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Introduction: Heavy lon Physics

Equation of state
Energy density vs temperature
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- Study the properties of many-body QCD systems

- Properties of equilibrium matter: equation of state, transport coefficient
- Dynamics: hadronisation, interactions of partons with the medium



Intro: RHIC and LHC

RHIC, Brookhaven L HC. Geneva
Au+Au Vsyy= 200 GeV Run 2: Pb+Pb vsy= 5020 GeV
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First run: 2000 First run: 2009/2010
STAR, PHENIX, ALICE, ATLAS,
(PHOBOS, BRAHMS) CMS, LHCb



Soft probes: anisotropic flow

MADAI

Time:0.08

MADAIUs

Initial state (spatial) anisotropy = Pressure gradients

= anisotropic flow: momentum space anisotropy


https://madai-public.cs.unc.edu/visualization/heavy-ion-collisions/
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Azimuthal anisotropy: initial and final states

MC event: location of nucleons
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Azimuthal anisotropy: initial and final states

MC event: location of nucleons

dv
dt

Vp = p

Initial state spatial anisotropies €, are transferred into
final state momentum anisotropies vx
by pressure gradients, flow of the Quark Gluon Plasma



Azimuthal anisotropy: initial and final states

MC event: location of nucleons Azimuthal distribution single event
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Initial state spatial anisotropies €, are transferred into 2
final state momentum anisotropies vx

by pressure gradients, flow of the Quark Gluon Plasma



V,{SP,|An| > 0.9}

Anisotropic flow results

ALICE 20-30% Pb-Pb s, = 2.76 TeV

JHEP106, 190
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arXiv:1606.06057
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Mass-dependence of v, measures flow velocity: p = ymp

Tests hydrodynamical description, freeze-out models
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Higher harmonics and viscosity

Schenke and Jeon, Phys.Rev.Lett.106:042301

general: initial state is lumpy

rt=041m
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How much of this is visible in the final state,
depends on shear viscosity 1

and a number of other model parameters

t=6.0fm
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Training data

Posterior samples
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Global fit: input

J. E. Bernhard et al, arXiv: 1605.03954

Experimental input: yields, mean pt and harmonic flow vs pr

Yields dN/dy

® T

o K+
¥y

'''''''
........

+

pp

0

10

20

30 40 50
Centrality %

60

70

1.5}

1.0t

0.5F

0.0

1.5}

1.0}

Mean pr [GeV]|

Flow cumulants v, {2}

0.5p¢

0.0

° = L4
—_—— 0.09¢ z . Vs
. J—
por 0.06 2
L= ° ® ° = .Ki .
°

o o ] ° ° ° .Wi 0.03 ° () o

03Fe ~ o 3

:. = ° ° ® Uy

0.00 L L

° e L]
\ . ° P U2
. $PP 0.06 4
=@ ° PY ° o . Ki .
o

¢ TN o ¥ 0.03} PR S

03rd o 3

:. ° ° ° °® Uy
1 1 1 1 1 1 1 000 1 1 1 1 1 1 1
10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Centrality %

Centrality %

Model: initial anisotropies + medium response

Explores a large parameter space to investigate reliability/robustness of the modelling



Global fit of initial state+hydrodynamics

J. E. Bernhard et al, arXiv: 1605.03954
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A global fit to anisotropic flow: main results

Total 9 parameters: J. E. Bernhard et al, arXiv: 1605.03954
- Jinitial state = ¢,

- 4 QGP = response ViSCOSity of the QGP

- 2 model parameters 0.6
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n o (TP+TH' transport properties at the same time
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Multiplicity production model

Follows an effective ‘saturation’ model
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Viscosity and mean free path (density)

Kinetic theory: > F dv

B

O

Large mean free path A = momentum transport over large distance

Viscosity is proportional to mean free path T] = ; I/lp}\

——

1

1 is inversely proportional to density n A =
no

Low viscosity means large density!
(In the gas phase)

11



Viscosity and mean free path (density)

Temperature dependence of viscosity
4

Kinetic theory:
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Large mean irge distance
; AdS/ICETBound....... . QGP?
Viscosity 10 05 0.0 05 10 2]?}\»
(T-To)/ Ty —
1is Viscosity minimal at liquid-gas transition

QGP viscosity lower than any atomic matter

Low viscosity means large density!
(In the gas phase)



Future directions

Flow amplitude correlations
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ATLAS, PRC 92, 034903

Model input: viscosity vs temperature Event plane angle correlations ... MOre Cross terms
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http://arxiv.org/abs/arXiv:1704.05362

Small systems: pp and p-Pb

Exploring the limits of fluid/collective behaviour



Strangeness production in pp, p+Pb

Fraction of strange hadrons increases
with multiplicity
Large effect for multi-strange = and Q)

Similar enhancement in PbPb
has been interpreted as thermalisation;

global equilibration of the strangeness yield.

Are they related?

Paper out today: Nature Physics

Ratio of yields to (mw+x*)

particle yields in multiplicity bins
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http://dx.doi.org/10.1038/nphys4111

Two-particle correlations in pp and Pb+Pb

Central Pb+Pb p+p low multiplicity p+p high multiplicity

Ntk > 110 )
. 1<pr<3GeV 7

CMS, arXiv:1201.3158 N 0-5%
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Two-particle correlations in pp and Pb+Pb

Central Pb+Pb p+p low multiplicity p+p high multiplicity

Ntk > 110 .
s 1<pr<3GeV
1.70
1.6{7~

CMS, arXiv:1201.3158 N 0-5%

G6. ‘8L 91d 'SIND

Near side
associated

Near-side long range correlation: indicates early time origin

15



Two-particle correlations in pp and Pb+Pb

Central Pb+Pb p+p low multiplicity p+p high multiplicity
CMS, arXiv:1201.3158 _5o ,
0-5% Now < 35 Nirk > 110
N 1<pr<3Gev 7 .
18
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Near side
associated

Near-side long range correlation: indicates early time origin

Seen in high-multiplicity pp and p+Pb events

15
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Clear change in shape from low multiplicity to high multiplicity:
no near-side peak in low multiplicity events

Away-side also affected: well described by quadrupole term (cos (2 Agp))
Smooth evolution from pp to p+Pb: effect stronger in p+Pb
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Multi-particle correlations: testing collectivity
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Changing the projectile

Spatial profile of the collision

| | I |
4 +3He+Au (2014) 1
O
2 | | 3
— >
Eol 0 | ®
oo Q)
% @
2 |- L
4
%
4 e
2
Eol~
>‘ -~
) B
4 T .\ -

4 -2 0 2 4
x [fm]

RHIC has collided a variety of small
nuclei with Au to explore geometric effects
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Effect is driven by initial spatial configuration
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Flow effects in small systems

Many aspects of the observed ridge have
a natural explanation in hydrodynamics:

- Long range correlation

- 2- and 3-fold symmetries

- Dependence on initial geometry
- Many-particle correlations

- Particle mass dependence

Why would the system behave as a fluid?
Is there enough time, volume to thermalise?

- Hydrodynamisation (isotropisation) of a dense gluon
system?

- Partonic/hadronic rescattering?

- How many scatterings/what density is needed to
approximate fluid behaviour?

19



Limits on hydrodynamic behaviour

Naive expectation: need at least a few collisions for each parton to reach thermal
equilibrium and apply hydrodynamic

1) Systemsize: R > A

Would not expect azimuthal asymmetries in pp and p-Pb

Heiselberg and Levy, nucl-th/9812034,
W Lin et al,

A

2) Thermalisation time: T > —
1%

pQCD calculation:

T=6.9fm/c
Baier et al, PLB 502, 51, PLB 539, 46

Fits to data: thermalisation times 7 = 0.1-1 fm/c

20
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Limits on hydrodynamic behaviour

Naive expectation: need at least a few collisions for each parton to reach thermal
equilibrium and apply hydrodynamic
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T=6.9fm/c
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Turns out to be too strict: (viscous) hydro describes non-thermal systems,
see next slide

Naive expectations can be ‘bypassed’ in nature?
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Limits on hydrodynamic behaviour

Naive expectation: need at least a few collisions for each parton to reach thermal
equilibrium and apply hydrodynamic

1) Systemsize: R > A

)\
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o™ ”
O . e
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Density to” \ee} Heiselberg and Levy, nucl-th/9812034,
Q\‘b W Lin et al,
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2) Ther

pQCD calculation:

T=6.9fm/c
Baier et al, PLB 502, 51, PLB 539, 46

Fits to data: thermalisation times 7 = 0.1-1 fm/c

Turns out to be too strict: (viscous) hydro describes non-thermal systems,
see next slide
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Hydrodynamic behaviour in non-thermalised system

