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Introduction: Heavy lon Physics

Phase diagram
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- Study the properties of many-body QCD systems

Properties of equilibrium matter: equation of state, transport coefficients,

Initial temperature

Dynamics: hadronisation, interactions of partons with the medium, Debye screening



Colliders for High-Energy Nuclear Collisions

RHIC, Brookhaven
Au+Au Vsy\= 200 GeV
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First run: 2000
Dedicated heavy-ion machine

STAR, PHENIX,
(PHOBOS, BRAHMS)

LHC, Geneva
Run 2: Pb+Pb vsy,= 5020 GeV

First run: 2009/2010
=1 month/year heavy-ion running

ALICE, ATLAS,
CMS, LHCDb



Soft Probes: Hydrodynamic Flow

MADAI

Time:0.08

X

MADAI.Us

system evolution after some initial thermalisation time
can be described as a fluid
=> hydrodynamic flow


https://madai-public.cs.unc.edu/visualization/heavy-ion-collisions/

Elliptic Flow

Hydrodynamical calculation
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Anisotropy results in yield modulation 101 P 5.6 fmic|
In azimuth relative to reaction plane '
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Anisotropy reduces during evolution
V, more sensitive to early times
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Azimuthal Anisotropy: Initial and Final State

MC event: location of nucleons
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Initial state spatial anisotropies €, are transferred into
final state momentum anisotropies vi
via collective flow of the Quark Gluon Plasma
generated by pressure gradients

Azimuthal distribution single event
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v,{SP,|An| > 0.9}

Anisotropic Flow Results

ALICE 20-30% Pb-Pb \'s,, = 2.76 TeV V3
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Mass-dependence of v, introduced by radial flow velocity

Via strength and mass dependence test

- paradigm of hydrodynamical description
- medium properties (equation of state)

- freeze-out properties



Global Fit to Flow Results

n \

v2 Response
o ]\ J \ e )

en : initial spatial anisotropies from initial state
model

Vi : Observed final state momentum anisotropy

Response: modeled by hydrodynamic evolution
+ hadronic cascade

€1 \
€2

Total 9 parameters:
3 initial state = ¢n
3 QGP = medium response
3 model parameters
n oo (T3+T5)"

KLN EKRT WN
=l

- — : : —
—1.0 —0.5 0.0 0.5 1.0
p

(soft) particle production model

n/s

J. E. Bernhard et al, arXiv: 1605.03954

viscosity of the QGP

067 Prior range
| —— Posterior median
90% CR
0.4F

S

KSS bound 1/47

0-00715 ' 0.20 ' 0.25 0.30

Temperature [GeV]

Fit constrains initial state geometry and
transport properties at the same time

Here: viscosity — close to lower bound



Hard Probes: Probing the Medium

R Bertens, JEWEL simulation

N T = 0.60 (fm/c) Nejt nyeiror T = 060 (fm/c)
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Hard probes: high pror mass (Q?)

Example: high energy partons
Hard-scatterings produce quasi-free partons
= Probe medium through energy loss (aka jet-quenching)

Expected to be dominant for approximately pr > 5 GeV 0



Nuclear modification: Pb+P

Charged particle pr spectra

==l

Ncon: number of binary
nucleon-nucleon collisions
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ALICE, PLB720 (2013) 52
CMS, EPJC 72 (2012) 1945
ATLAS, JHEPOQ (2015) 050

Nuclear modification factor

<
I<t
g ALICE
CMS _
. L cus LHC \'s, = 2,76 TeV

Pb+Pb 0-5%

0.6

soft production,
Npart Scaling

N dN/dps| .

