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Motivation: What is the question?

ALICE/LHC
Pb+Pb Vsyy = 2760 GeV

" What happens if you make matter

" Hotter and hotter? Denser and denser?
Solid - liquid - gas — plasma Quark-Gluon Plasma
® Heavy-ion physics: emergent properties of QCD

" Temperature? Phase Transition? Equation of state? Speed of sound?
Viscosity?
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Properties of the Strong Interaction (l)
Confinement

®" Fundamental theory is Quantum Chromodynamics (QCD)

® Confinement

® Quarks and gluons are not observed as @ @ @ @

free particles, they are confined in hadrons

" If the distance between two quarks gets larger, more and
more gluons contribute to the interaction between the quarks.

" Hence the potential energy grows with increasing distance.
" At some point, enough energy is stored in the field to produce a pair of quarks out of
the vacuum.

_—4a5(r)

V(r)_gr/:k’" @ _}‘ = - neutron
nd ¥ 3 KW

Linear term (often associated
with confinement) expected to
disappear in the QGP
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Properties of the Strong Interaction (ll)
Asymptotic Freedom

iy Nobel prize in physics (2004)
Y (work done in 1973 = Birth of QCD)

® Coupling a, between color charges

gets weaker for high momentum
transfers, i.e. for small distances r

- David J. Gross H. David Politzer Frank Wilczek
aS(Q) v Tdecays (N3LO)
& Lattice QCD (NNLO)
& DIS jets (NLO) ® Vanishing QCD coupling constant
03} o Heavy Quarkonia (NLO) ] . . .
\ o e jets & shapes (res. NNLO) at short distances r implies that
~ S the interactions of quarks and gluons
v pp—> jets (NLO) e )
02 | are negligible at very high temperatures
(¢]
0.1}

N i i F :
— OCD ay(M,) = 0.1185 + 0.0006 Creation of practically non-interacting

10 00 00 Quark-Gluon Plasma at extreme
Q[GeV] temperatures
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The Quark-Gluon Plasma (QGP)
The idea ...

— Compression and heating
of nuclear matter

Heat
Pressure + lcreates pions)

-+§%§}+—q}£aﬁz '*b’
“
TR e

" Primordial state of matter: quarks and gluons
are liberated (deconfinement)

® Evolution of the early universe
® QGP may still exist in neutron stars

_’ Quark-Gluon

Plasma
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HISTORY OF THE UNIVERSE
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phase transition
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The Quark-Gluon Plasma (QGP)

The idea ... ... and its realization
— Compression and heating — Relativistic collisions of heavy
of nuclear matter nuclei (Au, Pb)
Pressure o . Heot Quark-Gluon ,Little Bang*
lereates plons Plasma s in the laboratory
% | ? k L 197Au
> o8« + 3:3 = X
, £
t .

" Primordial state of matter: quarks and gluons L
are liberated (deconfinement) @ B e

" Evolution of the early universe sl e
N orhd,
® QGP may still exist in neutron stars —¢ R ee
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o  Heat
(creates pions)

_}O

Pressure

uark-Gluon
Plasma

¥ QCD matter at extreme conditions:
high temperature and/or high density

" Deconfined strongly interacting

matter with color degrees of

freedom

" Restoration of chiral symmetry breaking:
hadrons are much heavier than their

constituents
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Predictions from First Principles:

Lattice QCD

e/T* ~ # degrees of freedom

HotQCD: PRD 90 (2017) 094503

| e e e e e e e e e e e
16
nan-int. limit
12 [
Te
8
3p/T*
| g4 I
4 3s/4T3
T [MeV]

130 170 210 250 290 330

T = 154(9) MeV

few d.o.f. - confined
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370

many d.o.f. — deconfined
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The Large Hadron Collider

LHC Run 1 and 2

PP 0.9-13 TeV
sl P-Pb 5.02 TeV
AL 8.16 TeV
| Xe-Xe |5.44 Tev

“W Pb-Pb | 2.76 TeV
g 5.02 TeV
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Space-time evolution of a heavy-ion collision

timet y m®x*"d jet,y B K
L S %’uﬂmmﬁmmmmw

) Freeze-out
&
,,,,, Hadronisation
. Thermalisation
* B ' Hard scattering
space
‘ | Pb Pb Courtesy: S. Bass



Example of a Heavy-lon Experiment
A Large lon Collider Experiment

THE ALICE DETECTOR 2. ITS SPD E'FJ??%)
ALICE Covers c. ITS SSD (Strip)
Forward Muon Arm: gﬁ ‘F’,?,.g“" 10
-24<1n<-4.0
Central Barrel:
-0.9<n<09