Pressure anisotropy

1.4
¢ Keegan et al, JHEP 04, 031
1.2
pu/pt = 1 isotropy; 1
conditon —
for thermalisation ~ 08
o 06 L_mes:
viscous hydro
0.4
Non-equilibrium 0.2
expansion in AdS/CFT .
Kinetic theory 0 10 20 30 40 50 60

Emerging understanding:
Hydrodynamical description valid before thermalisation/isotropisation

Estimate of smallest (possible) system size with fluid behaviour: r = 0.15 fm
Weller, Romatschke, EPJC 77, 21
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Looking at sub-nucleon size fluctuations

Lead nucleus Proton
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Flow in p-Pb collisions shows sensitivity to proton sub-structure

Sensitivity even larger in pp
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Looking at sub-nucleon size fluctuations

eccentric proton

Lead nucleus

Partonwidth [fm]
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0.5
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Parton number Parton number

Flow in p-Pb collisions shows sensitivity to proton sub-structure

Sensitivity even larger in pp
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Looking at sub-nucleon size fluctuations

eccentric proton

Lead nucleus

e : - ‘ ™ )
A AR ¥
N o, ) ("':'
o ' -:~‘ T T ' ;o-l.ﬁ vy g
L | >4 .' -y " .\0.1 »
LN

o

B 3

Parton number Parton number

Partonwidth [fm]
0.3

0.5

20 3 5 20

Flow in p-Pb collisions shows sensitivity to proton sub-structure

Sensitivity even larger in pp
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Looking at sub-nucleon size fluctuations

eccentric proton
! \
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Flow in p-Pb collisions shows sensitivity to proton sub-structure

Sensitivity even larger in pp
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Looking at sub-nucleon size fluctuations

Wei Li, B Schenke, QM17 talk
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Flow in p-Pb collisions shows sensitivity to proton sub-structure

Sensitivity even larger in pp
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Higher pr: probes of the QGP

R Bertens, JEWEL simulation

Notr, jowor T = 0.60 (im/c) Negi hyaro: T = 0.80 (fm/c)
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Hard probes
Hard-scatterings produce quasi-free partons
= Probe medium through energy loss

Expected to be dominant for pr > 5 GeV or so
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Higher pr: probes of the QGP

R Bertens, JEWEL simulation
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Nuclear modification: Pb+Pb jucereroe

' ATLAS, arXiv:1504.04337
Charged partlcle PT Spectra arAiv
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Nuclear modification: Pb+Pb

Charged particle prt spectra
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Ncon: number of binary
nucleon-nucleon collisions
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ALICE, PLB720, 52
CMS, EPJC, 72, 1945
ATLAS, arXiv:1504.04337
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Nuclear modification: Pb+Pb jucereroe

' ATLAS, arXiv:1504.04337
Charged partlcle PT Spectra arAiv

==l

|—
1 e
T . Nuclear modification factor
10
% pp Pbe n:st 1: [J ALICE
|_
o ] 1 ALICE B A CMS LHC \'s,, = 2,76 TeV
B A A CMS 0.8/~ O ATLAS Pb+Pm5%
,Q_ 107 O O ATLAS -
° i 0.6_—
2 )| : ﬁ%
foo| ;
- > I | | | | | 40
B = o soft production, P dN/dpy|, .,
i -A:@: ' AA —
10_13—_ | Npart Sca“ng IVr'r.'H dAI/([pTlplh
| |
0 50 100 Energy loss
GeV >
Ncon: number of binary pT( ) Rap < 1

nucleon-nucleon collisions _
Pb+Pb: clear suppression (Raa < 1): parton energy loss

25



Medium-induced radiation
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Energy loss depends on density: A &<
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Transport coefficient Q =

A
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Medium-induced radiation

Landau-Pomeranchuk-Migdal effect
Formation time important
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Medium-induced radiation

Landau-Pomeranchuk-Migdal effect
Formation time important

Zapp, QM09
100
i 2Mm i .
_ S0 F T, = PR
radiated f I 2 R
gluon ~r T ) ’;\z‘-‘\'\'
S R\
5 40F 7
propagating , S0l A
parton L LC = Tf max
""""""""""""" Radiation sees 0 1 ) f 3 :
length ~t; at once LIL
If A <, multiple scatterings
add coherently
Energy loss depends on density: A &<
" A 2
and nature.of scattering c;enters ﬁ E ~ O qL
(scattering cross section) < ) > med S
q,

Transport coefficient Q =

A

20



0.8

0.6
.
o

= 04
<
o

[ T [ T [
PHENIX 0-5% 2012
PHENIX 0-5% 2008
(0.20,

EEERRRERRRRR

WOWWNNNNNN NN N
00N RhWN—
“—l“—l.“—l.“—k“—l“—l.'—l.“—k“—l“—l“—l.—l.

eXSteleieleleteteketekeks)

RHIC

CUJET2.0

(amax’fE’fM)

ALICE 0-5%

o

CEEEREEEEREERERE
wowwnhPPNDNDMNPNDNDNDN
NP2 OOONOOTAWN—O
| R\ WU (U U\ (U (O QU - — .
Cletelt=t=l=t=t=X=X=X=X=]

pt (GeV/c)

00}
o

100

RAA

0.8

RHIC and LHC

- e PHENIX 2008 (0-5%)
—  » PHENIX 2012 (0-5%)
- q,=0.8 1.0, 1.2, 1.4, 1.7 GeV?/fm

RHIC

0.8~

0.6

0.4

SIS
RS &
O 8
S xS
SRy
O > X
. 2 RS \y
o
XS

1 ' 1 ' 1 1T = T . .
- e CMS (0-5%)

* Alice (0-5%)
q,=14, 1.8 2.2, 2.6, 3.0 GeV*/f

ot
RS
Xt
o
o
W

w
K

‘
08
\\\\\\\\\
\\\\\\

.
o
g B
s
sunnn
o
annad un
onns .
wrgyst® s
T LM o
g
ey o f ouermtt
f o
n QRS . "
B IRCLL o, suaarasTIR
g
il I W ennsVoun,
gt w
o o s
Ll ue®
A st
s ;N
" .
s

Il | Il
10 20 30 40 &0 60 70 80 90
P, (GeV)

Systematic comparison of energy loss models with data
Medium modelled by Hydrodynamics (2+1D, 3+1D)

pr dependence matches reasonably well

Il |
100

€00S°CLE L:AIXJe ‘UolieIoqe||0D 13 ‘e 18 axung

27



Summary of transport coefficient study

RHIC: Vsyy = 200 GeV
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Summary of transport coefficient study
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Summary of transport coefficient study

RHIC: Vsyy = 200 GeV

€00S°CLE L:AIXJe ‘uolieloqe||0D 11 ‘e 18 axIng
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Values found are in the right ballpark compared (p)QCD estimate
Magnitude of parton energy loss is understood



Heavy flavour Raa; mass dependence

ALICE, JHEP11, 205
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Heavy flavour Raa; mass dependence

ALICE, JHEP11, 205
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Indicates radiative energy loss: induced gluon bremsstrahlung
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Azimuthal anisotropy: two mechanisms

Hydrodynamical eXpanSiOn Parton energy loss
Dominant effect at low pr Dominant effect at high pr
Expansion

. Hadronisation ‘ \Energy loss

Vp = oy AE = ~a gL’
| More energy loss along

long axis than short axis

Conversion of pressure gradients
Into momentum space anisotropy

Expect different mechanisms at low, high pr, qualitatively similar effects
Heavy flavour probes the full range
30



Charm V2 V3

D meson vo D meson v
J/'¥Y and D meson v 3

CMS Preliminary PbPb {5y = 5.02 TaV CMS Preliminary PbPb s\, = 5.02 TeV
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Models: PRC 94 014909, PLB 735 445, JHEP 1602 169 and PRD 91 074027

Azimuthal anisotropy of heavy quarks
very similar to light quarks (pions)
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Charm V2 V3

D meson vz D meson vs
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Azimuthal anisotropy of heavy quarks
very similar to light quarks (pions)

Heavy quarks ‘feel’ the flow of the Quark Gluon Plasma
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Heavy Flavour diffusion coefficients

Duke fit: Raa, v2, RHIC+LHC Comparison of various models/fits

Y Xu, Quark Matter 2017

_.==-"7" =~ c-quark, pQCD
30t saem T + D-meson, HRG
— MC@sHQ, elastic K=1.D
25! == MC@sHQ, elat+rad X=0.8

c-quark -malrix Li-pol

c-quark T-matrix, F-pot
20 BN Duke, Au&Pb, 90% CR

1 : c-quark lattice Ding et.al
Q‘” 15 . § HO lattice Banergee et.al

10t "
Physical model: Langevin Transport 5
Cao et al, PRC 92, 024907
05 0 5 7.0 335 30
T/T,
F.Riek,and R.Rapp, H.Ding, A_Francis,O.Kaczmarek et.al,

