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Overview

Three lectures (one hour each):

— Friday, 10:30h-11:30h (Prevessin)
— Saturday, 11:30h-12:30h (Meyrin)
— Monday, 10:30h-11:30h (Prevessin)

Specialized discussion sessions with
heavy-ion experts in the afternoons on
Friday and Monday.

Feel free to contact me for any questions

regarding the lecture:
Alexander.Philipp.Kalweit@cern.ch

Pb-Pb @ sqrt(s) = 2.76 ATeV

2011-11-12 06:51:12
Fill : 2290

Run : 167693

Event : 0x3d94315a

ALICE

A JOURNEY OF DISCOVERY

Many slides, figures, and input taken
from:

Jan Fiete Grosse-Oetringhaus, Constantin
Loizides, Federico Antinori, Roman Lietava
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FAQ (1)

 How many bunches are in the LHC during heavy-ion operation?

— During last run typicall @

Run#

246994
246991
246989
246984
246982

r - - -

Bunches heme Fill #

268 100_150ns_518Pb_516Pb_492_444_24_22inj 4,720
268 100_150ns_518Pb_516Pb_492_444_24_22inj 4,720
268 100_150ns_518Pb_516Pb_492_444_24_22inj 4,720
268 100_150ns_518Pb_516Pb_492_444_24_22inj 4,720
268 100_150ns_518Pb_516Pb_492_444_24_22inj 4,720

 What are average event sizes?
— In pp up to 1-2 MegaByte, in Pb-Pb up to 50 MegaByte.

— Strong online compression (raw amplitudes -> clusters [lossy], cluster position with
respect to the helix).

Energy Intensity

per
beam

6,369
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6,369
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Outline and discussion leaders

Introduction
The QCD phase transition

QGP thermodynamics and soft probes (Francesca)

— Particle chemistry

— QCD critical point and onset of de-confinement

— (anti-)(hyper-)nuclei

— Radial and elliptic flow

— Small systems

Hard scatterings (Leticia, Marta)
— Nuclear modification factor

— Jets

Heavy flavor in heavy-ions

— Open charm and beauty

— Quarkonia

Di-leptons

Francesca Leticia

. Marta
Bellini cungueiro Verweij
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Reminder: QGP as the asymptotic state of QCD

Quark-Gluon-Plasma (QGP): at extreme temperatures and densities quarks and
gluons behave quasi-free and are not localized to individual hadrons anymore.

bound Where is the phase Asymptotic
quarks & transition? freedom: free
gluons > Lattice QCD quarks & gluons
Critical temperature T > Temperature T

T, = 1/40 eV

T, =~ 156 MeV

0.5
[PRD 90 094503 (2014)] ol
|||||||||||||||||||||||||| § . aa Deep Inclastic Scattering
16 - [ 04| "-.]:‘,‘ oe ¢'¢ Annihilation
non-int. limit \ ¢ Hadron Collisions
| . "'C]:‘ 8 ® Heavy Quarkonia
12 03}
8 [ 0.2}
4 3s/4T3 0.1}
=QCD o4(My)=0.1189 +0.0010
T IMeV 1 10 100
|||||||||||||||||||||[||]||| Q[GeV]
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How many particles are created in such a

rnllicinn?

CMS Experimeqt & the'lHC, CERN\
Data recorded: 2040\Rig-1948°3 7 44.420271 GMFH§37-44

\ %sn 1
Run / Event: 151076 %4205388 W, . A

Event 1755501
Run 168926
Tue, 01 Dec 2015 19:40:23

=

maTTT 286665 .
Evept:-419161 -~ =

2015-11-2511:12: 50-CEST

inrstﬁ stable beams
1rst.s
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dN.,/dn in 5.02 TeV Pb-Pb collisions at the LHC

Pb-Pb,/syy = 5.02TeV
0— 5%
5-10%

10-20%

20-30%

30—40 %

40-50 %

50-60 %

60-70 %

70-80 %

80-90 %

Data (symmetrised)

Reflected

Uncorr. syst. unc.

[arXiv:1612.08966]

iU Acrnnm

Corr. syst. unc.

dN,/dn = 1943 + 54 at
midrapidity.

- Even at LHC
energies, 95% of all
particles are produced
with p; <2 GeV/c in pp
and Pb-Pb collisions.

- Bulk particle
production and the
study of collective
phenomena are
associated with “soft”
physics in the non-
perturbative regime of
QCD.
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Instrumentation for heavy-ion experiments:

granularity
« In order to cope with the high density of

particles, heavy-ion detectors have to be
very granular (e.g. large TPC with small
read-out pads).

« Track seeding typically in outer detectors

(where track density is lower) and then
Kalman filter propagation to the primary

vertex.