Energy loss
DDDD\ Rua < 1

Pb+PDb: clear suppression (Raa < 1): parton energy loss
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Nuclear modification factor Raa— Run 2

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 0

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

G10-G1-NIH-SVd-SINO

10 10°

Expect AE « ¢ InFE in high energy limit E >> AE
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0.8

0.6

Raa(PT)

HTL expectation: ¢ =~ 24 a; T° ~ 2 T°

Sizeable uncertainties from as, treatment of logs etc expected

Raa VS models

Burke et al, JET Collaboration, PRC 90 (2014) 014909
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Several formalisms/approximations for parton energy loss exist
Allows to determine medium properties, transport coefficient

A RHIC:
g =12+ 0.3 GeV*/fm

(T=370 MeV)

A LHC:
g =19+ 0.7 GeV’/fm

(T=470 MeV)

{

4.6+ 1.2
3.7t1.4

at RHIC,
at LHC,

-/
-/

g
T3

Arnold and Xiao, PRD 78 (2008) 125008

Values found are in the right ballpark compared to (p)QCD estimate
Magnitude of parton energy loss is understood
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Jets: reconstructing the partons

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

Out-of-cone radiation
Rya<1

Incoming
parton

| In-cone radiation
| Jet broadening

Simple expectation: Raa should increase with jet cone radius (integrate more of the energy)

14



Comparing hadrons and jets

JHEPO3 (2014) 13

?5 g Ch. particles Jets .
1.0 —
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Out-of-cone radiation t rac k e

| | Rua<1 / pT b) pJT (GeV/C)

In-cone radiation
Jet broadening

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

Z Pri-T
: : : — tracks D. Caffari, talk at ICHEP
- g — )
pT-weighted jet width P
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g g
Radial moment smaller in Pb+Pb JEWEL model shows
than pp (PYTHIA) similar trend

Jets in medium narrower than in vacuum
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Heavy Flavour Raa — Mass Dependence

Compare
beauty: non-prompt J/W
charm: D-mesons

Larger suppression for
charm than for beauty

Agrees with expected
‘dead-cone effect’
energy loss reduced when v< ¢
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Indicates radiative energy loss: induced gluon bremsstrahlung



Quarkonia: J/¥¥ Suppression

ALICE, arXiv:1606.08197

Run 2: 5 TeV Pb+Pb

< - 1 rr 1T 1T T1r T 1 ™
<C ~ . . R
«, , £ ALICE, inclusive J/'y — p*u
Transport |'s,,, = 5.02 TeV (TM1, Du and Rapp)
® Pb-Pb m =5.02 TeV, 0-20%
B Pb-Pb |s,,, =2.76 TeV, 0-20%

—_
(0))

ALICE, Pb—Pb, inclusive J/y — u*uw
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| |
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R, A(5.02 TeV)/R,.(2.76 TeV)

2.76 TeV

Transport, pT>0.3 GeV/c (TM1, Du and Rapp)
Q:§ - || Transport (TM2, Zhou et al.)
~ i Statistical hadronization (Andronic et al.)
0.6 —
| Co-movers (Ferreiro) i
<<
m< IIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIII

5.02 TeV

0 50 100 150 200 250 300 350 400 450
(N 2

part

Increase by recombination:
No sign of energy dependence

Compatible with model expectations
(small effects expected)

Suppression by quarkonium melting
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Quarkonia: Y Suppression

A. Lardeu, talk at SQM 2016 Run 2: 5 TeV Pb+Pb
< [
D:< I ALICE, Inclusive Y(1S) — ', 2.5< y < 4
1.2 — W Pb-Pb \'Syy = 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 * " "
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 |
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Y suppression at 5 TeV similar to 2.76 TeV
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EM Probes: Direct Photons

EM (and weak) probes:
no strong interactions
information on initial or early state

Thermal photons
thermally produced and emitted throughout collision history
sensitivity to initial temperature of Quark Gluon Plasma
small signal: difficult measurement
main background: abundant decay photons

20



Direct Photon Puzzle at RHIC

PHENIX results in 200

GeV Au-Au:

Via real and zero-mass virtual photons
Large yield + large anisotropy

Challenging for theory:

Large yield favours early emission
Large anisotropy favours late emission

New STAR results:

yield via zero-mass
virtual photons

better agreement

with theory

but: different centrality

Direct photon puzzle!?

