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Introduction

Universe evolution

Big  quark-gluon proton & neutron formation of formation of star dispersion of

Bang plasma formation low-mass nuclei  neutral atoms formation massive elements
Toierse :-lOl% K 1012. K 10° K 4,000 K 50 K—% K <50 K—% K 3K .
time 10-°s 10" s 3 min 400,000 yr 3x10 yr >3 % 10 yr 1410 yr
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Introduction

Universe evolution

Big quark—gluon proton & neutron formation of formation of star dispersion of
Bang plasma formation low-mass nuclei neutral atoms formation massive elements

Tuniverse K 10" K 10° K 4,000 K 50 K-3 K <50 K-3 K 3K
time - 10" s 3 min 400,000 yr 310 yr >3 > 10 yr 1410 yr

In laboratorv: high eneray heavv-ion collisions

Proton Neutron

Quark-
- Antiquark- .

= |In ordinary matter quarks
and gluons are confined
iInside protons and neutrons

atomic nucleus
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Introduction

= At high temperature and/or pressure, QCD predicts that
quarks and gluons are deconfined and form a new state
of matter, the so-called Quark-Gluon Plasma (QGP)

= Heavy-ion collisions can be used to reproduce the QGP in the
laboratory

2) QGP phase
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Phase diagram

= Phase transition to a deconfined state
Gordon Baym et al., RPP81 (2018) 056902 Of quarks and gluonso QGP

quark-gluon plasma

= Temperature and density increase:

- Thermal agitation of quarks and gluons
iIncreases their average kinetic energy

&
o _
: hadrons — quarks ; h - Average distance decreases due to
2 < ' . increased pressure
& & '
hadron nuclear p AR

- Weaker interactions due to the asymptotic
freedom of QCD

resonance gas color superconductivity

- Quarks and gluons are deconfined above
the critical temperature
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Phase transition

= Numerical QCD computation on a discrete space-time lattice (huge computing farms)

= |lattice QCD predicts a smooth cross-over phase transition at uyg =0

[ D I D D D D I D D D D D D D e D D D D D D B

16 [ A. Bazavov et al., Phys. Rev. D 90, 094503 reeeesssmmmmmseeeessessnsssen (ideal gas)
non-int. limit
i = B ks and gl
T.= 154 £ 9MeV ______...-..+ quarks and g u?ns .)
12 l EEEnEE Ll 1 |ew/T* = (16 + L12N;) %
— HRG — ‘-\.';:3 (U,d,S)
3p/T
e/T4 -
3s/4T -
hadrons (pions) )
chaa/T* = 3% T [MeV]
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RHIC at BNL

= Relativistic Heavy lon Collider at Brookhaven National Lab
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RHIC at BNL
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= Relativistic Heavy lon Collider:
- 3.83 km circumference, 2 independent rings, superconducting magnets
- pp collisions: /s < 500 GeV (polarised beams), A-A collisions: +/sw = 200 GeV (A=d, Cu, Au, U, Ru, Zr),
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The Large

A L,

Hadron Collider at CERN

K - e W e = Large Hadron Collider
The Large Hadron Collider (LHC) )

F - —_ P . .
e ;’e? |

- 27 Km circumference

- superconducting magnets (8 T)

- up to 100 m below ground

S L Rl e e - pp: Vs = 0.9, 2.36, 2.76, 5.02,
e Skl .y TR Tl g T \ 7, 8,13 TeV (top: 14 TeV)
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S8 - Pb-Pb: Vs = 2.76, 5.02 TeV.
i\ (top: 5.5 TeV)

- Xe-Xe: Vsnn = 5.44 TeV
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Heavy-ion collision experiments

Tracker
ECAL
HCAL
Muons

- ‘
- }?/ I——
7»/' —
7

.,\/

. A central Pb— collision produces ~18000 charged particles

» at midrapidity: 1800 per unit rapidity
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Evolution of a heavy-ion collision

T~ 0 fm/c T~ 1fm/c T~ 10 fm/c T ~ 1015 fm/c

e —— — —_—— —— e = = = R — - — - — _—
— —————— —_— ————————  — — —— —— = e — — — — _ _ _

Freeze-out

Chemical Kinetic

- Hadronization
Lorentz-contracted Lumpy initial

nuclei collide energy density

QGP phase:
quark & gluon
degrees of freedom

¥ "
Y ) ‘-" ':'

;-f»:;'-'i." tv  Free
et it .
"o streaming
i ”:1L "_. 1
MIR/% T ‘ ) e
Lo to detector
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Pre-equilibrium
fluctuations

Hadronic
phase

Fluid description

Multiple scattering,
equilibration

Expansion & cooling | 9
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How to study the QGP

Several different possibilities:

10

Bormio- 2020




How to study the QGP

Several different possibilities:

= Production of bulk:
iInformation about initial densities, constrain
the transport coefficients of the QGP and

/K// temperature
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How to study the QGP

Several different possibilities:

= Production of bulk:
iInformation about initial densities, constrain
the transport coefficients of the QGP and

/ \// temperature

= Calibrated probe:
travel through the QGP bringing out
information on its properties
- Heavy quarks

10

Bormio- 2020




How to study the QGP

NP A

= Production of bulk:
iInformation about initial densities, constrain
i the transport coefficients of the QGP and
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Transport coefficients

= Shear viscosity n/s:
— tries to equalize expansion rates along the different directions
- reduces flow anisotropies

= Bulk viscosity (/s:
— counteract the expansion: in an expanding fireball it reduces radial acceleration

A et =3 e e
PO = = = = PO = = BT ==

1=0.4 fm/C

V4 : V4 ' \ ‘\‘\
& T1=6.0 fm/c, ideal & 71=6.0fm/c, n/s=0.16 |
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Particle yields

J.Phys. G28 (2002) 1971-1976 = Statistical Hadrnization Model (SHM):