T TOFral] o i vt e s o

LR ]
Track 8, TROwwSr

Way in B, TRCee
\.\_\__-. fpd T
g cs

TR |[Th TS L
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dNep/dn

dN/dr% or dN /dy

ﬂ‘\ dN/dy

1.5
1.0
0.5

-6 -4 =2 0 2 4
From: K. Reygers

Short remlnder (Pseudo-)rapidity

dN/dn

= nory

av [ m N
dn m2 cosh®y dy

- Always keep in mind: Rapidity and
pseudo-rapidity are not the same,
especially at low transverse momenta!

x 0.8 \
& 0 75_ protons p

0.6F

seudorapidity range
© o o 9
N CTJ A~ O

ly .l <01

S 04f

L1 | | I .| | | I .| | | .| ‘ L1 | | I .| | | .| | | I - ‘ | ] ‘ | .|
02 04 06 08 1 12 14 16 18 2
transverse momentum P,

o
T
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Total number of charged hadrons in Pb-Pb

=

25000 = ALICE, Pb-Pb \/sny = 5.02TeV —

T @

£=2 20000 — ® Data

N ar 1 3
a % t(l + prz/art)
15000 (—

So, we have enough 10000 —

Systematic uncertainties.

particles, but are they in

local thermodynamic 5000
equilibrium? How can
we test that?

Fit variance —

- Centrality
| | | | | |

50 100 150 200 250 300 350 400
<Npart>
ALI-PUB-115091 _
[arXiv:1612.08966]
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Total number of charged hadrons in Pb-Pb

] |}
f\f\lllf\lf\v‘\f\

—> Collisions of heavy-ions at high | | | | |

<

925000 — . B
energy accelerators allow the Z ALICE, Pb-Pb /sxn = 5.02TeV ({g)
creation of several tens of g :
thousands of hadrons (1 << N << 20000 — ® Data

1mol) in local thermodynamic a%(lﬂwm)

equilibrium in the laboratory. 15000 |— part

Success of hydro models 10000 —

describing spectral shapes Systematic uncertainties.

and azimuthal anisotropies 5000 Fit variance _

supports idea of matter in local
thermal equilibrium (kinetic).

Centrality
| | | | | |

50 100 150 200 250 300 350 400

<Npart>
Success of thermal models

describing yields of hadrons [arXiv:1612.08966]
composed of up, down, and
strange quarks supports idea
of matter in local thermal
equilibrium (chemical).

Equilibrium models such as hydro typically need 5-6 interactions to
work. Where does this picture break down? Does it work in pp and
pPb? - What is the smallest possible QGP droplet?



A short introduction to statistical
thermodynamics (1)

« The maximum entropy principle leads to
the thermal most likely distribution of particle
species.

« Entropy: the number of possible micro-states
() being compatible with a macro-state for a
given set of macroscopic variables (E, V, N):

S =kp - Ing2

« Compatibility to a given macroscopic state . R
can be realized exactly or only in the A

statistical mean. L. Boltzmann

Alexander.Philipp.Kalweit@cern.ch | CERN-Fermilab school | September 2017 | 13



A short introduction to statistical

thermodynamics (2)
« We therefore distinguish three different statistical

ensembles: Statistical
EVN model for e*e-
() micro-canonical: E, V, N fix collisions.

. : : Strangeness
(i) canonical: T, V, N fix '

-> given volume element is coupled to peripheral Hl
a heat bath collisions.
(i) grand-canonical: T, V, [ fix

- given volume element can also exchange entral
particles with its surrounding (heat bath Ligﬂ”'?é'ﬁ
and particle reservoir) Em”;{jns_
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A short introduction to statistical

thermodynamics (_32 | |
* A small example: barometric formula (density of the atmosphere at a fixed

temperature as a function of the altitude h).

 Probabillity to find a particle on a given energy level j:

E; \ .~ Boltzmann factor
exp ( kBT)

Z p Partition function Z
(Zustandssumme = “sum over states”)

P; =

*Energy on a given level is simply the potential energy: Epot = mgh. This
Implies for the density n (pressure p):

p(h1) _ n(hi) N -P(h)
p(ho)  n(ho) N -P(ho)

— ——=Ah
o) = P (SR Al
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QGP thermodynamics and soft probes
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Statistical-thermal model for heavy-ion collisions

e Starting point: grand-canonical partition function for an relativistic ideal
guantum gas of hadrons of particle type i (i = pion, proton,... — full PDG!):

\/ dispersion
(-) for bosons, (+) for fermions B ==+ E; = +/p*+m? relation
(quantum gas) S TN (relativisticy NIy two free parameters are
In Zox, = +gi—0 f dp p?1n (1 £ e=B0)-m)) needed: (T,ue). Volume
/ ar2h® Jq T cancels if particle ratios
d Spin i = upBi+ pusSi 4+ urls + oGy ni/n; are cz_alculated. If yleIFIs
egeneracy chemical potential representing are fitted, it acts as the third
each conserved quantity free parameter.

* Once the partition function is known, we can calculate all other

thermodynamic quantities:

19(Tnz)|,,_9(Thz) _ 19(I'nZ)

TV ou oV vV aT

Partition function shown here is only valid in the resonance gas limit (HRG), i.e. relevant interactions
are mediated via resonances, and thus the non-interacting hadron resonance gas can be used as a
good approximation for an interacting hadron gas.
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p—spectra of identified particles
1. ldentify particle in the

||||||||||||||||II|I§L107EIII|||||||||I|I||||II|I§ -
T o 'S 0+D 3 detector (pion, kaon,
= = 10°F = .
Fe]0-5% x 2° a1510%x2 ] 8 = -5% x 2° 1510%x2° ]
Sty Rt 18 F oot S, proton, Lambda, X,
o s0e0ix?  el6070%x? | S f . S050x2 o160 70%xZ Omega, anti-deuteron...)
Fe]70-80% x2'  Fe]80-90% '_104ER.'- Fe]70-80% x2'  []80-90%
. Q9 F > . ] :
g ALICE Preliminary | S _ /- ooy, ALICE Preliminary | 2 || pT_Spectrum
e, Pb-Pb |'s,, = 5.02 TeV §NZ S .‘-:m Pb-Pb | s, =5.02TeV 3
b ERRLA . 71 3. Interpolate unmeasured

e, N o E region at low p+ (at high p-
Lt E 15\ N S, T negligible)