@

W

vs
/m/f/ A
gl /.,
—

ITS

FMD, TO, VO
TPC

TRD

TOF (4 b
HMPID J y

EMCal N T c T
. PHOS, CPV
10. L3 Magnet
11. Absorber

12. Muon Tracker
13. Muon Wall
14, Muon Trigger
15. Dipole Magnet
16, PMD

17. AD

18.ZDC

19. ACORDE

CoNoOR~WNE
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Typical Event Display

Tracks of particles
recorded with the
Time Projection
Chamber and
clusters in the
calorimeter for a
Pb-Pb collision at
\/sNN =5.02 TeV
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buxy resolution (um)

Experlmental Methodology
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Geometry Plays a Key Role in
UItra Relativistic Heavy-lon PhyS|cs

Participants
before collision after collision

ﬂ § T I LI I T I T | T T T I LI I T - - T T
- - s F + Data mu- _
® Number of participants: el
number of nucleons in the overlap region Glauber fit w:_ _ )
" Number of binary collisions: number of P, : E .
inelastic nucleon-nucleon collisions iy TP .
3 = — =
® Small impact parameter b corresponds i elele| 2 g
to large particle multiplicity ot L 2 ? g 2 :
S EHHEERREERE Bt

1D—2 Il I 11 1l | 1 I 11 1 I 11 1 I 11 1 I 1 1 I 1| 1 | 1| 1
0 5000 10000 15000 20000
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Global Event Observables
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Multiplicity Distribution

Multiplicity density vs. energy

Estimated energy densny
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Global Observables

Hanbury Brown-Twiss Interferometry and Space-Time Extent of Fireball

Technique of intensity interferometry developed by Hanbury Brown and Twiss in
astrophysics as a means to determine size of distant objects
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Thermal Statistical Model: T, V and K

A. Kalweit QM2018 ALICE: PRC93 (2015) 024917
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" Yields of light flavour hadrons well described by equilibrium model
over 7 orders of magnitude

" Particle/anti-particle ratios at 1
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Phenomenological phase diagram of
strongly interacting matter

A. Andronic, P. Braun-Munzinger, K. Redlich, J. Stachel, Nature 561 (2018) no.7723, 321-330

< 200 ® Chemical freeze-out points
% 180  Quark-Gluon Matter ] resulting from statistical
= § 5 4 ] hadronization analysis of
= 180y 0—— **’% : hadron yields for central
140 F Hadron %? ] collisions at different energies
- adronic Matter D%
120 | U
100 - % 7
80 - -
60 | 7 3
40 _ Points: Statistical Hadronization, T TL) ]
20 _ Band: Lattice QCD, T B
N v &
1 10 10° 10°
Hg (MeV)
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Global Observables
Collective Effects

Fourier decomposition of momentum
distribution relative to reaction plane

Reaction z /

o0
d
—(X: —
) do 1+ > 2v_(p..)cos n(go WRP))
n=1
=
A
Z
o
4 ‘%’ N
. N y J \
Coordinate space: Collective interaction Momentum space:
initial asymmetry pressure final asymmetry
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Collective Behaviour

< . (ALICE) = v,(ALICE) 1 vy (ALICE ALICE, arXiv:1805.04390
o UTLAS) o ATLAS 5 Vi, (ATLAS) N 0.3 ALICE Pb-Pb |5 =5.02TeV  En*
* v, (STAR) = [ ly|<0.5,10-20% s K*
< [ #p+p
S 0.2 o g K2
i W B4 o o A+A
L T A $ b - oa?'ﬂ{}}% {¢¢
Q 0.1 °°3n:}4+ D % % * WL
1 @ ‘ + : oociEI %3 ° o
: * T | ODD }‘00
L ALICE Pb-Pb | 5, =2.76 TeV ol
= | M| I | | |
_0-1\I\IIIII\I\IIIII\I\IIIIIII\I\IIIII\I\II 0 2 4 6 8
0 2 4 6 8 10 12 14 16 18 20
p, (GeVic) p, (GeVic)
" Good agreement with hydrodynamical calculations
® Strongly-coupled medium with very low shear viscosity e 2 0
(= n/s = 1/4m; perfect liquid) %9 '~?-;'
® Mass ordering for p; < 2 GeVlc interpreted as an interplay of IS0
] ) . jj‘:‘.—“-}
radial and elliptic flow s %9,
" Interesting difference for mesons and baryons at > s
20

intermediate p;