Phys.Rev.C82,032201(2010) Phys.Rev.D 86,014509(2012)

M.HeRJ.FriesandRRapp,  D.BanerjeeS.Datta,R.Gavai,P Majumdar,
Phys.Rev.Lett 11,112301(2013) Phys.Rev.D 85,014510(2012)

First comparisons of heavy flavour transport coefficients

Still early days; work needed to understand (dis-)agreements
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Jets at LHC

Transverse energy map of 1 event

CMS Experiment at LHC, CERN

Data recorded: Sun Nov 14 19:31:39 2010 CEST
\| Run/Event. 151076 / 1328520

Lumi section: 249

|‘ e _ - —— S e )
Leading jet e ' e
p1:2051 GeVie - e

Fose e G ez, Subleading jet
S Y 70,0 GeVic

Lde vetz‘:‘

Clear peaks: jets of fragments
from high-energy quarks and gluons
And a lot of uncorrelated ‘soft’ background
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Di-jet momentum balance

CMS, PRC 84, 024906

@)
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Event Fraction

0.1

CMS fL dt=35.1pb"

® pp\s=7.0 TeV
—— PYTHIA

Anti-k., R=0.5

f Ldt=6.7ub"

® PbPb\s, =2.76 TeV

— PYTHIA+DATA

Iterative Cone, R=0.5 __+

Event Fraction

10-20% 7

P, > 120 GeV/c —

P,,> 50 GeV/c

2
A¢12>§u-c

4 02 04 06 08

Ay = (pr 7Pr )Py +P7 )

Balanced di-jet: Aj=0

Already pp, balance is not perfect: out-of-cone radiation and three-jet events
Imbalance in Pb-Pb is much larger: energy loss
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Photon-jet pr balance

CMS-PAS-HIN-16-002

QD ©
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PP, PP, PP,

Photon does not lose energy in the QGP
Directly measures energy loss of jets
Sensitive to energy loss fluctuations

Recoil jet loses energy in the Quark Gluon Plasma
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Jets: zooming in on energy loss

Goal: measure energy loss distributions
Longitudinal (fragmentation function)
Transverse (jet profiles)

Qut-of-cone radiation
RAA <1 4

Incoming / Jet radius R

parton
In-cone radiation
Jet broadening

R = Ay’ + Ag?

For finite R: study out-of-cone radiation and in-cone jet modifications

Limiting behaviour: for large enough R, expect Ry, = 1 (N0 suppression)
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In-cone: longitudinal distributions

Fragment distributions

N S TE
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Jet broadening

ATLAS, arXiv:1702.00674
also: CMS, PRC90, 024908

Ratio: Pb/pp

< Jf ATLAS E
18 Pb+Pb 0-10%
16 lyl < 2.1 _
14 _f
12 o ___""' =

Y T R
0.8 —-a-

0.01 0.04 0.1 0.2 04 1
Enhancement at low pr

Suppression at intermediate pr

Softening of the fragmentation



Radial distribution of momentum flow

In-cone: radial distribution of momentum flow

: - PbPb :
-© pp reference
:_—0— _
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I —o= i
= o Sl

. 0-10% _
0 0.1 0.2 0.3
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Most of the jet energy is at small r
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Radial distribution of momentum flow

In-cone: radial distribution of momentum flow

- PbPb :

- -© pp reference
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In-cone: radial distribution of momentum flow

Radial distribution of momentum flow

- PbPb :
- -© pp reference
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Most of the jet energy is at small r
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Radial distribution, large R

Ratio Pb—Pb/pp

1'5_7“9 PbPb, \(§:T =276 TeV ' |
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Modification in Pb—Pb: decrease at
intermediate r, increase at large r

p(Ar)_ _ Ip(An)

] ey
6: Pb—Pb 0-30% central \\\\\\ =
= prje> 120 GeVic RN NN
Br AR SZ‘<
=« PbPb/pp by g
5 NN
4F PLB 730 (2014) 243\ \\\\\ N S
3F N :
: %5\\ NN
2F ks
R %\
i S
1 e e
: | | | I | | | I | | | I | | | I | | |

Ratio Pb—Pb/pp

0.2 O'4Ar0'6 0.8

Increase of energy flow
continues at large r

No sign of a limit
or ‘typical radiation angle’
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The emerging picture

Jet core o
Structure almost unmodified, - Fragmentation in the
but energy lost vacuum after energy loss?

- Or scales: medium does not resolve
hard fragments?

Lost energy distributed to
large angles and soft fragments

Multiple interactions?
Related to thermalisation in the medium?
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The emerging picture

Jet core o
Structure almost unmodified, - Fragmentation in the
but energy lost vacuum after energy loss?

- Or scales: medium does not resolve
hard fragments?

1% | |
- (@) L eading Jel 1T6TEV.R 03
oF 120 GeVie ®  PLPLI{CMS, 2-30 %)
10! - 2 30 GeVie b (Showes < i) o
-”] e 1] == nn l:f;ﬂ-f'Me‘;l
- 1701k (] lyecdiea)
10° - e an (PY IR
—~
—
A U
101
107 -
1072 L
0 0.2 U4 06 o.u 1

Y Tachibana et al, arXiv:1701.07951
Lost energy distributed to
large angles and soft fragments

Multiple interactions?
Related to thermalisation in the medium?
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Jet shape variables

Future directions

Further understanding of momentum balance; transport to large angles
- Direct measurements of angular decorrelation, measure transverse kicks
Jet shape variables to zoom in on particular aspects of the radiation

jet-by-jet quantity access to strongly modified jets?

Jet mass
pr dispersion

Zg groomed splitting variable

pT dispersion

I T 171 I T 1771 | T
| ALICE Preliminary
_ Pb-Pb ys,,, =2.76 TeV
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Shape uncertainty
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Zg splitting variable

4+ e ppsmeared

= PbPb
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Summary

Things that we know:

« QGP behaves like a liquid with extremely low viscosity n/s = 0.1
- Implies short mean free path: high density, strong interactions
(quasi-particle picture may not be applicable)
- High-momentum partons lose energy in the QGP
- Magnitude of basic effect in agreement with expectations from (p)QCD
- Charm/beauty difference indicates radiative energy loss dominates
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Summary

Things that we know:

« QGP behaves like a liquid with extremely low viscosity n/s = 0.1

- Implies short mean free path: high density, strong interactions
(quasi-particle picture may not be applicable)

- High-momentum partons lose energy in the QGP

- Magnitude of basic effect in agreement with expectations from (p)QCD
- Charm/beauty difference indicates radiative energy loss dominates

Things that we wonder about:

* pp, p+Pb show flow-like behaviour

- What is the physical mechanism?

 Does this have implications for understanding Pb+Pb? Or vice versa?
- Energy loss: can we study the large-angle radiation?

- Theory tools for jet-measurements under active development

- Can we calculate soft radiation?
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Summary

Things that we know:

« QGP behaves like a liquid with extremely low viscosity n/s = 0.1

- Implies short mean free path: high density, strong interactions
(quasi-particle picture may not be applicable)

- High-momentum partons lose energy in the QGP

- Magnitude of basic effect in agreement with expectations from (p)QCD
- Charm/beauty difference indicates radiative energy loss dominates

Things that we wonder about:

* pp, p+Pb show flow-like behaviour

- What is the physical mechanism?

 Does this have implications for understanding Pb+Pb? Or vice versa?
- Energy loss: can we study the large-angle radiation?

- Theory tools for jet-measurements under active development

- Can we calculate soft radiation?

Bright future for LHC, RHIC runs: heavy flavour Raa, v2, including low pr,
high-statistics jet observables; zoom in on jet quenching; di-leptons for thermal radiation
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Thank you for your attention

NB, several topics not covered due to time:
Thermal radiation
Quarkonia: melting and regeneration
QCD critical point



Connecting the concepts

Density Viscosity n Quark transport coefficients
ghat, Ds
Properties of the QGP Parton energy loss

Spatial structure of the proton QCD dynamics

Initial Stages Hadronisation

Color-glass condensate

Jet quenching

Observables:

Harmonic flow
small and large systems

Hadrochemistry
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QCD phase diagram

Quark Gluon Plasma
(Quasi-)free quarks and gluons

Critical

Point

Temperature

(O]
5 Confined
= .
£ hadronic
> matter
]
[l
\/
Elementary collisions High-density
(accelerator physics) phases?