+++-o-++—o— E! 10_1:5 E'L._:. ) = = E;

e T e : I R ~ 1 4. Integrate:
_.'-.- ...-._+—-0-—+ *_o — -lo—.?_E ~~|:ﬂ|:.:|t.j - . =
- —-— T - me == » ]

1 104k %ﬂ* + 1 dN d°N
§ Uncertidinties: SlTl- (bars), |5)'S- (bOXTS) | | § g Uncertlainties: stTt. (bars), |sys. (boxslzs) | [ B _— d(pde
—5 1 1 1 11 1 1 1 1 1 1 1 11 1 L1 1 | — _I L1 L1 1 1 1 1 11 1 1 1 L1 1 ld
105, 2 4 6 8 10 12 1050 2 4 6 8 10 12 dy dedyd(p

P, (GeV/c) P, (GeV/c)
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ITS dE/dx (keV/300 um)

700¢ - = 08¢ s S
: 1 8 | 3 [ " ALICE TRD (Xe- co [85-15)) ]
600} : Pb-Pb |S=2.76 TeV - o 07} £ a5t | .
; e | 2 g | :
o . Sy ITS 3 s o ™|
- e s - fgf 05f - RO
- : E LA ]
C 2 0.4} L 415 .
- B s 15[ ]
300:‘ o 033 8 r \\ e x, e, dE/dx (test beam) ]
g S ¢ . % » 7, e, dE/dx+TR (test beam) 1
200 T gk o I « p,, € (pp V5=7 TeV) ]
3 . - - é i 2 p, dE/dx (cosmic rays) ]
1001 &5 : . . — — 0.1} C v u, dE/dx+TR (cosmic rays) |
o , - A _ e C ! ---fit, ALEPH parametrization -
07 0.1 88 WBE -~ % % i3 0y I — fit, ALEPH param. + logistic .
* - i) GeV/o) c'......| NETETETETY] BT B AR S S TIT R
P(CGe 1 10 10? 10° 10° ;
Y
@ ALICE performance
5 pp, Vs =13 TeV
o
s
O
a
'—
£
= k
3107
4
ALICE Pe}formance
pp Vs =13 TeV
: : 2.5 3
p (GeV/e)
1 10 [JMP A29 (2014) 1430044]

p (GeV/c)
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Chemical equilibrium at the LHC (1)

Production yields of light flavour hadrons
from a chemically equilibrated fireball can
be calculated by statistical-thermal models
(roughly dN/dy ~ exp{-m/T}, in detall
derived from partition function)

—> In Pb-Pb collisions, particle yields of light
flavor hadrons are described over 7 orders of
magnitude with a common chemical freeze-
out temperature of T, = 156 MeV.

—> This includes strange hadrons which are
rarer than u,d quarks. Approx. every fourth to
fifth quark (every tenth) is a strange quark in

Pb-Pb collisions (in pp collisions).

—> Light (anti-)nuclel are also well described
despite their low binding energy (E, << T,).

T T T T T T | T T T T | T T T T | T T _I
10° ., Pb-Pb |5, =2.76 TeV -
o ;(‘ 0-10% centrality (N =356) .
109 " e -
C .‘."-. P A @
10= T"." E
- L SO
1L ¢ " .
§ ."'.% Q
107 '!"d E
- e
102E ' E
L[ = Data (ALICE)
107F thermal model, T=156 MeV (V=5330 fm°) ™. ;
- t wHe 5
otal (after decays) e H
10% ¢ . . R
SR primordial s
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | I
0 0.5 1 1.5 2 2.5 3
[A. Andronic et al., arXiv:1407.5003] Mass (GeV)



dN/dy

o

|
o
ANDOMNMA O O O

(mod.-data)/c . (mod.-data)/mod.

Chemical equilibrium at the LHC

- R B 3 377
mam KK g0 KR p+P A ERE QuT UL
2 2 s 2 2 2 2 2
& 0 o
E... . ALICE Preliminary j
L AU ‘ ‘ Pb-Pb @NN‘= 2.76 TeV, 0-10% ]
= N N P B - . . . ‘ 3
r A e ]
E : : : : 3
F : el 3
. : : . =
EE gr Not in fit : : : : i . ?
E ¢ Extrapolated s el 5
:E Model T (MeV)  #2/NDF] E
E |— THERMUS 2.3 155+2  245/9 |
E GSl-Heidelberg 156 + 2 18.4/9 | : : : : : _..&._?
r = 'SHARE 3 156 i 3 151/9 é é é é é I-I-.-I-I é ]
P ; 1 ; ; ; ; ; ; | BR - 25
S B
- ul : Oop : ':] u]
E [Tl o RN = Rl s IR AU SO AR = N8 SRRt OO NS SR e T +J{1
- oL : [
: T R o H‘ ______________
E nn-u BB xR L T .
E_......:.......; _____ e R

~ Particle yields of light flavor hadrons
£ are described over 7 orders of

magnitude within 20% (except K*0)
with a common chemical freeze-out
temperature of Tch = 156 MeV
(prediction from RHIC extrapolation
was = 164 MeV).