® Hadronization via recombination?
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Hard Probes

ATLAS
4 E_ [GeV]

Calorimeter
Towers

Freiburg 2018 Yvonne Pachmayer (University Heidelberg)

Jet 0, pt: 205.1 GeV

'3 4 '3 -z CMS Experiment at LHC, CERN

-5 C
Data recorded: Sun Nov 14 19:31:39 2010 CEST
Run/Event: 151076 / 1328520
Lumi section: 249

CMS

Jet 1, pt: 70.0 GeV
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Hard Probes

® Hard Probes: Jets, open heavy-flavour hadrons (charm and beauty)

® Produced at the very early stage of the collision in partonic processes with large Q2

® Sensitive to the full history of the collision

® Study the properties of the deconfined medium produced in Pb-Pb collisions

" Energy loss different for quarks and gluons (colour factor, dead cone effect)

Expected behaviour: AE > AE > AE
g charm beauty

" Parton energy loss depends on medium properties, transport coefficients etc.

Colour Charge
C_=3 for gluons, C_=4/3 for quarks

(AE) < a_C.gL?
ﬂfj; o BDMPS
< ﬁ approach

Transport coefficient related to
medium characteristics and gluon density

Freiburg 2018 Yvonne Pachmayer (University Heidelberg) 25



Nuclear Modification Factor RAA

Pb Pl 0 D 5 Pb

— e ] - — «—
Cold nuclear matter effects Elementary collision Cold nuclear matter effects -
+ hot nuclear matter effects No nuclear matter effects without Quark-Gluon Plasma
(related to the Quark-Gluon Plasma)
2 AA
1 d N "/dp,dy Needs pp reference

RAA(pT>:

N i d°N™/dp,dy at same Vs !

Athighp : R =1 if no nuclear modification!
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RAA

1 09 Nfiducial

Electromagnetic Probes

2-5,"(‘”‘“\5 AAARSSAA L EEL AR R A CMS: JHEPO3 (2015) 022, PLB715 (2012) 66,
i Vo y S o -0 GeVic . PLB710 (2012) 256, CMS-HIN-11-002
)t 1 0100% centraliy E ATLAS: PRL110 (2013) 022301, EPJC75 (2015) 23,
| W pp luminosity uncertainty ] PRC93 (2016) 034914
150 h " Photons, W and Z bosons
{H‘ PG 4. = Do not carry colour charge ~» R,, =1
L m H ]
i ] — Scale with N__ independent of centrality
0.5 =
- 1 — Compatible with NLO QCD calculations
_I Ll ‘ L1l ‘ I | | | ‘ L1l ‘ I | | | ‘ L1 \_
OO 50 100 150 200 250 300 _350 400 o P P
CMS \[s,,=2.76TeV L _(PbPb)=6.8ub" L(pp)= 231 nb
Nparl 2|III‘||||||||\|IIII|II\I|IIII|III|
40:| T 1T | TTT1T | TTTT T T 1T TTTT TTTT | T T 1T | TTTT | T \: — R (0-10%} -
- ATLAS ] i M ]
35__ ] r Systematic Uncertainty
30;_+____:___L__¢__¢__§ 1_5:_ T,, scale uncertainty _i
25/ | : —— {___ -
- i 2 e .
20? -] n O B =i
15;:;:'TY:==::::,_-V2=:.£;=-Av::;A A =é : :
E eyt e . - — PbPb(EPS09)/pp(CT10) |
10; = WT Data —- W_* POWHEG CT10 E 0.5 I PbPb(nDS)pp(CT10) |
5; oW —w B T e PbPb(HKNO7)/pp(CT10)
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High-p_ hadrons (i)

_I LI I LI I LI I LI | T 1 1 I T 171 | T
1.8~ ALICE, charged particles

C e p-Pb \s,, =5.02TeV, NSD, | ncms| <03

2 Energy loss

1-6:—- Pb-Pb \s,, =2.76 TeV, 0-5%central, | n|< 0.8 RAA <1
1 '4—_; Pb-Pb \s,, =2.76 TeV, 70-80% central, | n| < 0.8

2 -

2 1.2

R
(= =m
===
== =
; = = .
=5 :
lJ]IllllllllllllllillllllIlJlJJlJIIIl

fﬂ%iﬁi il JEHHgEHHE I 13i@D
0.4F
O.Qﬁ.-.-.-.-...!ihﬁ E@

—IIIlillllIIIlII|I]IIIIIlIJIlIIIlIlIlIII—

0 2 4 6 8 10 12 14 16 18 20
pT(GeV/c)