— _l L ] LI I | D | ] | L L ] L | ] LI I L I | ] | L . o ogq o
E . Pb-Pb (5=2.76 TeV % thermal emission from equilibrated source
g, 102 ,__ .f. 0-10% centrality i
> B e RA = Particle abundances fixed at the chemical freeze-out
S 10F "y I
% 5 ﬁ* = E
: — :
1k =
., 2 - VAR 27
107 F % d 2 Ni= 5 / e
.y ™Jo  exp [— (T_}“B)} + 1
10 F ‘ L
10~° 3 1—!; : : : :
5 Hes : = Primordial yields modified by resonance decay
10*F e Data, ALICE ol 1
5 - " . . . " - . .
10~ Statistical Hadronization . 1 = Excellent agreement with the data using only 3 parameters
10° k tOt,aI (after decays) ~.He T'chem, pB and V
SERCTIETITE primordial 0e 3
Ll v b b b v b b e b by
%005 1 15 2 25 3 35 4 = Universal hadronization?
Mass (GeV) - Tehem ~ 156 for all species?
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pr-differential particle spectra

"""""" llllllllllllllllllllllllll'llllllllllllll':

— FluiduM+FastReso Pb-Pb

Sun = 2.76 TeV

> Y NN

d* N - T. l

— e slope
mrdmrdy

= pr spectra of identified hadrons

0.5

k-
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21 —+ -1 : -
T e i Vs = 0.22 } Nom, =48 XNy =140 - moving from pions to proton
L I/ + + Norm, = 47.8 -
5 [ 0 510% x10' I (©S) gy = 0-05 L e :
O 1.5+ A 10-20% %10 —+ T. =136.9 M T 37 m .
| % _ 1 = 136.9 MeV T ] - ( )
s 14 S 20.90% x10° a1 o I Nom, =439 : Radial push (flow) depends on
L RS g T =0.27 fm -~ + - B :
© - N ;=0 /C sl T Nofffjis__'_.__‘?]'_;Q ....................... il partlcle mass
S , ’ o — SRS 5 5 T — \.;:S.:’,,-«x:v.-;iff'gt.‘gja;‘;( :?'{"J&;_:'f i
L 2% L VNG e RN G nomnp RGeS T 0 L Y gk .
N i i ¢ o T {-{;ﬁ !
I il —i L1 1 1 l L1l 1 1l l L1 1 1 l L1l 1 1 l L1 1l 1l l L1 1 1 l_.-i L1 1 1 l L1 1 1l l L1 1.1 l L1 1l 1l l L1 1 1 l L1 1 1l i
0 0 0.5 1 1.5 2 2.5 30 0.5 1 1.5 2 2.5 3

-

1
pT [GeV/C] pT [GGV/C] Tslope — Tk-z’n T <7~"J_>

Do

D. Devetak et al.
arXiv:1909.1048S [hep-ph] 13
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pr-differential particle spectra

"""""" llllllllllllllllllllllllll'llllllllllllll':

— FluiduM+FastReso Pb-Pb, \s.. =2.76 TeV

“NN

= Global fit procedure

Model Best fit

d 70 |[fm/c| 0.27
1 O é_l | | | | [T L - T A T AN AR AN A AR AR T AN AR A A T AN AN AN AN TN A AR AN AT £ - | |_g 77 / S O 2 2
2 I_' I l I I l LI l—l_l LI UL I UL L I L L) I UL L I UL L I—I_ 1 I— b
- ALICE T /s = 0.22 1+ Norm,=48.6 XN g¢ = 1.40 - S O 05
[0 [ 0 0-5% T I Nom, =478 i C max .
O | & O 5-10% x10’ 1 (TUs) =0.05 T 2 .
O 15§ A 10-20% x 1072 - e | Norm, =46.2 _

S p T Ty = 136.9 MeV | : Te. (MeV 136.9
= [ o 20-30% %10 T T  Norm, =43 ] fo :

C\U - "_-“.""-' ";.’:;‘. -+ TO = 0.27 fm/C I T NOI'mS = 41 O o - T )Q'ﬁ:ﬁzdu' .
(V) 1 SRR L TT ST RIONRI PPIR N e ';f—:_"_xiiﬁi'&;;fl;t:52;';.5.—.?&:33.?!_-35.:(. :-”’>'J&;_:f“_
O i 2% gRBS o T (.c,-’-"'***:;;;;:65‘:-5;»;:.;;;s-;ss:;:.fzzz&g;,;,z.x.;,.-qﬁ:_:-g;;.-f-sg;»::t-" s T :’{Wﬂ'ﬂ gopok :
O 5 I PR | | P l——l paaa e e by v by s s by s v by l_-i PORE T T T U T T U AT U U T TN A U U U U AT AT NN N NN AN A |

~0 0.5 1.5 2 2.5 30 0.5 1 1.5 2 2.5 30 0.5 1 1.5 2 2.5 3

[GeV/c] P, [GeV/c] p_ [GeV/c]

= Pions at low pr are significantly underestimated

D. Devetak et al. & Resonances or non-thermal production from evolving coherent fields?

arXiv:1909.10485 [hep-ph] 14
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Integrated spectra and <prt>

rTrr[rrrr[rrrr[rrrr[rrr o[ Tt [ T[T e e e et r et p et

3\‘\\
Pb-Pb, VSNN =2.76 TeV p

7o [fm/c| 0.27
n/s 0.22

| IIIIIIII
| llllllll

)
N
N
u
B

: 5 ALICE : f :
. i 25— ALICE FluiduM+FastReso - -
0. — FluiduM+FastReso - o — | & Global fit procedure
0° | i o K* —K i
- E [ 11— 2 APp —P .
O - o h: 1 O i i
S : 13 : Pb-Pb, |s\ =276TeV -
; | r _r[+ i g 15__ A‘ A ——
= Py I AN A il
=(> 10° - L 4 Model Best fit
Ol O \D/‘ 1__ |

10 =
T N T T P T T S N T T N N R S 005
0 5 10 15 20 25 30 35 40 %510 15 20 25 30 35 40 (C/8)max
D. Devetak et al. , o _ TfO [MGV] 1369
arXiv:1909.10485 [hep-ph]  centrality (%) centrality (%)

& Pions are underestimated due to the difference observed at low pr
& < pt> for protons 1s also not perfectly reproduced - missing hadronic rescattering?