/ Neutron stars
. \ ________ »

Nuclear matter / MB - pq - pq
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Time evolution in a heavy ion collision

initial nuclei parton plasma hadronization hadron gas

<——\— ~ 1023 sl

Quark Gluon
Plasma/Liquid

(near) thermal equilibrium

Pre-equilibrium Freeze-out (post-equilibrium)

Expectation: main difference between heavy ion collisions and pp, p+Pb
volume + density = rescattering during evolution = approach to thermal equilibrium
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Elliptic flow

Hydrodynamical calculation

10+ 1’-10- 1
3.2 '‘m/e

y(im)

-10.
Elliptic flow: 19/
Yield modulation in-out reaction plane

yifm)

reaction -10

Anisotropy reduces during evolution
V, more sensitive to early times

»
|

iN' _ N(1+2v2 cos2cp)
dep

47



Radial and elliptic flow

Spectra change from pp to Pb+Pb:
* Increase in mean pr
- Larger effect for larger mass

First indication of collective behaviour
Pressure leads to radial flow
Same Lorentz boost () gives larger momentum
for heavier particles
(My, >mg>m,)

Transverse momentum distribution

ALICE
$=2.76 TeV
o
.
A u
- x 300 0-5% central A A -
O ® AA A
104} . Ap
[ O m K x0.10 AL
A A p+p x 0.01 A
-6 L1 1 1 | 1 1 1 1 | 1 1 1 1 | L1 1 1 | L1 1 1
10 0 1 2 3 4 5
p. (GeV/c)

96} '9¢€/ d71d '3OITV
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Flow in small systems: comparisons to hydro

P Hozek, W. Broniowski and G. Tarrieri,
Phys. Rev. Lett. 111, 172303 (2013)

y uz.v..,....wén...,.
. n p-Pb5.02Tev C ata 0-2%
Many aspects of the observed ridge have ook ]
a natural explanation in hydrodynamics: : / v, !
Long range correlation 0.1F v ;
2- and 3-fold symmetries vooh / Pl ]
Dependence on initial geometry ; //’ . = %
Particle mass dependence e 5 4
n [GeV/el
0.08
()
. @)
Why would the system behave as a fluid? ”-”"W
. . n o u
Is there enough time, volume to thermalise? No.oai_(/\//\/.
. . . . . - (4
Hydrodynamisation (isotropisation) of a dense gluon 1l i~ V2(2} Val4)
system? hydro R
Partonic/hadronic rescattering? O =60 120300
How many scatterings/what density is needed to g Notiine
approximate fluid behaviour? Lg:_g; — wilh prufion
ors| MR 5
Many recent developments; ? T
active discussion on interpretation g j—_ﬂﬂ:——-
005 : :1——'
o wﬁ mup!
Large sample of p-Pb collisions from 2016 run to shed more light Brthis—* ;4 {',‘.s : z :
ptiGev]
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Partonwidth [fm]

Lumpiness of the proton — fits

J. S. Moreland, QM17 talk

Lead nucleus Proton
N RS "w"' R A ., S o L LY
© SNens "’:(\ "’ :I; ' ' ' N Generalized mean ansatz: d;:sdy ( A; B) ’. \
_" '.. 4 M ¢ . [ ;'.maxinnn'
R %‘. m . ‘ o Pb+Pb 2.76 TeV T, <T < Tax .
C WM » ." S~ . @ < g FAWN Ao —l<p<l arlthmeric:
- - ‘ E f; ‘\' " "‘, P = 0- - T"_;TE
. . . ) ' 4 peometr
o) ™ ™ ™ = 0
d o:.v: » c.. : _ o'. ": of ‘ ‘ ‘ g _%: 2 V’I“'E
- - - U Farmonic
= L+ 2iply
3 5 20 3 5 20 . . N Ta+Ts
Parton number Parton number e A R A A e
x [fm]
nucleon width fixed, w = 0.5 fm
Ad-hoc model for proton lumpiness: i| ALICE p+Pb,5.02Tev 0200 2<p, <3 GeV, Ag>1
. ]
* nucleon width B 0.15}
v -~
* number of sources/partons = & 0.10]
1 E . f . - - V2
* parton width S 0.05
10‘ I - [ — - - - Vj
0 10 20 20 40 50 60 7o 80 PoTS 1o 15 20 25 30 35 4o
Gaussian Process Emulator + Bayesian fit Lemrakky % CentrRiity

technique also being applied for p-Pb Data: ALICE, PRC 90, 054501 [1406.2474]

Access to lumpiness of the proton
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Nch(lnl <1)

Lumpiness of the proton — Fits

o2 ALICE p+Pb, 5.02 TeV 0200 02<p;<3Gev, an>1 S. Moreland
]
\\ 0.15}
-
3 o010
)~ . . . o oV2
| 0.05
101_ - - | N— » - st
0 10 20 20 40 50 60 70 80 U5 1o 15 20 25 30 35 40
Centrality % Centrality %
Data: ALICE, PRC 90, 054501 [1406.2474] \ @ A
O.‘ L ™ . . .
»} Posterior distribution
) g\ flat 15% error on data
; = Diagonal: marginalized posterior dist.
£ | /f v’ \\ for individual model parameters
s
o= e = Lower diagonal: joint dist’s

' for pairs of parameters

/

232(npartans)
ne
N
[t

i ® Red: prior information
p————— T from Pb+Pb analysis
- fa
- AN PRC 94,024907
s 2.7 ‘ /' fk
g 0 !
g )
& 54 | /"
107 - -

parton struct
>
-
-
\\‘
—
I'l -
~

0.0 7
-1 ¢ 10 1 2 042 225 4.50 01 0.7 1.0 0.0 0.5 1.0
asnmean p a0 flct <td IngZinpartans) presan width [fm) nartan skrrs
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Experiment view

e'e’ = qq

Jet reconstruction

Theory/model view
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Jet reconstruction

Experiment view Theory/model view

e'e’ = qq

Jet reconstruction: group particles together and add momenta
Several algorithms available; conceptually: draw cones, size R
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Jet reconstruction

Experiment view Theory/model view

R etet = qgq

Jet reconstruction: group particles together and add momenta
Several algorithms available; conceptually: draw cones, size R

The summed momentum is a measure of the parton energy; accuracy depends on R
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Comparing hadrons and jets

e-) T §Ch. particles Jets E
C ¢ ALICE ALICE Ch. Jets R=0.3 ]
1.6 * | (0-10%)/(50-80%) | ® | (0-10%)/(50-80%) E
1.4 CMS o ATLAS Calo Jets R=0.3—
1 of (0-5%)/(50-90%) (0-10%)/(60-80%) E
1mr -------------------------------------------- AL f
- Pb-Pb\s,,=2.76 TeV m
0.8 " {}‘ " E
0.6F + %I ' {hﬁu} e
O 4:_ -0-_’_’*#?' | 1 Sl _
W g ‘ :
0.2 E
ot — — ]

10 et 10°

trac

N s p>%, p (GeVic)

In-cone radiation

Suppression of hadron (leading fragment) and jet yield similar
Lost energy is transported to large angles (R > 0.3)



Increasing R to recover the energy

Ratio of spectra with different R

i |
o °| ATLAS
X 1 5/ 0-10 % Centrality

| |
Pb+Pb \'s, =2.76 TeV

(O T ST
ok | | |
1f | | |
[ 38< pT<44 GeV
05 o TG o T TR s B e
ok | | |
R=0.2 R=0.3 R=04 R=0.5

IRSZ

R
CP

R

1.8

1.6

1.4

_‘I T T T T T l
C Pb+Pb \s,, = 2.76 TeV

| Ldt=7ub’ ATLAS

0-10% -
*R=03 -
= R=0.4 -
* R=0.5 -

L9611 '80C L :AIXIe "'SY11V

60 70
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Larger jet cone: ‘catch’ more radiation = Jet broadening

However, R = 0.5 still has Ry, < 1
— Hard to see/measure the radiated energy



Longitudinal distribution

in jets: ATLAS vs CMS

Ratio: Pb-Pb/pp Difference: PbPb - pp
@ ) ) o ) ) T .: i 1 1 1 LI II i
« of ATLAS - It cms 0-10% central -
18 Pb+Pb 0-10% _ 0.8F 100 < prjet < 120 GeV -
lyl <2.1 : o ] 1
E | L :
1.4 : o 0_45_ . f
1.2F - L 02F /\
1 ........................ D— _ 1l e ®|l— — — | _
— — O sfar™ !
ATLAS, arXiv:1702.00674 B i CMS, PRC90, 024908 :
: : EE— ll : : EEE—— ‘ [ ] ] ] Ll ] II ] ] ] ] i
0.01 0.04 0.1 02 04 1 -0.4
Z 1 10
plrack (GeV/c)