= In Pb-Pb collision: at high p_charged hadrons suppressed

— final state effect ghat = 1.2 GeV¥/fm at T = 370 MeV
ghat = 1.9 GeV*/fm at T = 470 MeV

= In p-Pb collisions: R, =1 - confirms final state effect in Pb-Pb

" |nitial state effects small
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High-p_ hadrons (Il)

CMS: JHEP 04 (2017) 039 o . 274 pb! (5.02 TeV pp) + 404 ub™ (5.02 TeV PbPb)

(@)
=
(7]

1.8

T T TTTTT | T T TTTTIT I T T
SPS 17.3 GeV (PbPb) LHC 5.02 TeV (PbPb)
o 1 WA98(0-7%) [ ® ] CMS (0-5%)

= 1* NA49 (0-5%) Models 5.02 TeV (PbPb)

1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

I:{AA

" LHC vs RHIC

rTrgrrr[yrrryrrr[yrrryrrryrrr[yrrrjrrr[prrrT
1 | | | ! | | | |

# * h‘STAR (0-5%)
LHC 2.76 TeV (PbPb)
9 ALICE (0-5%)
v ATLAS (0-5%)
O CMS (0-5%)

RHIC 200 GeV (AuAu) i
O 7° PHENIX (0-5%) -

CET, (0-10%)

 Hybrid Model (0-10%)
\\\\ Bianchi et al. (0-10%)
—— CUJET 3.0 (h+7°, 0-5%)

= Andres et al. (0-5%) —
= = v-USPhydro+BBMG (0-5%){

III|III|III|III|III]I

]

10
P, (GeV)

= R (LHC) <R, (RHIC) for p_< 10 GeV/c

= Intermediate p_similar R, despite harder p_spectrum at LHC - larger AE

100

= Increase vs p_indicates AE/E decreases with E

" Expected: energy loss depends on transport coefficients

and E - in high energy limit E >> AE

Freiburg 2018
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Jet Modification

ATLAS, arXiv:1805,05635 [nucl-ex]

CMS: PRL113 (2014) 132301, CMS-HIN-16-005 < T ] .
" i i s 7o oF [ATLAS Tanik, R-04jets {5y, =5.02TeV | |
T Tmluncenaimy! | | |
o EE#SS Inclusive jet R, , (0-5%) [n] <2 n
- —=— bjetR_ (0-10%) In|<2
1 ------- e o -
: ; 0.5 -rremeeereoeoe oo -
] 2.8
05 OE AR e P2 Wl <
- Im ppalteacs ] 2015 data: Pb+Pb 0.49 nb™, pp 25 pb™’ Eﬁg: gggﬁ»
0:| L1 1 | 11| | 111 ‘ | | 111 ‘ L1 1 I_ lllll I(?:AAI> alnld IuminOSityl uncerll L %slo -|70‘(£
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Jet p_ [GeV/c] 40 60 100 200 300 500 900
T P, [GeV]

RN RS RN RN L RN
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O Smeared pp

I

. CMS
p$>60GeV/c:

anti-k; jetR=0.3 -

P> 30 GeV/c ]
+ M <16 A

7 4
Ad_>=
L ¢jZ g" |
0.2+ + I:] ]
_’ . #
o O
Ob—m e L o
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_ Aoty Z
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Freiburg 2018

Yvonne Pachmayer (University

1 ® Inclusive jet production suppressed

= b-jet R,, shows same strong
suppression (~3) as inclusive jet R

] ® Internal structure of jets is modified
1 ® Larger fraction of partons associated

with Z bosons lose energy in Pb-Pb
compared to pp

Heidelberg) 30



Jet Modification

CMS: PRL113 (2014) 132301, CMS-HIN-16-005

150 ub™ (PbPb 2.76 TeV)
25 L L | LI | L ‘ T 1T | T 1T ‘ T 1T I_
TAA uncenainty
o EE#SS Inclusive jet R, , (0-5%) [n] <2 n
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1 ------- e o -
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o
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cms |

b
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401~ Pb+PD \5,-2.76 TeV T

F |Ldt=6.7ub"
20—

In-Cone |

0_

<p!> (GeV/c)

-20F

baliliced jet

A

~ CMS: PRC84 (2011) 024906

A IR
Out-of-Cone

AR=0.8

0.1 0.2 0.3 0.4
A;=pr, _pT,Z/pT,1+pT,2

0.1

0.2

0.3
AJ

0.4

1 ® Inclusive jet production suppressed

suppression (~3) as inclusive jet R

] ® Internal structure of jets is modified
1 ® Larger fraction of partons associated