15
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Strange and multi-strange baryons

E ALKO:E 1, = 0.27 fm/c FluiduM=+EastResc
L Pb-Pb, \se =2.76 TeV = A s = 0.22 7 —T,=136 .
T 10 Vo n E L @s) =005 N -~ To=145MeV = Global fit procedure

1 IIIIII|
EO:

[c?/GeV
I 1 IlllﬁL

%;10_1__ I Model Best fit
Fg 70 |[fm/c] 0.27
—|<Z 10—2;_ S __ : 77/8 0.22
=g e 1| (¢/9)max | 0.05
10 G e s e e T s e s | T [MeV] | 1369
p_ [GeV/c] p_ [GeV/c]

& (multi-)strange hadrons prefer higher freeze-out temperature (Tr = 145 MeV)

- sequential hadronization at different temperatures for different flavours?
R. Bellwied et.al. PRL 111, 202302 (2013); D. Devetak et al. arXiv:1909.10485 [hep-ph]

- additional resonance feed-down might improve the agreement with data -
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Collectivity: azimuthal anisotropy

= Re-scatterings among produced particles convert the initial geometrical anisotropy
iInto an observable momentum anisotropy

&N 1 &N =
E— = I 2v,cosn(@ — ¥
dp 27w prdprdy ( T ”Zl Vn cOs|n(¢ RP”)

Out-of—plaﬁé

Reactiong:: N, N
plane — 2P v, measurements probe:

= Low/intermediate p+: collective motion, degree of

thermalization of produced quarks and
hadronization mechanism (recombination)

= collective flow is a very powerful observable to learn

about the properties (n/s) and the evolution of the system
17
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Collectivity: azimuthal anisotropy

IN N '
: = - ,,(_)(J. + 2 Z Un (7()5[”(#9 o \IIH)])

(ll(x,: — \I/[{) 2T

Isotropic 2
| e | - |
“R6 —_v. =0 radial flow - 1+2V2 COS 2(1)

o’ | 2 1.5
94 [~ —_— V., =0.1
1 14—
9_ -
S— :
ﬁ 1.2 ~,
0 u
0 C
& 1
% Ir
c\>‘ r
+ 0.8'—
- N
0.6'_
0.4 —
l 1 l 1 1 l 1 1 1 1 l L 1 1 1 l 1
0 2 3 lﬁ ( ta) e
- ra R
(p RP 2

— Vo # 0 — difference in the number of particle emitted parallel (0° and 180°) and
perpendicular (90° and 270°) to the impact parameter b

— Elliptic deformation of the source In the transverse plane.

18
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Collectivity: azimuthal anisotropy

(1 .\"r /

r() ' ‘ ' Q| e
d(p —W¥g) 2m (142 ) vacos[n(p — g)))

Third harmonic:

in collision of same nuclei vs is | Fourth harmonic:
expected to be = 0, as well as for the In case of a perfect fluid it has
other odd coefficients to be v4 = 0.5 vy’
(symmetric system)

Isotropic -
- 1+3v,cos3P
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Shear viscosity

— U4 > U5 > shear viscosity will make
them equal and destroy the elliptic flow v2

20
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Shear viscosity

1.4
1.2
1

Vh(n/s=0.08)/v(ideal) =
V,(n/s=0.16)/v,(ideal)

20-30%

T
o
= 08 ;
7, S
S 04|
>C
0.2 |
0
: 2 3 4 5
PhysRevC.85.024901 "

— U4 > U, > :shear viscosity will make
them equal and destroy the elliptic flow v2

— Higher harmonics represent smaller
differences which get destroyed more
easily, and which, if measurable, makes
them more sensitive probes to n/s
20
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Transport coefficients

o 5
D
o
o Lf_) by | * kinetic theory "'Lf_?
s = * |attice QCD
8 - B *+ AAS/CFT limit ——
- . = viscous hydro
R viscous hydro + flow data "
\C - - 2 —~
VY  ideal hydro
= -
- N
- -
- -
N N

C. Gale et al, Int. J. Mod. Phys. A 28, 1340011 (2013)

Time line of important experimental and theoretical developments leading towards increasingly
precise understanding of the transport properties of the QGP
and the initial state fluctuations

Temperature dependent shear and bulk viscosity!

21
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Transport coefficients

Temperature dependent shear and bulk viscosit

0-5 : LI | LI | LI | LI | LI | LI | LI | LI I:: 1 I I 1T 1 I | I T 1 I | I I 1T 1 I I 1T 1 I I 1 : 0.8
0.45F /s(T) + s(T) E |— r]sl =0.20 | |
04 E_ Phys. Rev. Lett. 115, 112002 (2015) _E_ Phys. Rev. Lett. 115, 132301 (2015) _E 0.7 n/s =param]
F T - m—— 7)/s =param?2
0.35 -+ = 0.6/ e 7)/s =param3
- | n/s(T) — n/s(T) +d, d € [-0.06,0]| + . |
0.3E 3 0.5 1/s =param4 _
0.25F e L 0.4 _
A . &
0.2p =
-, : 0.3 =
0.15F -
0.1 - 0.2
0.05F : - 0.1~ -
0 - cao v by by v vy vy P v by - AN ENEN AN B AN A B AR A B L | : O | | | | | | |
160 180 200 220 240 260 280 160 180 200 220 240 260 280 '900 150 200 250 300 350 400 450 500
A. Dubla et al. T (MeV) T (MeV) H. Niemi et al. T [\/IGV]
Nucl.Phys. A979 (2018) 251-264 Phys. Rev. C 93, 024907 (2016)