Subtle, but qualitative difference:

no modification at large zin CMS, enhancement in ATLAS measurement
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In-cone: longitudinal distributions

Qut-of-cone radiation
RAA <1

Incoming / de C!/\T
— In-cone radi_ation i = [ ® D (p T)
Pproscenig AP 1 rtictes apr 1., ATLAS, PLB 739, 320
Fragment distributions Ratio central/peripheral
AI— : I I I L II I I I I LI I:
S RT’.J?t.TOO.G.e\.//.C. - 516 ATLAS =
< 102 O ATLAS - (C  © Pb+Pb\/s,=2.76 TeV ]
ED ~ro Pb+Pb \[5=2.76 TeV - 1.9F 0.14 nb" E
(A B o 0.14 nb' 1 14:_ anti-kT R=0.3 -
O e e E sl p*'>92 GeV E
- T e _+ N 0-10%/60-80% |
15w i * ) s j a-—B=0 3 12:_ + + ?
- S : j & oA ) 115_ & + + _E
107 6 SERONTRTmm\ \ 1E . -
= ©0-10% x 2 VAN : ¢ o ! ]
- 910-20% x 2° e\, 0.9F bt =
| ©20-30% x 2° o), - .
107 ¢ 30-40% x 2° 5 4] 0.8t L] mek
- 40-50% « 2 o] 10 10°
- * 50-60% x 2 v @
103L v 60-80% - Enhancement at low pr b, [GeV]
-[JSystematic  anti-k; R=0.4 - : : :
- Uncertainty  p > 100 GeV Suppression at intermediate pr
- | | L 1 11 I| | | | L 1 1| I| . .
10 10 10° Softening of the fragmentation;

by [GeV] consistent with energy loss expectation
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1w dN/dwdb

(anti-) Angular ordering in the medium

5 arXiv:1102.4317
0F
8 L

_ . medium-induced
6 r “\_  radiation
4 F vacuum T

- radiation \ ~~~~~~
2r
O - P RPN | e

0 01 02 03 04

Vacuum radiation: angular ordering
subsequent radiations are at smaller angles
In-medium: opposite effect

radiation outside cone preferred

Salgado, Mehtar-Tani, Tywoniuk et al
PRL106, 122002 and follow-ups

arXiv:1210.7765
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1w dN/dwdB

(anti-) Angular ordering in the medium

q Salgado, Mehtar-Tani, Tywoniuk et al
'k PRL106, 122002 and follow-ups
"/
NN _,-\J"\/
: q arXiv:1210.7765
Y _
v! : 1 \ ."
5 ' arXiv:1102.4317 ' .
Or
8 v
_ . medium-induced
e r N radiation
4 F  vacuum DRSS
- radiation \ ~~~~~ )
21
o 1 I e

0 01 02 03 04

Vacuum radiation: angular ordering Two resolution scales:
subsequent radiations are at smaller angles Medium scale vs opening angle
In-medium: opposite effect

radiation outside cone preferred Ongoing development

Full implications not yet worked out
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Radial profiles in pT bins

CMS-PAS-HIN-16-020

PbPb 404 ub™ (5.02 TeV) anti-k; calorimeter jets, R=0.4, P> 120 GeV, Injetl <1.6

pp 27.4 pb™' (5.02 TeV)

Inclusive Jet Shape

. PbPb Cent. 10-30%

_ PbPb Cent. 0-10%

_ pp reference _ PbPb Cent. 50-100% _ PbPb Cent. 30-50%

p(Ar)

CMS Preliminary

:—_l—'—_'_'_—l"_'_l_

_ pp reference

1

10—1
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 PbPb Cent. 50-100%

- PbPb Cent. 30-50%

F Pb

Pb Cent. 10-30%

iH;;¥; , ;H;—';; . F.__——_ . l-___———

- PbPb Cent. 0-10%

PR T [T W T T T T T T T T

0 0.2 0.4A 0.6 0.8
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] 1<p"k<2GeV
—/ 2<p"k<3GeV
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12 p”k 6 GeV
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: A |
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*%%%%*"3-* ----------

T Saata
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track

)

02 04 06 0.8
Ar

)

02 04 06 08

Ar

)

02 04 06 0.8

Ar

) 02 04 06 0.8

Ar

58



Ao VAL Alaluiul.

0.25

0.15 |
01 |

0.05 |

Jet structure and medium response

Jet radial profile

Jet mass

02 |

Back s

No Back
pp reference (PYTIIIA)

ALICE Data R=04 —e—

0 - 10%
80 < PT chjet < 100 GCV

Y

0 5 10 5 20 %5

Mo et (GeV)
K Rajagopal, parallel talk

Hybrid strong/weak model
w, w/0 medium response

p(r)

10

10?

102

1073

100 |

101 ¢

L | | T T
- (@) Leading Jet 2.76 TeV, R=0.3
P> 120 GeVie ® PDHPb(CMS, 0-3U %)
n P> 50 GeVic === PDbPDb (Shower+Hyaro)-
[ Agy 2> 51/6 === PbPb (Shower)
' PbPb (Hydro)

- I
3 ? ) b 2 2 211 2 -
B (_{q’o— 1.7 GeV /ﬁu 3 ]

a)cut= 1.0 CCV/C LTV PV rr ey P

PpEM=05 GeVl/e

| | | |
0 02 04 0.6 038 1
r

Y Tachibana et al, arXiv:1701.07951
Linearized Boltzmann Transport Model

Measurements with soft fragments are sensitive to medium response/reinteractions
Theory treatment of medium response/momentum balance under development

NB: distinction jet/medium is not unique: model/prescription dependent
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Hints of collective effects in p+p, p+Pb



pPT spectra, mean prt vs multiplicity in pp

S 10° § ALICE pp Vs =7 TeV
_ % 108 VOM multiplicity classes
pT spectra in S
L - = 10
multiplicity-selected pp collisions -
% K (x10%)
Z
Mean pr increases with multiplicity <
=

/2¢/0°¢LSLAIXIe '96/9°LOE L AIXIe 1Z17/0° 909 :AlXIe "JDITV

IIIIII.I.I.| IIIIIII_l| IIIIIII_l| IIIIIII_l| IIIIIIlI_| IIIIII.I.I.| IIIIIII_l| IIIIIII_l| IIIIIII_l| IIIIIIlI_| IIIII|_|_|,| IIIIII|_|,| IIIIII|_|,| IIIIIII_l| IIIIIIlI_| IIIIII_I_ll_I:

10-2 \d? N V) E4E (x10%)
What drives this increase? . /:1:5‘ -
Can it be pressure or something equivalent? - "a‘é‘f.:,
.- \‘\“ (1+11)
107° ¥, —
s (V) 040
107 S (IX4X)
—7III|III|III|III|III|III|III|II
9% "2 4 6 8 10 12 14
P, (GeV/c)
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Mean pt overview pp

Mean pr in pp collisions
also increases
with multiplicity and particle mass

Multiple (initial state) interactions
or proto-flow?

Or are they the same?

Logarithmic fit ‘to guide the eye’:
(pry X log dN/dy

{p_» (GeV/c)

1.8

1.4

1.2

0.8

0.6

0.4

0.2

QM15 talk, L Bianchi

’
-
.
-

ALICE Preliminary - pp Vs=7 TeV
ly|<0.5 %

-
-
-
-
-

;/ ,"/’ ]

b ope® B
S
A L )
/’,:@:'/ ,@,/'@ /,»B ]

—
.

P *""‘U—_' ]

- 7

T - ]
----Logarithmic fit -

elnan [C KK [alpep [ElKg
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10
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Mean pt overview pp, p+Pb, Pb+Pb

QM15 talk, A Ortiz

I C ' L ' L L ' L LY | 7
E 22 ALICE VO Multiplicity Classes —
% - PP p-Pb Pb-Pb =
(O] 2 - \s=7TeV sy =5.02TeV ISy = 2.76 TeV =
~~ 1.8 Preliminary PLB728(2014)25-38 PRC 88, 044910 (2013) —
3 C [o]nt + 7 T+ T [o]x* =
& 16 Sk ik K*+ K K* E
1.4 [xlp+p Vp+p [+]p - E

1.2 ;— iﬂﬂﬂﬂﬂ g B ¥ —;

1 :_ Eﬂi? o© B * _:

- g ¥ Fe -

0.8 gt ¥ _op® —

- & ol° =

06 o =
04F o e o0’ o o ® @ 0 008 4

N il L 3 g vl I L 3 v gl I L 1 3 gl L

234 10 20 102 2x10? 10° 2x10°
<(:I’\’ch/(:h7>|n| <0.5

Increasing mean pr trend continues in p+Pb

Raises question: is there flow, collective behaviour in pp, p+Pb?