Hadrons are produced in apparent
chemical equilibrium in Pb-Pb
collisions at LHC energies.

Largest deviations observed for
protons (incomplete hadron

spectrum, baryon annihilation in
hadronic phase,..?) and for K*O.

Three different versions of thermal
model implementations give similar

results.

[Wheaton et al, Comput.Phys.Commun, 18084]
[Petran et al, arXiv:1310.5108]

[Andronic et al, PLB 673 142]



Seqguential freeze-out?

» Are the deviations observed in the thermal model fit for p and = due to physics?

« Two main ideas on the market:

(1.) Different chemical freeze-out temperatures for s w.r.t. to u,d quarks.
- motivated by LQCD

Step 78C i N oo ) "
L Coolnawaterod Similar to heating a 08 |
condonsng ﬁ Ay nhecnaenser . Mixture of alcohol (boiling
Pure ethanal vapogr ) ‘ _I = p0|nt 78,32 OC) and water 0671
votorand [ . (boiling point 100 °C). 04 |
ethanol '
solution _ y, Cooling waterin~ ° : 02 | XES/T2 cont.
rest | | Ethanal 0 — I ' I '
5 150 200 250 300 350 400

T [MeV]

' IS ' ' _Ratti et al., PRD 85, 014004 (2012
(2.) Inelastic collisions in the hadronic phase. C. Rattietal, : (2012)

- Was this previously overlooked, because the difference is “only” about 10 MeV?

Interesting research topic for the next years.
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Chemical equilibrium vs collision energ

[A. Andronic et al., NPA 834 (2010)

« Hadron yields from SIS up to RHIC E
and LHC can be described in a hadro- e
chemical model applying thermal fits.

« Effective parameterization of (T, us) as
a function of collision energy:

vl — (1 1 3

TIMeV] = Tiim (1 0.7 + (exp(y/3snn(GeV)) — 2.9) 51.5) ?}

1
mMeV ] = 4 (GeV)’

« Particle ratios can be calculated (or
predicted) at any collision energy....

- One observes a limiting temperature

of hadron prOdUCtion around T=160MeV. Alexander.Philipp.Kalweit@cern.ch | CERN-Fermilab school | September 2017 | 23
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http://arxiv.org/abs/0911.4931

Chemical equilibrium vs coII|S|on energy

10 TTIH

P T

= * A EB95866 ¥ Esuz ge6] 0-3,' . E895 v EB96 .
« Hadron yields from SIS up to RHIC . :; o Nass DoNas | | Ei’;?,m ]
] ) ® STAR O PHENIX 0.15 6\‘ B STAR
and LHC can be described in a hadro- .\ — vemamo 3 N\g T emalnes
chemical model applying thermal fits. | | F AN _
10 E | '”!' _I_ E ﬂ'usffil - B R i — ]
- Effective parameterization of (T, yg) as = | .. | & ]
a function of collision energy: b ( TFH———]  F a
1 0.1: .'qul | “E S . ]
T }'LIET‘H'T = T‘i.;-i"?'l ]. - L I;‘ ;105:-_ 'E = —
[ ] : ( 0.7+ (EKI}(-‘IS‘:«‘:‘:«‘?(GEHJJ - 29:]’,"'15) L4 _ E),.i.
. ;H B T ' T '_:|—" g é 0_2:— T T AL _;
MeV| = y 0.15 N x [ ]
Hp[MeV] 14+ by/syn(GeV) s < 1 8omsp r
041 / ] 0.1} /‘.-————__!_._ - —:
* Particle ratios can be calculated (or 1 el E
predicted) at any collision energy.... LA UV A S/ IR
* N »;;)NN (GeV) N N »::NN (GeV)

- One observes a limiting temperature
of hadron prOdUCtion around T=160MeV. Alexander.Philipp.Kalweit@cern.ch | CERN-Fermilab school | September 2017 | 24



Chemical freeze-out lin€ 20grrrrrrrrremrermesrresemre e

130fm Early universe

* By colliding nuclei with different tcoll| (LHC quark-gluon plasma
center of mass energies, different critical
regions of the phase diagram are Y point
explored. R

>
Q
. 2 100
* Thermal model fits to the .

experimental data define the
chemical freeze-out line in the QCD hadrons

. 60
phase diagram.
40 other phases
« The previously schematic phase 20 i
diagrambecomesoneWhiChiS O IlllllllllllllllxlllllllII|III|III|II
actually measured. 0 200 400 600 800 1000 1200 1400 1600 1800 2000

oc(MeV)

Y.B. Ivanov et al., Phys. Rev. C 73 (2006) 30.



Chemical freeze-out line
Pb+Pb, central collision

300
« By colliding nuclei with different iy 1
center of mass energies, different -
regions of the phase diagram are . ;
explored. 2003 / S—

 Thermal model fits to the
experimental data define the 100 -
chemical freeze-out line in the QCD
phase diagram. .