0.8~
i + pZ>60 GeVlc ] .
‘ ik jetr=03 | W p-jet R shows same strong
\ w0 P > 30 GeV/c ] AA
70 A X + |yf91|<17.6 1
1_|ZN Pl A¢jz>§n N
02 4 * 5 .
O_é ____________________ ?___i___':'___l:_!_
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_ Aoty Z
Xz =P, /P

with Z bosons lose energy in Pb-Pb

compared to pp
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R : D- and B-mesons

AA
ALICE: arXiv:1809.10922 [nucl-ex] CMS: PLB 782 (2018) 474
< 2T 27.4 pb™ (5.02 TeV pp) + 530 pb™ (5.02 TeV PbPb)
< L n
o Al ly]<0.5, 0-80% r [®]D°+D°
T ™ p-Pbreference from JHEP 04 (2018) 108 i 1.6F CMS . Ch;ged hadrons
| e Average D°, D', D™, |y|<0.5, 0-10% (arXiv:1804.09083)  _| 1.41_ 9] B |yl < 2.4
1.5 & b |y1<0.5, 0-10% (arXiv:1804.09083) 7 C nonprompt Jiy
B N 12; ) + 18<|y|<24
T ¢ charged particles, |17|<0.8, 0-10% (arXiv:1802.09145) 7 E Taa and_ lumi. * lyl<24
I i feuncertainty ]
] < T
........................................................ _ < —+-
1 . o o v +
H ALICE 7 C +
<H> Pb-Pb, | 5, = 5.02 TeV 1 00 "
gp —FD, | Sy =9- R L gesess
05_ H ] 0.4j ¥ %
g = o yl<1
%;?;‘E‘E ] 2 Cent. 0-100%
0 ) ) ) ) | ) ‘ ‘ ) | ) ) ) ) | ) ) ) ) | n 0‘\ I| 1 1 | T | I| 1 1 | T | ‘ 2 1 1
ET) 20 30 40 50 1 10 10
p. (GeVic) P, (GeV/c)

= Expected behaviour: AEg> AE > AEbeauty - R, (light hadrons) <R, (D) <R, (B)
= D-meson R, strongly suppressed

= D-meson and pion R,, compatible within uncertainties at high p_

Djordjevic, PRL112 (2014), 042302
= Described by models including (energy loss hierarchy; different p_shapes and fragmentation fct)

® Strange-D hadron measurements hint for a larger RAA
= All RAA merge at high p_
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R, ,: D mesons vs )/y from B

A
§1.4_|u\‘uu‘uu‘u|||uu‘|||||\|||||||_ 2::1.4_\\||||\Ill\\\Il\\\\l\\Illlllllll\\|\\\\_ALICE:JHEPlSl]_(2015)205
- Pb-Pb,(;ngE; 2.76 Ley/ y 1 @ - Pb-Pb, sy =276 TeV 1CMS: CMS-PAS-HIN-12-014,
| A = 8<p_<16 GeV/c, |y|<0.8 _ | m Dmesons (ALICE) 8<p_<16 GeV/c, |y|<0.5 ]
120w Dmesons (ALICE) 8<p_<16 GeVia, ly|<0.5 i ter Non-prompt J/y (CMS Preliminary) i CMS-PAS-HIN-15-005
- @ Non-prompt J/y (CMS IBreIiminary) B = 6.5<p_<30 GeV/e, |y|<1.2 CMS-PAS-HIN-12-014 4
D 6.5<p <30 GeVic, ly|<1.2 omseastmvizow ] i (empty) filled boxes: (un)correlated syst. uncert. -
n (empty) filled boxes: (un)correlated syst. uncert. | LT T T T  yardiavie af Al Prre < LettB 737 (2014 208 Y E
- ) S0100% o romeprampt s - ___ Diordievic etal. mysienarrwze -Djordjevic, PLB737 (2014_) 298
L 4 = == = Non-prompt J/ 4
0.8 - 0.8— & [|] e Non—gromgt J/ﬁwithcquark energy loss —| TWO mass assumptlons
i ] i 1 for non-prompt /iy R, |
0.6 H EI - 06l :::H:__ _ -
- 50-80%" L ] i S _--_-:E:: —_ = -
0.4l Fﬂm B o N “El‘/b guark mass
I F 3 B \E\ %-:":"'-..'_-_.. .............. i
- 40-50% - B o —~ g el i
0.2 30-40% o1 nro B - T 40°50% e F TR C-quark mass
C 20-30% - 0.2 30-40% o a0, ~ .
10-20% _ - o u—-. _
| n* shifted by +10in <Npan) 0-10% | I~ (*) 50-100% for non-prompt J/ys 10-20% 0-10%
e BT BRI R R R, NEEE FETEE SR PR PU PO PR