And how is it generated?



Flow in small systems: comparisons to hydro

Many aspects of the observed ridge have
a natural explanation in hydrodynamics:
Long range correlation
2- and 3-fold symmetries
Dependence on initial geometry
Particle mass dependence

Why would the system behave as a fluid?
Is there enough time, volume to thermalise?

Hydrodynamisation (isotropisation) of a dense gluon
system?

Partonic/hadronic rescattering?

How many scatterings/what density is needed to
approximate fluid behaviour?

Many recent developments;
active discussion on interpretation

2016 p+Pb run to shed more light on this

Vi

Vn iLnid)

: / — - va
0.05 -

0.08

(a)
5 8 p = [ o
0.04}

0.2 T r

P Hozek, W. Broniowski and G. Tarrieri,
Phys. Rev. Lett. 111, 172303 (2013)
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IS p ATLAS (N, "e710-14)) st

va| Vgl wilh prafiow

(102) LEBY 'SAUd '[oNN ‘|e 18 A0|z0Y

S0E 'SLOrd3 "9ydsiewoy

)}
N



Hydro fit model parameters

J. E. Bernhard et al, arXiv: 1605.03954

TABLE I. Input parameter ranges for the initial condition
and hydrodynamic models.

Parameter Description Range

Norm Overall normalization 100-250

D Entropy deposition parameter —1 to +1

k Multiplicity fluct. shape 0.8-2.2

w Gaussian nucleon width 0.4-1.0 fm
n/s hrg Const. shear viscosity, 7' < 7T, 0.3-1.0

7/s min Shear viscosity at 7. 0-0.3

n/s slope  Slope above T, 0-2 GeV™!
(/s norm  Prefactor for ({/s)(T) 0-2

Tswitch Particlization temperature 135-165 MeV
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Nuclear geometry: N, Neg)

Two limiting possibilities:
- Each nucleon only interacts once, ‘wounded nucleons’
Noat =NatNg (ex:4+5=9+ ...)
Relevant for soft production; long timescales: 6 « N,
- Nucleons interact with all nucleons they encounter
Negn =NaXng (ex:4x5=20+...)
Relevant for hard processes; short timescales: o « N,
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Nuclear modification factor Raa

1.6
New run 2 result:
Raa for 5 TeV Pb+Pb collisions 1.4
1.2
Values similar to 2.76 TeV 1
expected: medium density similar <
(multiplicity increase 20%) o

Increase vs pr indicates
AE/E decreases with E

25.8 pb (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)

" CMS e | CMS 5.02 TeV

- > o CMS 2.76 TeV

- Preliminary v ATLAS 2.76 TeV
o ALICE 2.76 TeV

Taa @nd lumi. uncertainty

10 10°

Expect AE o ¢ In E in high energy limit E >> AE

G1L0-G1-NIH-SVd-SINO
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Soft-collinear Effective Theory

Y-T Chien, | Vitev, JHEP 1412, 061 and 1605, 023

Radial profile pp
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Need resummation
to properly describe radial profile

Radial profile well described by SCET

R dependence too strong?

Predictions for y-jet available
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Jet shapes: radial moment

I).’,I r

pT-weighted jet width g = L. Cunqgueiro, Quark Matter
30 —— T T . T T 1 I — I — T 1 — 35 N — T 1 N — N — N — N — I
% N AL|CE Prelm'nnary | ] % ] ALICIlE Preliminéry | -
2 :_Pb-.Pb VS = 2.76 TeV E 2 g0 Pb-Pb Vsu =276 TeV & ALICE Data ]
5 29[ Anti-k; charged jets, R =0.2 1 5 ~  Anti-k; charged jets, R=0.2 sh . N
- - ALICE Data ] 40 < 0F < 60 Gevic ape uncertainty ]
2/ - 40 < P < 60 GeV/c , 1 L 25— T Correlated uncertaint —]
T ool T Shape uncertainty 7 o L yoo
Z Correlated uncertainty | 22 - EWEL vacuum ]
= r . " |4  4-PYTHIAPeruga11 1 +— 20¢ EWEL Recolls off E
15 ' . — . [ ]PYTHIA Perugia 11 ]
- ; | 1 5 __ sy _—
- —4— 4 - . -
10r E - .
= — E Y :
=== == _ ]
O : | | | | | | | | | | | | | | | ﬁ | |: O : | | | | | | | | | | | | | | | ﬁ | |:

0 0.02 0.04 006 0.08 0.1 0.12 0 0.02 0.04 0.06 0.08 0.1 0.12
g g

Radial moment smaller in Pb+Pb JEWEL model shows
than pp (PYTHIA) similar trend

Jets in medium narrower than in vacuum

69



10

ZCD
35 6

1.8
1.6
1.4
1.2

PbPb/pp

0.8
0.6

0.4'—

0.2

(Zg) lower in Pb+Pb: softer fragmentation

Splitting fraction

SoftDrop grooming, momentum fraction of the first splitting: sensitive to splitting function
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: —-— i
L —— —
2 == E
: 1 el :': :.:=.=:
] \[sN - 5.02 TeV
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3 -+ -4
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SoftDrop B =0, zeut = 0.17
3 AR12 > 0 1
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Zq

PbPb/pp
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1.6F
1.4F

1.2
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0.6¢

0.4F

0.2

Larkoski et al, PRD 91, 111501

CMS-PAS-HIN-16-006

: Centrallty 10- 30% :
3 y ¥ , anti-k; R=0.4 E
¢ ¥ 160<p <180 Gev-

E s =5 02 TeV Al
E pp 25.8 pb™ ¥
~ Pbe 404 ub —.:

041 02 .03 04 0& 01 02 .03 04 0
ZQ Zg

Comparison to JEWEL MC generator:
good (qualitative) agreement
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trigger

A

Near side 2-particle correlations

PLB 708, 249
Intermediate pr High pr
3<p, <4GeVic 8<ptT<15 GeV/c
2<pi<25GeVlc -~ Pb+Pb 6 <p;<8GeVic
R e
S B P
S 1057 (sl S N
= b 'lllng.'. el S | T
S 1 lb’\“”ll!"}f‘\'\ LN § o
0=
AN 0
ad) 2
Ad? ‘_\' 0 Ad? ‘rad"

Near-side peak: jets (+decays): larger at high pr

Flow v», v3: long range correlation (early times+ long expansion)
Near side long range correlation: flow (v2, v3)
Most prominent at lower pr

Away-side: recoil jet also gives a long-range correlation (N1 # n2)
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trigger

A

Near side 2-particle correlations

Vo
PLB 708, 249
Intermediate pr High pr
3<p, <4GeVic 8<ptT<15 GeV/c
2<pi<25GeVie - Pb+PDb 6 < p: < 8 GeV/c
1.1- e

;f 1050 R R | '2: 40—
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" A:’v‘«\

Near-side peak: jets (+decays): larger at high pr

Flow v», v3: long range correlation (early times+ long expansion)
Near side long range correlation: flow (v2, v3)
Most prominent at lower pr

Away-side: recoil jet also gives a long-range correlation (N1 # n2)
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trigger

A

Near side 2-particle correlations

PLB 708, 249

Intermediate pr High pr
3<p, <4GeVic 8<ptT<15 GeV/c
2<pi<25GeVlc -~ Pb+Pb 6 <p;<8GeVic
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Near-side peak: jets (+decays): larger at high pr

Flow v», v3: long range correlation (early times+ long expansion)
Near side long range correlation: flow (v2, v3)
Most prominent at lower pr

Away-side: recoil jet also gives a long-range correlation (N1 # n2)
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trigger

A

Near side 2-particle correlations

Intermediate pr High pr

3<p, <4GeVic 8<ptT<15 GeV/c
2 < p: < 2.5 GeV/c 6 < p:_ <8 GeV/c

40

20

C(Ad, An)
C(A0, An)

Near-side peak: jets (+decays): larger at high pr

Flow v», v3: long range correlation (early times+ long expansion)
Near side long range correlation: flow (v2, v3)
Most prominent at lower pr

PLB 708, 249

Away-side: recoil jet also gives a long-range correlation (N1 # n2)
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trigger

A

Near side 2-particle correlations

PLB 708, 249
Intermediate pr High pr
3<p, <4GeVic 8<ptT<15 GeV/c
2<pi<25GeVlc -~ Pb+Pb 6 <p;<8GeVic
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S B P
S 1057 (sl S N
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Near-side peak: jets (+decays): larger at high pr