= n/s(T) from Yang-Mills theory using a diagrammatic representation based on functional
renormalization group in terms of gluon spectral functions (PRL 115, 112002 (2015))

= ¢/s(T) from phenomenological parameterization (PRL 115, 132301 (2015))

22
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Charged hadron flow

0.15— —
_ IP-Glasma+MUSIC+UrQMD _
- —— w/s(T) default - - -
| wstl) defad ] = Agreement within the statistical
-------- n/s(T) min at 0.08 . . .
i ) uncertainties with the experimental
o o AHCE _ measurements by ALICE
2 " Pb-Pb, |5 =2.76 TeV ) .
> i _
0.051- - = Anisotropic flow measurements are
I ] sensitive to the shear viscosity over entropy
I ] density ratio
O_I [ 1 1 | I I | [ 1 1 1 | [ 1 1 1 | [ 1 1 1 | [ 1 1 1 | I I | I I_
0 5 10 15 20 25 30 35 40
A. Dubla et al. Centra”ty (0/0)

Nucl.Phys. A979 (2018) 251-264 23
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ldentified particle flow

~ 0-5% Pb-Pb, |5 = 2.76 TeV

30-40% Pb-Pb, s, = 2.76 TeV

I | | [yl g | | | | I
I I T I
0-5% Pb-Pb, s, =2.76 TeV 1 30-40% Pb-Pb, \'s,, = 2.76 TeV =
N ~ =y gL
A
ALICE  IP-Glasma+MUSIC+UrQMD: or 1 [m|/ ]
. e — _ = _
—A—K- - K' =
=D —
- P —p - -
| . .
0 0.5 1 1.5 15

= Comparison with the pr spectra of
identified hadrons
- insight about radial flow of the expanding
system

= Comparison with pr-differential flow
coefficients of identified hadrons
- interplay between radial and elliptic flow
leads to the mass ordering of the vi
coefficients

A. Dubla et al.

Nucl.Phys. A979 (2018) 251-264 24
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Effect of the hadronic phase

ALICEx & A
K ©

|

arX1v:1704.04216v2 [nucl-th]

1
w/ coll.
w/o coll.

-2 | shear+bulk

/s = 0.095
Siz 145 MaV 2.76 TeV
0 05 1.0 15 20 25 05 1.0 15 20

= Comparison with pr-differential spectra and

flow of identified hadrons

- Heavier particles are pushed to higher momenta
- Larger <pt>

- Stronger mass scaling

Phys. Rev. C84, 044903 (2011)

Centrality: 30-40%
Phys. Rev. C89, 034919 (2014)

0.25F
VISHNU
| =T
0.20- ™.
0.15
>N
0.10
0.051 VISH2+1
'- .e T .p(ﬁ)
O.OO_I.. | | K+ | |
0.0 0.5 1.0 1.5 2.0

P (GeV/c)
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Quantitative characterisation of QGP

2012 2015 2017-2018 2019

»—1 | I R I | L b I I | o l—l—1 1 11 I I 1 | I g I 1T 1 1 I | L l e
().3 — Phys. Rev. Lett. 110, —— Phys. Rev. C 93, = |atect |Q CD EoS 1 —
L. 012302 (2013) 4 024907 (2016) -
- LHC T T
n ().2 ; — T E
T~ C . T 1 i
— L 1 1 1
______________ = — e .
() l C RHIC T LHC T —= —
gRAC T T 3
; RHIC T
N T e e I I I o e SRS AR AR S A AU B A AN o o o O I I R BRI U0 ISR A e S AR AP BN ASURIE IR
(.3 :— ——— |PGlasma — | \Phys. Rev. Lett. 11 — I —
| . 152301 (2019) 1 =] 1) - -
N ITrento T T [] o - )
2 0.2F Bayesian ~ —~ T R T -
< P EKRT 3 | E z
0.1F T gy - >
\
() % | - ——— Loy b | I TN T T T T B S
)15 0.2 0.25 0.15 0.2 0.25 0.15 0.2 025 0.15 0.2 0.25

20 0.1 ).. _ ). ). 2
T (GeV) T (GeV) I’ (GeV) ' (GeV)
Chun Shen: QM 19 talk 26
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How to study the QGP

. ‘\"‘\\{'
A

B ~‘\

= Calibrated probe:
{ travel through the QGP bringing out
information on its properties

- Heavy quarks

G By >~ pe >~y 29 2 ;= Sl agh Lo Yo > £ e ¥ o g o sBa <o ) i T i 9 Sy sha
- g z 0 SulZ 2 e E i 8- £ s q o - pa B 5 TS . 7 - v, o= = 4. B
2= > > P il Z B A 34 Z— b o > Are B¢ LARY e, | 4 3 dgn Bt —

27
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Why heavy quarks?