<N > 0 50 100 150 200 250 300 350 400
QGO (O)N Q@D @ N,

" Expected behaviour:
AE > AE > AE
g h be

charm

aty R,, (light hadrons) <R, (D) <R,, (B)
= Clear indication for R  (B)> R, (D)
= Consistent with the expectation AE_> AE_

" Described by models including quark-mass dependent energy loss
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Quarkonia

® Original idea (1986): quarkonium production suppressed due to

." @ - colour screening in the QGP
o .9' " Sequential melting: differences in quarkonium binding energies lead
" ® ® to a sequential melting with increasing temperature
OIS Eren Wy " New idea (2000): enhanced quarkonium producion via (re)generation

during the QGP phase or at hadronisation
Kluberg and Satz, arXiv:0901.3831

T/Te 1/(r) tfm] Start of Collision ~ Development of ~ Hadronisation
QGP
2| | vas) - oD
- ¥ ;
- | %(P) o b 5 { L ¢ “«E‘o:: e %i@
o @ )
12wl 7/4(15) Y'(25) e \ e ol LR @E@D@D @0
@
<T Ml % (2P) Y'(35) P. Braun-Munzinger and J. Stachel, PLB 490 (2000) 196
%(1P)  w(2s)
S(J/ isti
A. Mocsy, o rséigsﬁ?;ﬁ’:ation
Eur.Phys.J.C61,2008
State J/ ' 1
v Xe v D.B\-——
Mass (GeV/c) 3.10  3.53 3.68 bl
dissociatio
Radius (fm) 0.25 0.36 0.45 SPSTRHIC T e
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Quarkonia

Bottomonium Suppression
CMS: arXiv:1805.09215

%10° | | PbF\’b 368 Etﬂ (5.?2 TeV) PbPb 368/464 ub”, pp 28.0 pb™ (5.02 TeV)
L L T L L rTTTg \\Illll\\ll\ll‘\ll\lll\l L I A
o9F ; = - T :
- Py <30 Gev CMS ] 1.2 — P < 30 GeV CMS T ]
81 Hy <24 - - |Y| <24 T cont. ]
B i | 1 r ent. -
. = P pt > 4 GeV B _ - I - o
> Tt <24 . k. ' " 0-100% -
O BF L Centrality 0-100% t PbPbData = N\ ) T |
g 55_ — Total fit E + 1
: g --- Background g - i
£ 4 E T .
c n --- Ry, scaled J 1 B
S 3 E T
2L pe®™ 3 - .
= = 1 ]
- | | | | | ] - + B
O T T T T T T | T m 'f -+ -
8 9 10 11 12 13 14 O\\||.||\\||\||\\||\|||\||\I\ll\ll\\lllmw L

0O 50 100 150 200 250 300 350 400

m,.,- (GeV) GD Npart @

Suppression of Y(1S), Y(2S) and Y(3S) Npart dependence very well reproduced by

compatible with Debye screening models which include a fluid with n/s = 2/4n
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Quarkonia
J/p low p_enhancement

CMS pp. PoPB |5, = 2.76 TeV
b L L B L I LA B LI B :::1-4_ < R RS R Ll LR RS R LR
o 14 ! Inclusive Jiy — pip E m I Inclugive Jiy — w'y, Pb-Pb | 8, = 2.76 TeV and Au-Au | s, = 0.2 TeV o 1 _4__ Prompl Jf"‘.l-r -
i ® ALICE, Pb-PD sy, =5.02TeV, 25 <y <4, p_<BGeVic ] 1.2 _— B ALICE, 2.5<y<4, 0-20% global syst.= + 8% C ]
12| = AUCEPOoPoys, =276TeV, 25 <y <d p, <BGeVic . ¢ PHENIX,1.2<ly}<22,020% globalsyst. = 10% 1.2- 6.5<p, <30 GeVic
M O PHENIX, Au-Au| s, =02TeV, 12< [ <22, p > 0GeVic ] 1 F lyl <2.4 .
1 jilf co— Primordial Jhy — (TM1) 1._ -
i _ H -=-Regenetated Jiy (TM1) L -
| T 4 0.8 = Primordial Jiy  (TM2) 0 8'_ N
0.8 . L o 5 B i H =+ Regeneration J/y (TM2) ~r e ]
i EB I. ] : - H _ _ L ]
04F ] 0.4 = 0 ] 0.4 . A
i s ] S _[.E[,p ¥ - om g
o:u.uul ............................ : 0',-',”-,..,.-|.IIIII ,,,,|I-:""',-‘-:-ql'.;';_‘;'--;-g.... L, iy 0_',...|.,..l_..__.._.|...._..___._,.l....'