Flow v», v3: long range correlation (early times+ long expansion)
Near side long range correlation: flow (v2, v3)
Most prominent at lower pr

Away-side: recoil jet also gives a long-range correlation (N1 # n2)
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Multiplicity dNcn/dn in pp, Pb+PDb

) (dN_ /dn)

part

(N

First results from Run-2: multiplicity at new energies

14

12

PLB 753, 319
_IIII| I I IIIIII| I I IIIIII| I I IIIIII| I_
; pp(pp), INEL AA, central -
- 0 ALICE m ALICE N
_ { CMS ¢ CMS _
-V UA5 e ATLAS -
<5 PHOBOS 4+ PHOBOS _|
- A ISR A PHENIX -
i v BRAHMS o g% 1954 7
—  pA(dA), NSD % STAR —
i ALICE x  NA50 i
- 4+ PHOBOS -
i A
- S e Qi _
- AN i I S0.103(2)__
| AA'@ ----- -
- X Inl <0.5 7
IIII| | IIIIII| | IIIIII| | IIIIII| |
10 10° 10° 10°
\'Syy (GeV)

Trend continues to rise faster for AA than pp:

conversion of energy to particles in AA is more efficient (larger ‘stopping’)
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(dN_ /an)

part>

(N

Multiplicity vs centrality PbPDb

Inl <0.5

ALICE .
; m Pb-Pb, |s,, =5.02 TeV i

+ p-Pb, |5, = 5.02 TeV l
j O Pb-Pb, s, =2.76 TeV (x1.2) —
i 2 pp, Sy = 2.76 TeV (x1.2) ]

0 100 200 300 400

N
Centrality dependence Noard
very similar at 5.02 and 2.76 TeV
(overall factor 1.2)

Driven by geometry

No change in contribution
hard vs soft processes

arXiv:1509.07299

||||||||||||||||||||

-------
|||||||||

-
e®
-
.
.

.
®
.
.
?
3

Pb-Pb, m =5.02 TeV |
m ALICE 4
HIJING 2.1, sg=0.28 —

! — EKRT, /s = 0.20 .
---rcBK-MC, MV 4

--- EPOS LHC .

----- Armesto et al. |
I Kharzeev et al. |

0 100 200 300 400

<Npart>

Model comparisons:

Soft physics models agree
Hijing: some deviations
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vo from di-hadron correlations

P+pP
CMS b 15 = 13 TeV - p+Pb ALICE, PLB 726,164
L L = : UELELELES NSRS SLELELELES BN AL BLELELELES BUNLELELE NUNLELELES LR
. hi AN > 2 'g B ALICE |An| > 0.8 (Near side only) _
. 3 " p-Pb |5, =5.02 TeV .
ool ™ Kg _ a 02 (0-20%) - (60-100%) ~
e A/A y = - mh AT i 1 .
+ 0.15 -
+ 0 - %K op _+_ _
& 4 . :
= t i e s
0.1 5 - N == — :
2 - —E -
o ’ 005  —@— = | T —
Y ’ — _+_ -
+ " - | :1__+— i
" offline PP BT PR I b1y TR BT
. LR 105 < Nig™ ™ < 150 0 05 1 15 2 25 3 35 4
= 2| él'r P, (GeV/c)
P, (GeV/c)

Similar ‘mass ordering’ observed for v2 from two-particle

correlations in p+Pb

Is this also pressure-driven?
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Quarkonia: J/W suppression

S . L I s s e B S Sy B B B S B
- ' . o
«, , £ ALICE, inclusive J/'y — p*u
Transport |'s,, = 5.02 TeV (TM1, Du and Rapp)
® Pb-Pb \/ST\IN =5.02 TeV, 0-20%
B Pb-Pb |s,,, =2.76 TeV, 0-20%

T
N
(&)
A

<
A
N

2.76 TeV
I Raa
— o,

5.02 TeV

[ e BN I NI e
LILEE L

RAA
o o

Increase by recombination:
No sign of energy dependence

R, A(5.02 TeV)/R,.(2.76 TeV)

ALICE, arXiv:1606.08197

Run 2: 5 TeV Pb+Pb

—h —h —h
N ~ (0))
1 1 1 1 I 1 1

—h
T T

ALICE, Pb—Pb, inclusive J/y — u*uw

25<y <4, O.3<pT<8GeV/C

Transport, pT>0.3 GeV/c (TM1, Du and Rapp)
| Transport (TM2, Zhou et al.)
i Statistical hadronization (Andronic et al.)

Co-movers (Ferreiro)
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII I

0 50 100 150 200 250 300 350 400 450

(N 2

part

Compatible with model expectations
(small effects expected)

Suppression by quarkonium melting
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Quarkonia: Y suppression
Run 2: 5 TeV Pb+Pb

< [
G:< I ALICE, Inclusive Y(1S) — ', 2.5< y < 4
1.2~ m Pb-Pb s, =5.02 TeV, Preliminary global sys.= + 10%
" m Pb-Pbys, =276 TeV, (PLB 738 (2014) 361-372)  global sys.= + 13%
1 15
0.8
0.6 $
0.4 [ﬁ " "
02F @
0 i 1l 1 1 1 | | I I | | 1l 1 1 1 | | I I | | 1l 1 1 1 | | I I | | 1l 1 1 1 | | I I |
0 50 100 150 200 250 300 350
<Npart>

Y suppression at 5 TeV similar to 2.76 TeV



Initial state: colliding nuclear matter

MC event: location of nucleons

10—

~10-

Characterise shape by angular moments:
Z r(cos“ng + sin‘ng)
e =

fl : : ~
’.5
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Initial state: colliding nuclear matter

MC event: location of nucleons

10—

-10-

Characterise shape by angular moments:
Z r(cos“ng + sin‘ng)
e =

fl : : ~
’.5
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Initial state: colliding nuclear matter

with gaussian smoothing

MC event: location of nucleons

£ |
=10
10— i
i 5/
5 o
l of
s ol
- L1 | L | L
B 10 5 0 5 10
(fm)
_5
-10—
L | | | |

Characterise shape by angular moments:
Z r(cos“ng + sin‘ng)
e =

fl 2
’.




£

-10

Characterise shape by angular moments:

fl

10

MC event: location of nucleons

242 .
Zr‘(cos ng + sin‘neg)

E:’.Z

Initial state: colliding nuclear matter

with gaussian smoothing density of w nucl
T [
=10~ 10
5/ 5/
o:— o:—
_5; _5;
10 10l
[ \ Ll \ L L | Cl \ |
10 5 0 5 10 10 5 0 5 10
(fm)
density of w nucl density of w nucl
— 10:

_10l- -10

Symmetry planes change from event to event
Orientation measured for every event
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Changing the projectile

- p+Au (2015)

I

d+Au (2008)

Og

l

 3He+Au (2014)

L. o 0

|

15 » 1. ,‘ ‘ B -
- - | i L
- = - -7 -

_F- = = y ‘.-.- b,

- o 4 - = ’/ \ T "/

= v'/ \ -\\ o o P ai b =
1 | 1 ! | 1 1 ! 1 !
4 2 0 2 4 -42 0 2 4-4-20 2 4

X [fm] X [fm] x [fm]

RHIC has collided a variety of small
nuclei with Au to explore geometric effects

SHe gives explicit triangular contribution in initial state

euayos g



Changing the projectile

v2 and vs from 3He+Au Vo in p+Au, d+Au, 3He+Au
0.3 o F
" “He+Au at 200 GeV, 0-5% Central - >0 ool " *He+Au 200GeV 0-5%, arXiv:1507.06273
- »=  PHENIX datav,, v, T “F = d+Au200GeV 0-5%, PRL. 114, 192301
0.25 SONIC == superSONIC p 0.2 « piAu200GeV 0-5%
[ sewerers Glauber+Hydro ---. |PGlasma+Hydro < 0.185- SONIC *He+Au
= AMPT {3 - === SONIC d+Au
0.2 - e " 0.16L —— soniC p+Au
- T = (I 0.14F
=< 0.15 ..-'o . v, S 0.12
B R RS [
i ' il = 01
n “,".:-' y . % -
0.1 ' | _— % 0.08:—
0.05 — A T v, 0.04- o
: ,/ =T E PH ENIX
-7 e 0.02— preliminary
Ssii==T T Lo L T ————— :1111111?1‘11111111111111¥1111111ﬂ
% o5 1 15 2 25 '3 '35 005 1 15 2 25 3  as
p, [GeV/c] P, [GeVic]
Sizable vs contribution seen with 3He v2 smallest for p+Au,
—> Effect is driven by initial spatial configuration as expected from geometry
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Raa < 1 for hadrons:

