ]/ from regeneration to exhibit

similar elliptic flow as D mesons

~ « STAR at RHIC:

» no significant elliptic flow

‘o ALICE at LHC:
» hint at 3 GeV/c
» local significance 2.2 0

0

* Does one point really make the difference?

i 2 3 4 5 6 7 §F é’é%/ 1n0Arb or, Heavy-iors More data will bring the answer
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Summary

Note: not all the topics where covered

QGP is a strongly coupled; almost perfect fluid with the smallest n/s of all known
materials

It is hot — it dissolves quarkonia states — according to their binding energy

It is dense — it is opaque to high-energy partons and modifies their structure
transporting the radiated energy to large angles; lost energy depends on the traversed
path length (jet v,>0)

Charm quarks flow within the medium (strong input for understanding of medium
transport properties — thermalization and elastic processes)

First indications that charm quark looses more energy than bottom quark — a predicted
mass dependence of energy loss

Signals of collective phenomena seen in AA also present in high-multiplicity pA
collisions — signal also in pp collision - unexpected; however, droplets of plasma where
mean-free path is much smaller than the system size are possible
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RHIC and LHC outlook

Kinematic reach: Now and tomorrow()

Figure by G. Roland

()Artist’s impression
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