<T>, MeV

« The previously schematic phase 0 1000 2000 3000
diagram becomes one which is <fL.>, MeV
actually measured.

Y.B. Ivanov et al., Phys. Rev. C 73 (2006) 30.
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Chemical freeze-out line

By colliding nuclei with different
center of mass energies, different
regions of the phase diagram are
explored.

Thermal model fits to the
experimental data define the

chemical freeze-out line in the QCD

phase diagram.

The previously schematic phase
diagram becomes one which is
actually measured.

,-:-;-.. 200 B T | — T T T T ] T 7]
) 180 i ® Cleymans et al. .
E.- - A Becattinietal.
- 160 ® Andronicetal. —
140 | 1
120 | .
100 | -
80 [ =
60 [ -
40 - —— E/N=1.08 GeV ]
- Tt T S/T3=7 |
20 SR percolation :
D _ | | L1 | | | | L | | . S

0 200 400 600 800 1000
P. Braun-Munzinger and J. Stachel, arXiv:1101.3167 MB (M eV)
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Chemical freeze-out as a proof of QGP

1200

existence?

g 225 __I | [ | | [ | I [ | I [ [ | Istl | | | I__
- — 1% order -
Q B N
= 200 QGF LaCh ____. crossover
— - /\  critical point .
175 |- - .
:’ . ,|"--'_.'.&‘—'--- .
150 o %@ =
B O . N
1255 hadrons Sy .
100 :— L|. h —:
75— Data (fits) ® —
- @ dN/idy O 4x ¢ -
50 — ]
~ hadron gas -
o5 |~ - nb=0.12fm'3 -
E e £=400 MeV/fm" -
D 1 1 1 | |1 | ] | | [ | | |'| | 1]

0 200 400 600 800 1000

P. Braun-Munzinger and J. Stachel, arXiv:1101.3167

u, (MeV)

[1] Braun-Munzinger, P., Stachel, J. & Wetterich, C.,
Phys. Lett. B. 596, 61-69 (2004).

[2] Stock, R. Phys. Lett. B 456, 277-282 (1999).

A priori, a thermal model description is not related to
the QGP itself. It describes a hadron gas and not a
parton gas.

However, the chemical freeze-out line determined
by thermal fits coincides with the phase boundary
calculated by lattice QCD above top SPS energies!

However, a detailed study of collision rates and
timescales of fireball expansion imply that equilibrium
cannot be reached in the hadronic phase...

Do multi-particle collisions near TC equilibrate the
system? A rapid change in density near the phase
transition can explain this [1].

Alternatively, the system is ‘born into equilibrium’ by the
filling of phase space during hadronization [2].



Small systems: high multiplicity pp and pPb
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How does hadrochemistry evolve with

system size?

JUNE 2017 VOL13 NO &
n: l e www.nature.com/naturephysics

physics

=

=

ELECTRON GASES
Spin and charge partways

QUANTUM SIMULATION
Hamiltonian learning

TOPOLOGICAL PHOTONICS
Optical Weyl points and Fermi arcs

High multiplicity pp
~ as in peripheral PbPb
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Chemical equilibrium in small systems
Nature Physics (2017) doi:10.1038/nphys4111

—
<

Ratio of yields to (m-+m*)

1073

M. @

it B 0

2K?

Bt

#* 4 ALICE |
@GO pp, Vs =7 TeV .
& 7 ¢ p-Pb,\sy=5.02TeV |
[0 Pb-Pb, \s,, =276 TeV
90 —— PYTHIAS
T e DIPSY
s EPOS LHC
;I IIJIII| | | IIlIIII IIlIIII N
10 10 10°
<dNGh/d n>]?}|¢ 0.5

S=1

: S=1

&l S=2

« Smooth evolution of hadrochemistry observed
from pp to pPb to Pb-Pb collisions as a function
of charged particle multiplicity.

 Significant enhancement of strange to non-
strange particle production observed in pp
collisions.

* pp collision data allows to compare to a
plethora of QCD inspired event generators:

— PYTHIA8 completely misses the behavior of the
data (independent of switching ON/OFF color
reconnection)

— DIPSY (color ropes) describes the increase in
strangeness production qualitatively but fails to
predict protons correctly in its original version..

— EPOS-LHC (core-corona) only qualitatively describes
the trend.
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Chemical equilibrium in small systems

0.45

Baryon to meson ratio

= = =
O 4O 2 v 2 w @
T NN w O N

0.05

Nature Physics (2017) doi:10.1038/nphys4111

II]I][][]II[[][IIIII

...............
.........
.......................................
....................
.......

ALICE —— PYTHIAS8 ]
® pp.\s=7TeV  eeeee DIPSY =
<> D-Pb, I‘ISNN =502 Te\V - EPOS LHC

(dN_/d n)l

1nl< 0.5

- Hyperon-to-pion enhancement is
strangeness related and not mass or
baryon number related.

« The chemical equilibrium picture holds also In
small collision systems such as high
multiplicity pp and pPb collisions.

-> Currently one of the hottest topics in heavy-
lon research!
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HML
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Strangeness canonical suppression
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dN_/dy

= ppVs=7TeV

= p-Pb \s,, =5.02 TeV
= Pb-Pb |s,, =2.76 TeV
Thermus v3.