Parton energy loss

Hadrons: energy loss

Raa < 1

Raa Overview

pPb

C

Rpppp »

0.8
0.6

0.2

ALICE: PLB 720, 52; EPJ. C74, 3054
CMS: http://arxiv.org/abs/1410.4825 (Z0)
EPJ. C72, 1945; PLB 710, 256; PLB 715, 66

= (ALICE) o h*, p- Pb F 502 TeV, NSD (ALICE) ]
1.8
16 sy = 2.76 TeV, 0-5%| | <= W, Pb-Pb \/sNN = 2.76 TeV, 0-10% (CMS)]
1.47

1.2}

A N, Pb-Pb (CMS) . * v, Pb-Pb |5 = 2.76 TeV, 0-10% (CMS) -

| ¥ Z° Po-Pb s, =2.76 TeV, 0-10% (CMS) ]

1020 30 40 50 60 70 80 80 100
p. (GeV/c) or mass (GeV/c?)
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Raa Overview

ALICE: PLB 720, 52; EPJ. C74, 3054
CMS: http://arxiv.org/abs/1410.4825 (Z0)
EPJ. C72, 1945; PLB 710, 256; PLB 715, 66
o Y2/ B L L L L B L L B B ]
Raa < 1 for hadrons: el " m ht, Pb-Pb (ALICE) ® I, p-Pb s, - 5.02 TeV, NSD (ALICE) ]
Parton energy loss QZn 1.8 [ A b, Pb-Pb (CMS) — * v,Pb-Pb |5, =276 TeV, 0-10% (CMS)
2 4p L 5y = 276 TeV, 0-5%| | & W*, Pb-Pb sy = 2.76 TeV, 0-10% (CMS),
% ! ¥ 2%, Pb-Pb |, = 2.76 TeV, 0-10% (CMS) |
Hadrons: energy loss C 14F ~ N .
1.2F 10 | :
i ] f f
1 i D :.T'¥"_I"""* ___________ b.( A %b ____________ ]
0.8 T 1 | -
0.6 - L | $ @ E E @ ]
0.4 ﬁgﬁﬂﬁﬁﬁg E H ]
Raa= 1 fory, Z, W: 0.2 .
No energy loss for T R T B PO B DO B T
electromagnetic and weak probes 010 20 30 40 50 60 70 80 80 100

p. (GeV/c) or mass (GeV/c?)

80


http://arxiv.org/abs/1410.4825

Raa Overview

o]
Raa < 1 for hadrons: n:%l
Parton energy loss X
o
o]
o
Hadrons: energy loss C

Raa =1 fory, Z, W:
No energy loss for
electromagnetic and weak probes

p+Pb: Ropp = 1 at high pr

0.8
0.6

0.2

ALICE: PLB 720, 52; EPJ. C74, 3054
CMS: http://arxiv.org/abs/1410.4825 (Z0)
EPJ. C72, 1945; PLB 710, 256; PLB 715, 66

= (ALICE) o h*, p- Pb F 502 TeV, NSD (ALICE) ]
1.8
16 sy = 2.76 TeV, 0-5%| | <= W, Pb-Pb \/sNN = 2.76 TeV, 0-10% (CMS)]
1.47

1.2}

A N, Pb-Pb (CMS) . * v, Pb-Pb |5 = 2.76 TeV, 0-10% (CMS) -

| ¥ Z° Po-Pb s, =2.76 TeV, 0-10% (CMS) ]

1020 30 40 50 60 70 80 80 100
p. (GeV/c) or mass (GeV/c?)

No/very small ‘cold nuclear matter’ effects on high-pt probes
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(S = 5:02 TeV

Z-jet imbalance

VS = 5:02 TeV

CMS-PAS-HIN-15-013

PbPb 404 ub™", pp 25.8 pb™

PbPb 404 ub™, pp 25.8 pb”’

1.1IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

CMS

Preliminary

® PbPb, 0-30 %
'© smeared pp

70 <M"< 110 GeV/c?
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Recoll jet pt reduced by energy loss
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Effect persists up to high pr



Jet Raa comparison

ALICE Pb-Pb |s,,=2.76 TeV
Anti-ky R=0.2 |n_| <05

lead,ch

P, >5 GeV/c

ALICE 0 - 10%

CMS 0 - 5%

- HIN-12-004-PAS

" W47 ATLAS0-10% (R =0.4)

o PRL 114 (2015) 072302
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Good agreement between the experiments
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Direct photons

arXiv:1509.07324

k2 | | | | | | T
S Y Pb-Pb \s,, =2.76 TeV Aexp(-p/Te) -
o [ A [e] 0-20%ALICE  — 0-20%
O 105 Py 4120-40% ALICE ~ — 20-40% =
N "L [+140-80% ALICE E
: : 5o -
Main expected sources: all P -
o [T 10 RO —=
- . - - -c - - ‘;" -
- High pr: hard scattering; S Do ;
s [ RN ]
quark-gluon Compton process T L S ) -
. & F :”}% T, x10° 3
- Low pr: thermal radiation o 2N e ]
1 A I‘
107" e, e
= w1, 5
n iR, ]
- el x 100 -
2L TN 38 —
" : . S DS
- k. T
- \‘:;‘....‘. s
10°E IRAE NN -
= -~ Paquet et al. ':\ "'+ x10° 3
- arXivi1509.06738 | | LT e n
. P - --- Linnyk et al. Tl e
_ E_XCGSS at low Pt In central CO”ISIOI’]S. 1045_ arXiv:1504.05699 .- Chatterjee etal. "~-._ 3
indicates thermal photon production V. Hees etal. PRC 85(2012) 064910 "3
- NPA933(2015) 256  + JHEP 1305(2013) 030 -
10_5—| L1 1 | L1 1 1 | I I | | I | | I I | | I | | L1 1 1 | | =
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Jet shapes

Measure particle distribution inside jets on a jet-by-jet basis

Radial moment (girth) pr-dispersion
2
Zp'l}i r pT,i
_ racks - tracks
§ = Prp =
pT’JCt pT,jct

(Normalised)

pT-weighted jet width
spread of pr

Anti-correlated with multiplicity
Pije = ZP:"

Large range of jet shape variables can be explored
So far, focused on two: 1 transverse, 1 longitudinal
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Jet shapes: prp

QM talk, Cunqgueiro

O °CALIGE Prefiminary DO O by T
Q. [ Pb-Pb sy, =276 TeV - Q. [Pb-Pbysy, =276TeV 4 ALICE Data _
Q 5__An’[i-kT charged jets, R =0.2 _ Q 5__Anti—kT charged jets, R=0.2  Shape uncertainty ]
% L 40 < PN 60 GeV/e 4+ Q:;ICE Data i _ % 40 < pft"’h < 60 GeV/c [C]Correlated uncertainty i
. T ape uncertainty  — - JEWEL ]
% 4: Correlated uncertainty £ 4: JEWEL \r/:;l)lirsmoff ]
= 3: —— . —4— PYTHIA Perugia 11 - 'G—JZ - [ ]PYTHIA Perugia 11 ]
—~ n - <] 3 —
A - = - E E
2 ; B E
| - E: - :
= —— - :
== —_— = —_——————

8|_ I | I T | T | Lo o b v v o b v b b v v v L aa
3 04 05 06 07 08 09 83 04 05 06 07 08 09 1
pTD pTD

pt,p slightly larger in Pb+Pb JEWEL model shows
than pp (PYTHIA) similar trend

Larger pt,p: smaller multiplicity and/or harder fragment distribution
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Raa

MC tools: JEWEL

Publicly available Zapp, Krauss, Wiedemann, arXiv:1212.1599

Elastic+radiative energy loss; follows BDMPS-Z in appropriate limits
Medium: Bjorken-expanding Glauber overlap

RHIC LHC
1 T T T T T T T 2 . .
PHENIX data, 0-10% centrality —=— _
JEWEL+PYTHIA 1.8 + CMS data, 0-5% centrality —=—
0.8 - ) 16 L ALICE data, 0-5% centrality +——e—
' | JEWEL+PYTHIA —+—
n 1.4
0.6 . 1.2 - charged hadrons
<
<
R~
N Y\r’\‘hL/.
0 1 1 1 1 1 1 1 1 1 1 0 " " . P T S . . . o
4 6 8 10 12 14 16 18 20 22 24 26 10 100 1000
p, [GeV] p [GeV]
Ti=350 MeV @ 10 =0.8 fm/c Ti=530 MeV @ 10 =0.5 fm/c

Good agreement with JET collaboration values
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