STAR, arXiv 1607.01447
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R. Rapp, H.van Hees, M. He, Nucl. Phys. A 931(2014) 696
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Direct Photons at LHC

ALICE, Phys. Lett. B 754 (2016) 235-248
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Direct Photon Flow at LHC: Status

D. Lohner (ALICE), JoP: Conf. Series 446 (2013) 012028

- preliminary results for

central collisions (0-40%)

use preliminary extracted photon
yields to extract direct photon flow

- comparison of direct photon

flow to theoretical models

large uncertainties
under-prediction by models

- final results in preparation

using final direct photon yields
revisit error estimates

2 ,0.2

0.1

0.0}~

I | I I I I | I I I
ALICE preliminary

[ 0-40% Pb-Pb, |s,, = 2.76 TeV
- VO event plane

lllllllllll
Y

[FSERE .

e ALICE preliminary

: — NLO (Vogelsang) +

thermal (Shen et al.)
----NLO (Vogelsang) +

thermal (Holopainen et al.)
-+-PHSD(O. Linnyk et al.)

1 2



Collective Effects in Small Systems (?)



pp and Pb+Pb — the Ridge

Central Pb+Pb p+p low multiplicity p+p high multiplicity
CMS, arXiv:1201.3158 _N_  0-5% N > 110
7N - tr
1<pr<3GeV

s 12

22 %

OIS, 29.

1—Z: 2

Near-side long range correlation: indicates early time origin

Seen in high-multiplicity pp and p+Pb events

6/ (£102) 812 97d ‘SO

TN
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Two-Particle Correlations

ATLAS-CONF-2016-026

2%, P
High-multiplicity p+p High-multiplicity p+Pb
—_ [T T | T T T T | T T T T | T T T T | T T T T | T T T T ] —_~ _| T | T T T T | T T T T | T T T T | T T T T | T T T T I_
§ _ ATLAS Preliminary Z § 15'2: ATLAS Preliminary ]
> g 4_pp Vs=5.02 TeV i > - p+Pb \s=5.02 TeV .
C 90<N £°<100 - 15.1-N>240 ~
5_05__2 < |An| <5 ] E E
B | 15— T, ]
5:_ _: - \\‘ -O-o-:
n ] 14.9fo_ \ 9
B - - -O-'O' \\\ —_
4.95 n VA
L o — 148__ \\ ]
4.9F % = . R
N P 000000 ] 1475 '
4-'85:-_IE’I’| | | | | | | | | | |\I\~I——I—I’,| | | | | | | | | | | I\ IL: : | | | | | | | | | | | | | | | I:
-1 0 1 2 3 4 1 0 1 2 3 4
Ad A

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 dipole term (cos (2 Agp))
Smooth evolution from pp to p+Pb: effect stronger in p+Pb
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More on p+PDb

Multiplicity vs n LHCb ysyy=5TeV
s BRI - Activity bin I
.
iminary N 50.15 Coyav=1.21 (p+Pb)
1.0<pr<2.0GeV/c
o)

dNCh/dT[

Y(A9)-C7

p+Pb is an asymmetric system

Activity bin V

20<IAnl<4.9

Near-side ridge identical
for forward and backward trigger particles

6EY00 CLGL:AIXIE "QOHT
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v {2}

vo from Di-hadron Correlations

CMS, arXiv:1606.06198
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ALICE, PLB 726 (2013)164

Similar ‘mass ordering’ observed for v2 from two-particle
correlations in in high-mult. pp and p—Pb

Is this also pressure-driven?

p+Pb
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: #= -
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0.10

>
0.05

Multi-Particle Correlations: Testing Collectivity

pp p+Pb Pb+Pb
CII\/IISI T T I T T T T I I I I I | I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
PP \s=13TeV PY VZUb{Z, |AT]|>2}—‘ pPb M =5TeV 4 PbPb M =2.76 TeV o ® o O
m v,{4} o« ® ¢ _
O
0 VA8) | o’ g _
O VALYZ} o ® ® 0000, &* _
o9
- L . m 4 -
° ‘**"' - | e *‘* %Q.* y | @ _
° = ¥ ¥ o
® 1 © + 1 i
. — - -
0.3< p, < 3.0 GeV/c 0.3< p, < 3.0 GeV/c 0.3< p. < 3.0 GeV/c
_I | | < 2.4 | _.I I Il < 2|.4 I -.I I nl < 2|.4 I 1
0 50 100 150 0 100 200 300 0 100 200 300
ff il ifl
N::.k ne N,?rkme Nﬁ.k ne