= Charm and beauty quarks are produced in the
initial stages of the collisions via hard scattering processes €,H

LS -
(D
/<

|

= They experience the full evolution of the system
— sensitive probes of the properties of the QGP

Central region

= Expected to lose energy

= Collective expansion

(to< 1 fm/c)

= Hadronization: fragmentation vs coalescence

= Cold Nuclear Matter effect. modification of nPDF (shadowing)

beam beam 78

A. Dubla Bormio- 2020



Quark energy loss in QGP

— Quark can loose energy via collision (collisional) and gluon radiation (radiative)

time
—)

—>

probe OUT

probe IN

29
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Quark energy loss in QGP

— Quark can loose energy via collision (collisional) and gluon radiation (radiative)

- u ]
| Like a Brownian motion ;‘
probe OUT |

1
\
| (

probe IN

29
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Quark energy loss in QGP

— Quark can loose energy via collision (collisional) and gluon radiation (radiative)

time
_—

—>

probe OUT

probe IN

— Radiative energy loss similar to electron bremsstrahlung in electrodynamics

SO P

dw

Casimir coupling factor:
4/3 for quarks and 3 for gluons 29
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Quark energy loss in QGP

— Quark can loose energy via collision (collisional) and gluon radiation (radiative)

time
—)

—

probe OUT

probe IN

— Radiative energy loss similar to electron bremsstrahlung in electrodynamics

d/ Color-charge effect:
(1) —— OC a:'CR 3 Quarks loose less energy than gluonst!
s s
dw
- . . . R. Baier, Y.L. Dokshitzer, A.H. Mueller, S. Peigne and D. Schiff:
Casimir coupling factor: Nucl. Phys. B 483 (1997) 291

4/3 for quarks and 3 for gluons Nucl. Phys. B 484 (1997) 265 29
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Quark energy loss in QGP

— Quark can loose energy via collision (collisional) and gluon radiation (radiative)

time
_—

—>

probe OUT

probe IN

— Radiative energy loss similar to electron bremsstrahlung in electrodynamics

Dead-cone effect

0 4%%

Gluonsstrahlung probability

a 9, 1 2
—“ﬁ 07 +(my /EQ)° T
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Quark energy loss in QGP

— Quark can loose energy via collision (collisional) and gluon radiation (radiative)

time
_—

—>

probe OUT

probe IN

— Radiative energy loss similar to electron bremsstrahlung in electrodynamics

Dead-cone effect Heavy quarks loose less
energy than light quarks!

0 4%%
¢> AE;> AEugs> AE.> AEy

Gluonsstrahlung probability
1

f &8s o Yu. Dokshitzer and D E. Kharzeev, Phys.Lett. B 519 199- 206 (20Q1).
16" +(my /Ey) ] M. Djordjevic, M. Gyulassy, Nucl. Phys. A733 (2004) 265.
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Building an observable:

nuclear modification factor

— Production of hard probes (heavy quarks, jets...) in A-A collisions is expected to
scale with the number of nucleon-nucleon collisions Ngq| (binary scaling)

Production in Pb-Pb PbPb measurement

\ § & &

l d*N AA / dptdy N QCD medium
(Tan)  d*opp/dprdy QCD vacuum pp reference

Scaled by the number
of binary collisions

Raa(pr,y) =

Production in pp

Dokshitzer and Kharzeev, PLB 519 (2001) 199

Wicks, Gyulassy, J.Phys. G35 (2008) 054001 20
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Building an observable:

nuclear modification factor

— Production of hard probes (heavy quarks, jets...) in A-A collisions is expected to
scale with the number of nucleon-nucleon collisions Ngg|| (binary scaling)

— If no QGP is formed — R,, =1 (binary scaling)

Raa

transverse momentum (GeV/c)
31
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Building an observable:

nuclear modification factor

— Production of hard probes (heavy quarks, jets...) in A-A collisions is expected to
scale with the number of nucleon-nucleon collisions Ngg|| (binary scaling)

— QGP is formed — Ry, < 1

| Level of suppressmn depends 1
on QGP propertles {

RaAA

|
a

transverse momentum (GeV/c)
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Heavy-flavour production cross section

- JHEP10(2018)061
- ALICE-PUBLIC-2018-005 0.2 TeV

PHENIX at 200 GeV

In pp collisions

2.76 TeV 5.02 TeV

13 TeV

LI | 1 LI II 1 1 1 1 L LI
ALICE Preliminary

c,;‘;10“ | | | | | I | [T cb—e, lyl<0.8
O"> 102*? ptp — (e+ +e)/2 + X at \'s=200 GeV (a) pp ¥s=5.02 TeV ﬁ" 3
() =
c =
o 10°E -
e - e PHENIX data =
o 10° FONLL(total) —
3 — FONLL(c > e) 5
o FE FONLL(b — e) =
W o6l O Ng, FONLL(b—>c—e)
-7 E— —i —;;' :,, - —
E = = I e Data, lyl <0.8 -
10° -5 e = El— 10—7 e Data (JHEP 10 (2018) 061) ;__. Data (arxiv:1810.08110) | o Data, Iyl <0.5
— N = = [--]JFONLL (JHEP 05 (1998) 007) ¥ | Phys.Rev. D86 (2012) 112007
10° =" Phys.Rev. C91 (2015) 044907 = g/ 10°8 + 1.9% lumi. unc. not shown T= 2.1% lumi. unc. not shown + 3.5% lumi. unc. not shown
o arXiv:1405.3301 [nucl-ex] -
10 %_'!!!!!!!!!!!!!!!!!!!!.!!!!..!....,[.,,!...!\\,!\!\{!TE_— j
., 3E — Z
= 2.5 (b)—; O
L ¢ - ©
2 1.5 {ﬁ*++ ¢ ....‘Q§ s 1 == -ES'
- ¢ ? =
g 1 } 2 ! E O
0.5 i wrerarat i B B S P S S N B S -
0 1 2 3 4 5 6 7 8 9 10
p. (GeV/c)

= Testing the centre-of-mass energy dependence down to pr = 0.5 GeV/c
= at the upper edge of FONLL calculation at all energies =
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D and B meson

cross section in pp collisions at LHC

5 = O T

S pp, 1s=5.02TeV - O 1‘ o ]

10 = 3 E

8 = -% : o, il JHEP10(2013)042 >

Q 0 _ _ll— i =h |

= 10E Prompt D, lyl<0.5 = a 10 - -

< —=— ALICE - 2 z A :