T =146-166 MeV
R=R.

k=1.33 £0.28

I [arXiv:1610.03001]

From a thermal-statistical point of view
strangeness production is very
sensitive to the system size, i.e. the
total number of produced particles.

As it is rare (w.r.t to u,d), but not so
rare (w.r.t c,b,t), its thermal production
rate is influenced by the explicit
conservation of the strangeness
guantum number.

Simplified picture: explicit
conservation of strangeness limits the
phase-space for strange particle
production and leads to a suppression
In small systems (<-> strangeness
enhancement in large systems).
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QGP thermodynamics and soft probes
Search for QCD critical point and
onset of de-confinement
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The QCD critical point

« By a variation of beam energies, one might hit the critical point in the QCD
phase diagram => critical chiral dynamics.

200 II|III|III|III|III|III|III|III|III|II

Pb+Pb, central collision

_ 300
130mm Early universe b ek s _ _
160 LHC quark-gluon plasma - D|ﬁerent reg|OnS
; critical of the phase
140 point S 200 158 GeV diagram are probed
120 2 with different Vs,
> 2
3 100 l-A
S V' 100 => Beam energy
™ g0 scan (BES) at RHIC.
hadrons
60
40 other phases 0 A
2000 3000
20 \ . <l >, MeV
L1 | L1 1 | L1 1 | L1 1 | L1 1l | || | L1 1| | L1 1 | L1 1 | L1
0O 200 400 600 800 1000 1200 1400 1600 1800 2000 Y.B.Ivanov et al., Phys. Rev. C 73 (2006) 30.

oc(McV)
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Critical fluctuations —Iin ordinary matter

Phase transitions are
often connected to
critical phenomena.

Example: Opalescence
of Ethene at the critical
point (divergence of
correlation lengths).

€« %] = e w

[S. Horstmann, Ph.D. Thesis University Oldenburg]
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Fluctuatlons iIn QCD

QCD phase transitions: the thermodynamic susceptibilities y of the conserved quantities of
QCD (electric charge Q, baryon number B, Strangeness S) correspond to (event-by-
event) fluctuations in the particle production.

BSQ _ o (P/T*)
Ximn = §(up/T) 0(ns/T)™ 0(us /T)"

* Fluctuations are quantified as moments (mean, variance, skewness, kurtosis) or cumulants
K of the event-by-event distributions:

M = K& = T = (N) = VI?xi

o = Ky = 2 = {((6N)Y) = VT3

S = Ksjob = pg /o’ = (ONP®)/o? = VI3 x3/(VT?- xp)*/?
ko= Kyfor = (u—=3u3)/uz = (6N)Y)/o* =3 = (VI? x4)/(VI®:x2)’
pi = ((ON)*)

SN = N — (N)
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Number of Events

Critical fluctuations — In quark matter

« Inthe QCD case, event-by-event fluctuations in the conserved charges of
QCD (Baryon number B, Strangeness S, electric charge Q).

« Key observable: baryon number fluctuations quantified as the higher

moments X of the net_pmton (N _Na”“ p) - Hint for deviation from Poisson baseline in
dlstrlbutlon => fixed at chemical freeze out kurtosis around Vs, = 20 GeV?

()77Gev ||||||||| (l)-lgéGeV |||||||||||| -
= [ o 0-5% === 0-5% Poisson
- ~45-10% -+~ 5-10% Poisson 1
3F £370-80% - 70-80% Poisson
r STAR Prellmlnary % 0-5% UrQMD
ettt —t—t L — o L
¥ Au+AU CoII|S|ons o 2 |y[<0.3, 0.4<pr<2
3 % Net-proton < [ N
0.4<p,<0.8 (GeV/c) 1 O T . - BE R T S——— . [
<05 1: y O oo @ﬁ G TR,
Skellam Dis. ] - ”l' *
x0-5%  =reee 3 oF & T
T 0 30-40% ‘e 1 b K 1
¥ b it 070-80% ==ssss ] et - bt —
R I S T PG 7 10 20 30 40 100 200
-20 -20 0 20
Net-proton (AN,) \dSNN (GeV)
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Chiral critical dynamics at LHC energies

* Even though LHC energies are far away from the critical point, remnants of
the critical chiral dynamics might still be measurable in higher order net-

charge fluctuations at the LHC.

—> Test of a Lattice QCD prediction.

- Experimental proof that chiral and 4
de-confinement phase transition occur ;< Of

Indeed at the same temperature.

2 1 ' T ' ' |

™
x

=
 — ﬂqf"T=0
1+ —— yqfl‘:ﬂ.lét l N
.—. B /T=044 ¥
_2 I . | . . ]
0.6 0.8 1 1.2
T/T
pc

[Eur. Phys. J. C 71 (2011) 1694]
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QGP thermodynamics and soft probes
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Particle identification via dE/dx

-
OCD

dE/dx in TPC (arb. units)

102

Pb-Pb
- (5 =276TeV

L1 1 1 l 11 1 1 l ) — 1 | I 1 | I ] | I | I S — l 11 1 |

-2 -1 0 1 2

p/z (GeV/c)

CdAE\ 92 1 [1. 2mec®B°Y?Wiax o 6(B7)
d$>_Kz A 2 [21“ 2 g 2

Separation of z =1 and z = 2 via dE/dx is
also very important for the correct
determination of the momentum via the
track curvature: p; ~ 0.3 B r-z
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—
om

dE/dx in TPC (arb. units)

Measurements of (anti-)(hyper-)nuclel
« Collisions at the LHC produce a large amount of (anti-)(hyper-)nuclei.