Multi-particle methods suppress few-particle (non-flow) correlations

Flow-like effect is indeed a multi-particle effect

86190°909}:AIXIe "0L0-9L-NIH-SIND
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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
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Phys. Rev. Lett. 111, 172303 (2013)
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Strangeness Production in pp, p+Pb

PT Spectra in

particle ylelds in multlphClty bins

multiplicity-selected pp collisions
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Mean pr increases with multiplicity 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?
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Energy Loss in Small Systems

ALICE: PLB 720, 52; EPJ. C74, 3054

Raa < 1 for hadrons: CMS: JHEP 03 (2015) 022 (ZO)
o P2 L L B B B B L BB ISR ]
Hadrons: energy loss s " m h', Pb-Pb (ALICE) ® h',p-Pb |5y = 5.02TeV, NSD (ALICE)

O 1.8F4h Po-Pb(CMS) . * y.Pb-Pb s, =276 TeV, 0-10% (CMS) ]
16 sy =276 TeV, 0-5%| | = W=, Pb-Pb \/sNN = 2.76 TeV, 0-10% (CMS)!
T [| v 2° Po-Pb |5, =2.76 TeV, 0-10% (CMS) ]

1.4F - :

Rpppo

b% R;:A<1

*

interactions 12F [ .
———————— > [ — | ? ]
Ran = 1 11 L e | 1| — %b ____________ h

Raa =1 fory, Z, W: 0.8
No energy loss for 06 = I E
electromagnetic and weak probes

p+Pb: Rorp = 1 at high pr 0.2 ]
No/very small ‘cold nuclear matter’ b .o '

effects on high-pr probes 01020 30 40 50 60 70 80 90 100
p. (GeV/c) or mass (GeV/c?)

If there is a thermalised medium in p+Pb: path length not long enough?
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Rpr

Open Charm Production in p+Pb

prompt D production
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no strong modifications in data
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Open Charm Production in p+Pb

prompt D production backward & forward
backward rapidity

(Pb-going)
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no strong modifications —
data consistent with nuclear

shadowing
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Quarkonium Production in p+Pb
J/W , ¥’ production

backward rapidity forward rapidity
(Pb-going) (p-going)
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J/W — forward: suppression/backward: hint of enhancement

consistent with shadowing
¥’ —forward + backward: strong suppression

needs additional suppression mechanism
energy loss?, comovers?

consistent results on prompt charmonium from LHCb, arXiv:1601.07878
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Summary

Recent results show/confirm:
+ QGP behaves like a liquid with extremely low viscosity n/s = 0.1
- Implies short mean free path: high density, strong interactions
« High-momentum partons lose energy in the QGP
« Overall magnitude in agreement with expectations
- Charm/beauty difference indicates radiative energy loss dominates
- Quarkonium production shows a balance of Debye screening and regeneration

Open questions:

* pp, p+Pb show flow-like behaviour

- What is the physical mechanism?

* No modification of hard probes?

 Does this have implications for understanding Pb+Pb? Or vice versa?
-+ Thermal photon radiation

- Theoretically understood?

Caveat: many topics not covered due to time.
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Changing the projectile

B Schenke

4 3He+Au (2014) -
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RHIC has collided a variety of small

nuclei with Au to explore geometric effects
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SHe gives explicit triangular contribution in initial state
Effect is driven by initial spatial configuration
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Characterise shape by angular moments:

ZF(coszn(p + sin’ne)
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MC event: location of nucleons

2"

E L

Initial state: colliding nuclear matter

with gaussian smoothing
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Symmetry planes change from event to event
Orientation measured for every event
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CMS, PLB 718, 795

1<p, <3 GeVlc

Two-particle correlations

p+Pb

0.5<p2"<5.0 GeV
N*°>220

p+p

ATLAS Preliminary
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Near side long range correlation: indicates early formatio

Talks | Lakomov, S Padula, A Sickels

Pb+Pb

8GLE LOCL-AIXIe "'SIND

n LHCDb, arXiv:1512.00439
ALICE, PLB 726,164

Strength strongly depends on multiplicity/centrality
Looks very much like flow
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Changing the projectile
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Effect persists up to high pr
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Increasing R to recover the energy