© I ] - I -
- 1E _ | FONLL = X 2 |

= = 2L-\s=/| TeV =

g : i 10%FNS= — g

S 101 = T | —e— ATLAS, 2417, lyl<2.25 :

Re & . % 1 0-3 = 1 vl a E

- ] ~ = —=— CMS, 5.8 pb, lyl<2.4 =

102 = . = _8 - CMS, PO 1Y JHEP10(2013)042 -

E ':ijiji:i:i:i:ijijf:f;f;i;f:i;f;i;i;i;i:i;i;f;:::i;i;i;i;i:ijiji:i:i:ijiji:i:i:i:i:i:i:i:i:i:% 1 0-4 = T FON LL, |y|<225 ® =

107 =+ 2.1% lumi, = 1.0% BR uncertainty not shown = ; 1 15F _:

— | | L | | n | 21 "~ -

5 _+ ]

1 O ; 8 15... ...... ._.?._.._.?._.:’.T....’ ....... ’....:*.Trrrrrnﬁ

-2 F :

1 0'6 lb 1 OP5_| | 1 1 1 N B B

678 10 20 30 40 100

p. (GeVic) ATLAS B* measurement at 7 TeV, [y|<2.25 p_ [GeV]

= D and B meson production cross sections well described by pQCD calculations:

- D meson upper edge of FONLL calculations
- B meson consistent with central values of FONLL at high pr, on the upper edge at low pr46 34
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Heavy-flavour nuclear modification factor

<1.8
C

1.2

1.6

1.4 yl<0.5 —

1

0.8]

0.6f
0.4F

0.2F

ALICE Preliminary
0-10% Pb-Pb, | s\, =5.02 TeV

pp reference
e Average DO, D*, D**  Filled markers: measured
Open markers: pT-extrapoIated ]

A I
o f 7

ot

5 10 15 20 25 30 35 40 45 50
p_ (GeV/c)

= Raa(0-10%) — suppression up to a factor 5 observed in the 10% most central Pb-Pb collisions
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}1 .8_| 11 11 [T | [T | 11 | 11 | 11 | 711 711 11 |_ } 2_2:| 11 | 11 | [T | 11 | 111 | [T 11 | 11 | 11 | [T |:
x ALICE Preliminary E T 5 ALICE Preliminary ~ -
E 0-10% Pb-Pb, Sy = 5.02 TeV E 1 .8; Pb-Pb, \/?NN =5.02 TeV &' . _f
1.4~ lyl<0.5 ] , 6: Average D°, D*, D**, lyl<0.5 N
:_ pp reference _: L ¢ 0-10% |
1.2 e Average DO, D*, D** Filled markers: measured - 1 41— 30-50% O _

B Open markers: pT-extrapoIated | N o _ |

1:_ S T NS I — 1 .2: e 60-80% JHEP 10 (2018) 174 _:
0.8} SO — = L 1=

: 0.8_ *_ﬁﬂﬁﬁ i 08 L H _

06_ 0.4- E@ _: . _ E |
foh |

- P ) 0.6 - l —
04_ 0 05 1 1.5 2 25 3 35 ;4’7 (éfwcs I] — - I :
i g i i - " . 0 =

:l [ | 1 | | 11 1 | [ 111 | [ 111 | [ 111 | [ 111 | [ 111 | [ 111 | [ 111 | [ | 1 |_ :l [ | 1 | I . | [ 111 | [ 111 | | | 1 1 | I . | [ 111 | [ 111 | I . | [ 1 1 |:

Heavy-flavour nuclear modification factor

0

5 10 15 20 25 30 35 40 45 50

p_ (GeV/c)

0

5 10 15 20 25 30 35 40 45 50

p_ (GeV/c)

= Raa(0-10%) — suppression up to a factor 5 observed in the 10% most central Pb-Pb collisions

= |Increasing suppression from peripheral (60-80%) to central (0-10%) Pb-Pb collisions y
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Heavy-flavour nuclear modification factor

< [ [ 1T 11 | [ [ [ [ 1 11 | [ 1 1 11 B
< 1, o ia
e 2-2f ALICE Preliminary -
8: Prompt D°, D', D*" average, lyl<0.5 -
F BAMPS el.+rad. mmn BAMPS el. .
1.6 — POWLANG HTL === PHSD —
- 4 :_ &\\mmw///// -+= LIDO — - Catania _:
e ” TAMU MC@sHQ+EPOS2 ]
.28 __ 2
1‘// NG -\ 5
- -- B l ________ —
= \ pp reference n
O 8__ ® 1997 - Filled markers: measured ]
= \ Open markers: pT-extrapoIated ~
0.6 7, E
0.4 _ T SR -
21‘“ " %'~ & \ ’;\\—;—t_":/ : ]
O ] B %}7;} ll'll it m“ é"'//' ' i
O_ RN L1 |“Illl':“r”“m”I"”\\V/’r\“ L

1 10 107
p_ (GeV/c)

= Heavy-quark transport in medium with realistic evolution necessary to describe Ryaat low/
iIntermediate pt — need to include modification of nPDF
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Heavy-flavour nuclear modification factor