0 50 100 150 200 250 3130 350 400 0 1 2 3 4 5 6 7 8 0 50 100 150 200 250 300 350 400

(N0 p, (GeVic) <N

" Less suppression at LHC than at RHIC

= Difference at low p;, where (re)generation is expected to
play an important role

® At high-p;: similar suppression at RHIC and LHC

" Re(generated) Jiy from the combination of random ¢ and ¢?
— charm flow
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Does charm participate in the
collective motion?

>(\l _|||||||||||||||||||||||||||I|||||||||||||||||l|||::||||||||||||IIIIIII|III|III|||I|III|III|III|III|I: ALICE:PRL120(2018)102301’
0.35F ALICE Pb-Pb, ys, = 5.02 TeV —— . 5r?g1ppt|AD;,|>D(;,9l}3” average |y|<0.8 — ArXiv: 1805.04390 [nucl-ex],
0.3F + S |}'/|<’o.5, Vo2, Anl>2) 3 PRL 119 (2017) 242301
0.050 Ed e v ] CMS: PRL120 (2018) 202301
- I ﬁﬁm‘% PRL 120 (2018) 202301 ]
02k E| E
0.15F *e D%: 5
Sl J ST ol
0.05F =+ —
Ofﬂ______—*'—____f_ ____ $ ___ i
—0.055—'332:: ;:22 gaft:ed_down Centrality 10-30% __ Centrality 30-50% _
R R R IR IRV AR R N BV H B S T N RV RS T-SE -0 N -7
R (GeV/c) P, (GeV/c)
— 0.25 ————————————
| VZ(D) =v2(ni) for o > 4 GeV/c S% 025_ ALICE 20 - 40% IPb-Pb, \SNIstn}(c)isTivleeVJ/w | _
) e e, |y] < 0.9, v,{EP, An =0} ]
" Hint of v,(D) < v () for p; < 4 GeVic 015 { O g 1o T
. . . . r 4 AZ ]
" (Re)generated J/y inherit elliptic flow from 0.1 QH qﬂ E% =
deconfined (thermalised) charm quarks 0055 " E
. . . of ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, _
® Positive v, at mid- and forward rapidity = C zoveta pooyen
—-0.05 r Inclus!ve Jy, lyi<09 Inclus@ve J/\vwnon—collectivg ]
. o Inrci>rITL]J§|rvtieaJ/w, 22:«:4 Inr(i:mslrvei)aJ/\y w/o non-collectlveE
® Transport models describe data at low p; yl: .F’z. .".”.’“’;.1 S o dg . L
undershoot for p; > 5 GeV/c Py (GeVio)
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Does charm participate in the
collective motion?

CMS:
ATLAS: CERN-EP-2018-170

[aV] _||||||||||||||||||||||||||||||||||||I|||III|III|I__||||||||||||||||||||II||I|I|III|III|I|I|III|III|I
> = r
0.35 ALICE Pb-Pb, |s, = 5.02 TeV + e Prompt D", D', D*" average y|<0.8
- ] vg{EP |A7|>0. 9} .
0.3 -+ o 7t |y|<0.5, vp{2, |An|>2} -
C 3 aerv:1805.04390
0.25F X A CMS prompt D° |y|<1, v,{2, [An>2}
y PRL 120 (2018) 202301
0.2 —ruuﬁgm% 2019) =
C L o ]
0.15_—El - =
:|:| C 3
0168 + o E
o.osf T Eﬁ_— =1 .
0 ——————————___——————————_
F [JSyst. from data Centrality 10-30% * Centrality 30-50%
~0.05F - [ Syst. from B feed-down =+ B
oo looa by b bena b b b by boa b by b s b by aa Ly g 1 v by bea b by buaa 1
2 4 6 8 10 12 14 16 18 20 22 24 2 4 6 8 10 12 14 1