— Matter and anti-matter are produced in equal abundance at LHC energies.

— Open puzzle: production yields are in agreement with thermal model prediction even
though light (anti-)nuclei should be dissolved in such a hot medium.

102

[PRC 93 (2016) 024917]

p/z (GeV/c)

ALICE Preliminary

[ALICE-PUBLIC-2017-006]
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Table of nuclides

100F

80

Poton numberZ

40

20
N=50

stable isotopes
radioactive decay chain
light particles -
fusion/transfer
fragmentation
unknown
predicted driplines

40 80

120 160 200 240 280

Neutron number N
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Light (anti-)nuclel

. = ‘Be
« Even in Pb-Pb collisions at LHC P
energies, light anti-nuclei are rarely "HER

produced.

* (Anti-)nuclei up to the
(anti-)alpha are in reach (1st

observation of the anti-alpha by the

STAR experiment at RHIC in 2011) N

10.23min :

34 | 2H | 1H N
- Avery good and very stable

particle identification is rap s
needed to separate these rare He He
particles from the background.




m, (GeV/c?)

Testing CPT with anti-nuclel

: -e- ALICE %
. ' he-Fe -~ CPT prediction ; 110 s
|— E _ . {
e d-d : w
T N 340 e -8
0002 -0001 O 0.001 0.002 He-"He H
A(mAz)(mizl)
n . _ 1
*He-°He
—— ANT71
v (Amim)
' -4
- d-d ® — .
——&—— DORBS d-d —-— 1o
—39— MASBS —e»g— DEN71, KES99
N | I | | P 0
-0.1 -0.05 0 0.05 0.1 -1 -0.5 0 0.5 1
A(m/lzl
( }AE Ae, .
{m!lzl]A Ea

[Nature Physics 11 (2015) 811-814]

The ALICE collaboration performed a test of
the CPT invariance looking at the mass
difference between nuclei and anti-nuclei.

This test shows that the masses of nuclei and
anti-nuclei are compatible within the
uncertainties. The binding energies are
compatible in nuclei and anti-nuclei as well.
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Mass ordering

—> Such a behaviour can
be directly derived from
the thermal model which
predicts in first order
dN/dy ~ exp(-m/T)

P ALICE Preliminary

° p-Pb, \ s = 5.02 TeV, NSD
= Pb-Pb, \ s, = 2.76 TeV, 0-20% central

108
107°

10—10 A N [ [ L. A [ A
0.5 1 1.9 2 25 3 35 4 45
m, (GeV/c?)

=
N
IIIIIﬂ|| |III|m| II||I|“| IIII|'|T|] IIIII|'"| IIII|T"| I|III|||| II|II|]|] IIII|'|'|T| IIIIIIII| IIII|T||| IIII|T||| [Tl
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Hyper-nuclei (1)

* By ‘replacing’ one nucleon by one hyperon, the table of nuclides can be
extended in a third dimension.

* Hyper-nuclel have a long tradition in nuclear physics: discovery in the 1950s
by M. Danysz and J. Pniewski in a nuclear emulsion exposed to
cosmic rays.

=

S'{" JaHe, 2;

: ' 3

deuteron b || Eaa %
. e i 20 5
triton T 2o .
N o oy T&c 3

"He/*He ‘H .g.
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He / N §

| | ©

8

2
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Hyper-nuclel (2)

* Reconstruction of hyper-nuclei can be based on well established techniques
for A and other weakly decaying light flavor hadrons as lifetimes and decay

topologies are similar.

A p+ 7 (63.9%)

* Experimentally one searches
for (anti-)nuclei from displaced vertices:

h

"He+ m~
d+p+m
‘He+m~
3He+p+:rr_
4He-+-p+:rr_

SH —_—
3H —_—
4y,
‘He —

"He —

20

2.97

60 -

40 [

O_Illllll

ALICE Performance, 28/11/2016
sy = 5.02 TeV
Pb-Pb, 0-80%
ly| < 0.9

III|III|'|_._I_|III|III|III|III|I

298 2.99

3 301 302 3.03 304 3.05
M(°He, =& °He, ) (GeV/c?)

* Branching ratios are only partially constrained by inieasuiernieins.
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ps)

Hypertriton lifetime (

(anti-)(hyper-)nuclel — impact beyond heavy-ion

physics.

eavy-ion measurements may help in constraining the not well known lifetime of the
hyper-triton (sensitive to the hyperon-nucleon interaction potential in nuclear physics).

B. Collider measurements are used for background estimations in the searches for (anti-)
nuclel of galactic/dark matter origin (such as in AMS).

(A.)