}2 2 I 1 T 1T | I I I 1T T | I 1 T i §2_2_I 1 | 11T | T | T | 1T | T | 11T | T | T 1 I_
oc << ALICE Preliminary - oc 23_ ALICE Preliminary E
2 0-10% Pb-Pb, ysyy =5.02 TeV = - 0-10% Pb-Pb, (S = 5.02 TeV -
- N . - -
1 af Prompt D°, D, D* average yl<0.5 - 1.8~ PromptD°, D D*+ average lyl<0.5 -
F BAMPS el.+rad. mmm BAMPS el. . L F I
1.6 — POWLANG HTL ++=:= PHSD — .6 o -
N _ _ B Djordjevic 5
- 4 N \@\\mmw,,///// -+= LIDO — - Catania i - 4 — CUJET 3.0 —
E % TAMU MC@sHQ+EPOS2 - SCET,, g 9=1.9-2 -
T .2@“\“@ — — _: ] 2__ -
. \ — | _
— z ~°\ _ N _
=7 (g <o oo B = g F—
= , \ op reference _ 1 IM Filled markers: pp measured reference
= i : Fill kers: - -
08 B 4 + \ Opeln ?r(]jarpkaerrse::r;{rgfﬁggg?gted - O 8 ‘II Open markers: pp pT-extrapoIated reference —
06__ v A xw Wi - _: O 6 _:
: / "00 : L] : I :
- R u |
0.4 — / - 0.4 :_ I: S e S
1‘ at __ B I I / “ ﬂ \ ‘3}3}}? }zl:}}::gs:.:,:.:‘o,o,o.o,o’o‘o‘o‘o‘o‘o.o‘o‘m- 4 -
O -2 : o ” ‘ “ : O 2 __ I:‘::;...‘“ , /// RS 83 i 15 I _—
[ [ 1 1 11 I I [ 1 | I I I I o1 rg [ ] _I [ | | I I I I I I [ 11 | I [ 1 ] | I [ 1 1 1 I [ 1 11 I [ 1 1 1 I [ 1 1 1 I [ 1 1 1 I [ | 1 I
0
1 10 102 5 10 15 20 25 30 35 40 45 50
p_ (GeV/c) p_ (GeV/c)

= Heavy-quark transport in medium with realistic evolution necessary to describe Ryaat low/
iIntermediate pt — need to include modification of nPDF

= Models based on pQCD energy loss provide a good description of Raaat high pr
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Heavy-flavour hadron decay electron

nuclear modification factor

ITTITIT TLa A b

20-40%

R R o e R I S L L L L

arXiv:1805.04379 arXiv:1805.04379
< 2 B I I I T 1 | | I T I I T 1 | <E 2 B | | | L | | | | | | L I_
< - 0-10% Pb-Pb, | Sy = 2.76 TeV ol - 20-40% Pb-Pb, | s, = 2.76 TeV -
T sF TAMU with shadowing 1.8 - TAMU with shadowing —
- TAMU without shadowing T , , 5
- POWLANG HTL with shadowing _ TAMU without shadowing -
1.6 e POWLANG HTL without shadowing 1.6 ——— POWLANG HTL with shadowing —
- ngtﬁmg ta:-ggg wim shtadhovging_ - e POWLANG HTL without shadowing -
14 T MC@SHQLEPOSS with shadowing 1.4 - ——— POWLANG Lat.QGCD with shadowing
- e MC@sHQ+EPOS2 without shadowing - e POWLANG Lat.QCD without shadowing-

1.2 — e ALICE data 1.2 - —— ALICE data

_IlllIll|IIIIIIIIIII*IIIIIIIIIII|III|III—
I

_III|III|III|IIIIIII+III|I

0.6 - . 0.6 -
- § N o - R

4 - . . >
0 T |y|<0.8,p_<3GeV/c P ?w..\{\ m 0.4 - lyl<0.8,p_<3GeVic ?$\L\
0o L T IR : N 0o [ T ~

" [ II<06,p >3GeVic ““r ll<06,p_>3GeVic

O B l ] I I I l | | I L 1 1 1 | O B | [ | | 1 | | I | | | L1 |

1 10 1 10
P, (GeV/c) P, (GeV/c)

— Data are better described when the nuclear PDFs (EPS09) are included in the model calculation
(TAMU, POWLANG and MC@sHQ+EPOS2) in both centrality intervals - POWLANG: Eur.Phys.J. C73 (2013) 2481;

— TAMU: Phys.Lett. B735 (2014) 445-450;
— MC@HQ+EPOS: PRC 89 (2014) 014905;

— Suppression at intermediate/high p+ is better described by models that include both radiative and
collisional energy loss processes 37
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Do we see the different energy loss?

} 2.4_I o | T | T | T T I I:
o oo~ ALICE Preliminary =
23_ 0-10% Pb-PD, \s,, = 5.02 TeV e
1 _8:— e Average D°, D*, D*', Iyl <0.5 51':;_ """""""""""""""""""""""" : —:
C e %, lyl <0.5 e £
1 '6: arXiv:1910.07678 (2019) 0-85‘% ‘++++ i
- 0.6F ' o] 1 _
1.4~ = Charged particles, Inl <0.8 04k 1—
- JHEP 1811 (2018) 013 o.z/m%**‘“w_.__,;_ .
1.2 R RN TR TR iy
- p_ (GeV/c) 7]
I R .
II -
0.6/ —
0-4_ I I ] | H | —:
" - e ¥ -
O . 2 .“:;:?x';.'.?’ ool -
O I N I I I N I I I N I I I N I L 1 1 | I | .
0 10 20 30 40 50
p_ (GeV/c)

= Rua Of prompt non-strange D mesons compared with those of charged particles and pions
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Do we see the different energy loss?