R (GeV/c)
" v,(D) =v,(nz) for p;. >4 GeVlc
= Hint of v,(D) < v,(nz) for p, <4 GeVlc

02

ALICE: PRL 120 (2018) 102301,
ArXiv: 1805.04390 [nucl-ex],
PRL 119 (2017) 242301
PRL120 (2018) 202301

> 0-25_| T T ]

T T T 1 LN L B B
- ATLAS

T @ ATLAS, PromptJiy, 502 TeV, |y| <2, 0-60%
% ALICE, Inclusive Jhy 502 TeV 25 <y <4 20 - 409%

T & CMS, PromptJiy, 276 TeV, 16 < |y| <24, 10-60%

¥ CMS, Promthf‘q.r 276 TeV, |y| <24, 10 - 60%

015 —:

" (Re)generated J/Y inherit elliptic flow from $ ]
deconfined (thermalised) charm quarks 0.1 # .
® Positive v, at mid- and forward rapidity 0-05;— H $ * $ .

= Transport models describe data at low p, 6 To ~%5 30
undershoot for p; > 5 GeV/c P, [GeV]
Freiburg 2018 Yvonne Pachmayer (University Heidelberg) 39



Freiburg 2018

Photons

Yvonne Pachmayer (University Heidelberg)

40



Brightness
(10-4ergs/sec/cm? /steradian/cm~!)

Photons -» Temperature

Direct Photons
-~ 10 -———_r—r—r—T—r—T7—TT T
3
. CMB black-body spectrum (COBE) c%g 1 L 0-20% Pb-Pb sy = 2.76 TeV
| -’ ST v::a e direct photons (ALICE)
- ’ N T=273K <5 10—1
/ : “o direct photon NLO pQCD |

08 - ,f’ N
I [ "u —
04 4 .\-. 3l

1 "
Mather et al., 1994 \\‘_
0.0 '
0

scaled pp with nPDF
" e exponential fit: = exp(prT) '!
T=297+12 + 41 MeV

2l

2mn P, l\i‘?w de
C?

—
C?

“direct -— Tincl — “Ydecay

T T T T 1T 1 T T T

0 4 8 12 16 20
Frequency (cycles/cm)

ALICE, arXiv:1509.07324
5 10 15

" QGP photons
" Difficult measurement

® Subtract decay photon contribution
" Emission at all stages of the collision
" But: blue shifted
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Summary

" Entered the era of quantitative characterisation of the QGP
® Global observables — energy density, decoupling time, ...
® Chemical composition of the fireball as predicted by thermal models

® Evidence for radial and anisotropic flow — n/s = 0.2

" Jet quenching observed; first estimate of transport parameters = 2 GeV?/fm

m Expectation AE > AE > NE y verified

lightquark charm beau
" Bottomonium thermometer of the medium — n/s = 2/4n

® Clear hints for J/u (re)generation

Freiburg 2018 Yvonne Pachmayer (University Heidelberg)
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Outlook Run3/Run4

® LHC Run 3 and 4 (50 kHz Pb-Pb collisions) until 2030
" Yellow report in preparation
® Detector upgrade for ALICE and LHCb
® ALICE continuous readout, new ITS, new online/offline computing system

= — measurements down to zero pT

GEM for TPC
" _, Standard GEM
large data samples £ Pitch=140pm
Hole ¢=70um

" — unprecedented precision measurements possible > 3
€Y Y Y Y

Monolithic 7% el Sensors
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Back-up
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Small Systems -
How small can a droplet
of QGP matter be?
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pp and p-Pb Collisions

Phys. Leit. B 726, 164 (2013)

0.25

E N LI D D _" LI I
5 C ALICE |An] = 0.8 (Mear side only)
{“-; C p-Pb s, =5.02TeV :
G 02~ (0.20%) - (60-100%) -
g C mh AT _:_ T -
015 —_+—— -

C *K ep .

X Wil i :

o1 £ | -
005 @ " o AN | -

g - - —— —d¢mml+2v2ms[2(¢lm—‘1'm}]:

C - | A Bl BPRPETEP EPEEPEN EPRPETEPE BT N

0 05 1 15 2 25 3 35 4
pTI[GEWC]

" Elliptic flow

" Qualitatively similar to Pb-Pb and consistent with

hydrodynamic calculations
— similar physics (collectivity?) at place?

" Strangeness enhancement

" Production driven by final state rather than
collision system or energy?

Freiburg 2018

Yvonne Pachmayer (University Heidelberg)

ALICE, Nature Physics 13 (2017) 535
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