S500F
R. E. Phillios and J. Schneps == Free A (PDG)
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i G. Keyes et al. ALICE Preliminary
Pb-Pb y5,,=5.02 TeV
NPB 67(1973)269
i HypHI Collaboration
100F o G. Bohm et al. NPA 913(2013)170
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-R. J. Prem and P. H. Steinberg
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0
10
1072
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FIG. 5: Poisson probability for detecting N > 1,2.3,4 3He
events in a 5-yr analysis of AMS02, assuming the same expo-
sure as in the p analysis [28]. Eq. (]ﬁD shown as green band.

[K. Blum et al., arXiv:1704.05431]
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QGP thermodynamics and soft probes
Radial and elliptic flow
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Bulk particle production and collectivity

« Low pr hadrons composed of (u,d,s) valence quarks R e e e e e

: , : : ) L -

define the collective behaviour of the fireball. S 10 D+P §
0] ®]0-5% x 2° "8 1510%x2° 3
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. . . .|0_2E » W :m[_'!T S N 4
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10_3§— E*@:Eﬁ:.::QI e 3
104k * o+
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N.B.: Collective flow has nothing to do with the particle 10, s e T e s
flow method to reconstruct tracks and jets in ATLAS/CMS p, (GeV/c)
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Radial and elliptic flow
Isotropic radial flow

i i
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Flow In AA collisions

* Flow picture: Collective motion of particles superimposed to the thermal
motion.

« Radial flow is a natural consequence of any interacting system expanding
Into the vacuum.

Radial flow first mentioned:
Shuryak, PLB 89 (1980) 253

From: C. Loizides
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Radial flow (1)
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Common radial hydrodynamic
expansion leads to a modification of
the spectral shape: mass dependent
boost.

- p.-spectra harden with centrality.

- More pronounced for heavier
particles(e.g.. p > K>rm) as
velocities become equalized in the
flow field
(p = By-m).

- Hydrodynamic models show a
good agreement with the data.



Radial flow (2)
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Common radial hydrodynamic
expansion leads to a modification of
the spectral shape: mass dependent
boost.

- p.-spectra harden with centrality.

- More pronounced for heavier
particles(e.g.. p > K>rm) as
velocities become equalized in the
flow field
(p = By-m).

- Hydrodynamic models show a
good agreement with the data.
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[1307.6796]

Common radial hydrodynamic
expansion leads to a modification of
the spectral shape: mass dependent
boost.

- p.-spectra harden with centrality.

- More pronounced for heavier
particles(e.g.. p > K>rm) as
velocities become equalized in the
flow field
(p = By-m).

- Hydrodynamic models show a
good agreement with the data.
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Blast-wave model (1)

 How fast is the expansion velocity? Estimate in a simplified hydro model:

— Consider a thermal source (Boltzmann type p-spectrum) of particles:

d3 NV
E—— x Ee E/T
dp3

— Boost source radially with velocity 8 and evaluate at y=0:

1 dN prsinh(p) mrcosh(p) B _q
o~ me o mm IO ( T Kl T p = tanh (5)

E = mr cosh(y)

— Simple assumption: consider uniform sphere of radius R

R .
AN g (P ) g (rcs)
mt dmt 0 T A

and parameterize velocity profileas 3 (r) = Bs (r/R)"

* Three free parameters: kinetic freeze-out temperature T,,,, surface expansion
velocity Bs, exponent n of velocity profile.
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last-wave model (2)

Common blast-wave fit gives a good
description of the data at low transverse

1/Ng, 1/2np. £NI(dp,dy) [(GeVie)™] 3
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End of lecture 2
* Now we know the temperature of the system at the final decoupling.

« Tomorrow: elliptic flow and why the QGP is an ideal liquid.
Particle detection

(t=10"fm/c) T
<
E
o 14
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Kinetic freeze-out ol T~90 Mel
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10—
. 8 :_ Chemical freeze-out System
Chemical freeze-out = Hadronisation cools dow
63_ GP ion | by
af QERieRaTsIen (isentropic
Hydrodynamic 13 expansior
evolution (t~0.5fm/c) - PreEquilibrium
O_
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. 15 -10 -5 5 10 15 Al
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Small systems: high multiplicity pp and pPb
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Hydrodynamic expansion — spectral shapes and

Textbook-like hardening of p-spectra as expected in hydro:

« With centrality

With the particle mass: p = By'm

, Radial flow
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[ATLAS-CONF-2016-105]
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- Initial spatial anisotropy
Is converted by scatterings
into an anisotropy in

[1 +2 Z vy (p1) cos[n(e — ¥,,)]

vy — direct flow, v,- elliptic flow
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Elliptic flow (heavy-ion physics)

[PRL 116, 132302 (2016)]
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V{2, |An|>0.9)

Elliptic flow (ALICE)
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Validity of hydrodynamic
description confirmed at
the highest centre-of-
mass energies available.

Expected mass

ordering
(p = By-m) observed.
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CMS pp \s =13 TeV
offline
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(Double) ridges

h*-h"

T

1.75
= §
g
2z 170
3
- 2 165
z

20N\
BT ALS S

0.10

[Phys. Lett. B 765 (2017) 193]

Long-range azimuthal correlations (as originating
from elliptic flow) are also observed in small
systems: double ridges.

CMS PLB 765, 193
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Similar observations hold true for many other typical
kinetic heavy-ion observables measured in high
multiplicity pp and pPb collsions - clear indication
for collectivity in small systems.
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