Talks M Spousta, Y-T Chien

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

o °| ATLAS
X 1 5/ 0-10 % Centrality

0.2
CP
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Ratio of spectra with different R
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- L *R=03 -
T SR L =R=04 -
N N B L *R=0.5 ]
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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
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Momentum balance as a function of distance to the recoil jet axis

Studying out-of-cone radiation

CMS, JHEP 2016-01, 006

leference

p+p . Pb+Pb c;er:tgal
CMS pp " RoPb 0'30%
= 0
)
0]
=-10 .
=
20 0 pp <PT> ‘ -
pp <PT>[0 A] _

o (PbeOSO%) pp

Py, [GEV]

[70.5-1.0
[ ]1.0-2.0
[]2.0-4.0
Bl 4.0-8.0

I 8.0-300.0

|T|trk| <24
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In pp and PbPb: most of the balancing
momentum is found within R =< 1

Peak near A=0
reflects leading vs non-leading

Depletion of high momenta,
iIncrease of soft particles in PbPb

Balance restored at larger angles in PbPb

Jet fragmentation softer and broader in PbPb
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Outlook/future plans

. 2016 p+Pb run

- 2 energies: 5 and 8 TeV
- EXxplore collectivity in small systems; extend to heavy flavour
- Mostly at 5 TeV: large MB data sample

- Initial state: nuclear modification of PDFs with jets, electroweak probes
- Mostly at 8 TeV: large integrated luminosity

- 2018 Pb+Pb run

- Increase statistics for hard probes: jet shapes, y-jet, weak-boson jet measurements
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So how is the lost energy distributed?

Most results point towards
Relatively large loss: 5-10 GeV per jet
Distributed to large angles (R > 0.5) and soft particle production (few GeV)

This is dramatically different from vacuum jets:
Most energy carried by a small number of particles in the jet core R < 0.2

... But reconstructed jets in Pb—PDb events look quite similar to pp

Focus of the field: understanding this apparent paradox:
Measurements: new observables, e.g. jet shape
Modeling: event generators (JEWEL, YaJEM etc)

Theory: exploring multi-particle emission in QCD
(anti-angular ordering, democratic splittings due to color flow, thermalisation etc)
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Intro 2. Hard and soft processes

Heavy-ion collisions produce

‘quasi-thermal’ QCD matter

Dominated by soft partons
p~T~100-300 MeV

‘Bulk observables’
Study hadrons produced by the QGP
Typically pr < 1-2 GeV

Physical model/picture:

hydrodynamical flow, =/
thermodynamics /
‘Hard probes’

Hard-scatterings produce ‘quasi-free’ partons
= Probe medium through energy loss

pr > 5 GeV

Physical model/picture:
hard scattering+parton energy loss

Two basic approaches to learn about the QGP
1) Bulk observables
2) Hard probes
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Pressure leads to radial flow
Same Lorentz boost () gives larger o e m

Radial and elliptic flow

ALICE. PLB 736. 196

< 10*
T 10T
5
Spectra change from pp to Pb+Pb: N
. ~ 2
» Increase in mean pr =
- Larger effect for larger mass é_“
=
"o
-
S
First indication of collective behaviour <10°
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Multiplicity vs centrality PoPb

Inl <0.5

ALICE .
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i 2 pp, Sy = 2.76 TeV (x1.2) ]
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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
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Model comparisons:

Soft physics models agree
Hijing: some deviations
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Comparison to pQCD expectation

q _
T3

Burke et al, arXiv:1312.5003

JET paper { 4.6+ 1.2 at RHIC,

3.7+t 1.4 at LHC,

)
A qH ax
HTL expectation: g =2xC, ag.N ln( m;\ )
Arnold and Xiao, arXiv:0810.1026 ’nb é’(j)
N= (] +

“y AT

A

g ~24da.T ~|2T

Constant depends on as (took as=0.3) and jet E (via In)
plus uncertainties due to assumptions, low momentum cut-off etc

Values found are in ‘reasonable agreement’ with pQCD estimate

51