< 2.4 I I I I | I I I I | I I I I | i i i i i i i i i I_ §1,4_T b IIIII I ol llll | II | Ill[l ITIII IIIII I l_
<C - .. _
@ oo ALICE Preliminary - @ | Pb-Pb,\s=276TeV )
- 100 B _ - 1o = D mesons (ALICE) 8<pT<16 GeV/e, |y|<0.5 |
2 0-10% Pb-Pb, | SNN 5.02 TeV —] . @ Non-prompt J/yv (CMS Preliminary) -
- . - 6.5<pT<30 GeV/c, |y|<1.2 CMS-PAS-HIN-12-014

1.8 « Average D', D7, D™, lyl <05 £ ™ 1= oo DY) Mo oo rcmaletnd el SRt
e, lyl < 0.5 R i1 - B Diordievic et al. Phys.Lett.B 737 (2014) 298 B
1 '6:_ arXiv:1910.07678 (2019) O-S?f‘++++ = - — El]melsons " B
- ] 0.6:- ' o E — — — On-prompt W ]
1.4~ = Charged particles, Inl <08  , /mm 1~ 08 & B Non-prompt J/y with ¢ quark energy loss —
~  JHEP 1811 (2018) 013 0.2 o DG - <> .
1.2 ST 5 CMS-PAS-HIN-12-014 -
— p_ (GeV/c) — - - _
1k a 06~ [l === .
N ORI i ) .
i i - e, e, T ~— .
08 - B 50%%\\"~< .............. \\:\\ -
I ] O 4 - \~ ................ s

0.6L E - B~ Sseanm ™
- - i H S Sy, 1
—] [ *'- o MR B
0.4 = i 40-50% \\E R
- 0.2 30-40% o ~ e
0.2 - — i 20-30% ) 5.._ i
. — (") 50-100% for non-prompt J/ 10-20% 0-10% |
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O 10 20 30 40 50 O L1 1 L1 | I | L1 | I | L1 1 1 | - | | -
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p, (GeVic) JHEP 11 (2015) 205 (N .

= Rua Of prompt non-strange D mesons compared with those of charged particles and pions

= pQCD models including mass-dependent radiative and collisional energy loss predicts a
difference between the D-meson and non-prompt J/@p Raa 38
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Do we see the different energy loss?

= New Rp, measurement of non-prompt D meson
- hint of a smaller suppression for beauty than charm

:E B I I I | I I I | I I I I | I I I I | I I I I _l ::( _I T | 01T | I | IIIIIIII | 01T 1 | 11T 1 |_I
T [ ALICE Preliminary Non-prompt D° = T [ ALICE Preliminary Non-prompt D° =
1.6 — 1.6 —
C 0-10% Pb-Pb, 5, = 5.02 TeV - C 30-50%,  POPb sy =502TeV -
14 T 070 0-10%, lyl<0.5 — 1.4 30-50%, lyl<0.5 —
B « Non-prompt D° i B « Non-prompt D° i
1'2:* = Prompt D° _: 1'2:_“ = Prompt D° _:
D I | -
Non-prompt - 0.8 L Non-prompt -
Prompt - gl Prompt -
_- Wi + —
@ | g 04 @HIIIII = i g
+ — 0.2f E
I I I I 2IO I I 3IO I 4IO jI() O:I [ | | I [ | | I1IOI [ | I1I5I [ | I2IOI [ | I2I5I [ | ISIOI [ | | I5:

pT(GeV/gI pT(Ge\;IC) 19
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Do we see the different energy loss?

= New Rp, measurement of non-prompt D meson

- hint of a smaller suppression for beauty than charm
- model can describe the data within uncertainty

I I I I I I I | | | I ] [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ ]

< <
< ~ < N

- | g ALICE Preliminary Non-prompt D° - @ . o ALICE Preliminary Non-prompt D°

T Pb-Pb, (S =5.02 TeV - T Pb-Pb, Sy, = 5.02 TeV -

1.4—_ 0-10%, IyI<O.5 — 1.4— 30-50%, IyI<O.5 —

:\ —¢— Data TAI\/IU 0-20% _ i —4— Data = TAMU 30-50% i

1.2 A - | 1.2 B | MC@sHQ+EPOS2 1 CUJET3 -

2| - i [TJLeR -

1.01 ] ] 1.01 “tﬁ """""""""""""""""""""""""""""""""""""""""""""" I*:

| ¢ — - - .:::':3.:::}:. 0 —

| \ _ | A - —

0.8 1 E 08 30-50% -

0.6/~ - 0.6[-

0.2 —fH- - 0.2 —

:I I I 5| I I I I 1|O I I I I 1|5 I I I I 2|O I I I I: :I | | | 5| | | | | 1|O | | | | 1|5 | | | | 20 | | | I:

pT(GeV/c) pT(GeV/c)
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Anisotropic flow of heavy-flavour

CMS Phys. Rev. Lett. 120, 202301 (2018) PbPb ys,, =502 TeV
025_llll|llll|lllllollllllllllllllllllllllllll-_lllllllllIllllIllllIllllIllllIllllIllllIl-_lllllllllllllllllllIlllllllllllllllllllll-
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= Strong indication of a
non-zero DY v> and
DO v2 < ch. hadrons v>

= First observations of
vz > 0 for charm at LHC!
- v3 for charged particle
larger that DO v3
- not fully significative
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Extraction of QGP information

CMS 0-10(%)

CMS 10-30(%)

CMS 30-50(%)

0

%ﬂft’ftﬁ

1021069 101 102

CMS 0-100(%)
Bi

07 - DO DO
| 41
§' 0.1 - _*_*t ¥ ttt _+_
*
1 Ty 4 -’f- 1
109 161 16210O 161
CMS 0-10(%) CMS 0-100(%)
10- DO DO
s +1
< 0.5- }t } +i é i
Bt | gl
O'0100 100 10210° 10!
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= Ongoing: theoretical effort through statistical analysis to
constrain model parameter like charm diffusion coetficient

ity

10%10° 101 10°

pr [GeV]

Yingru Xu et al.
Nucl.Phys. A967 (2017) 668 - 671
Phys. Rev. C 98, 064901 (2018)

= Models fits performed to

20 -

extract info about QGP and
heavy-quark energy loss

21 c-quark, 95% CL
L b-quark, 95% CL

Yingru's extraction for charm
$ LQCD, static /
4 LQCD, charm
|

LQCD, static, contip n__//

//
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Did we learn already everything?
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Did we learn already everything?

——

e —

L — e

Of course NOT!!!
Many questions still need to be addressed....
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Some of the missing pieces.....

= Hadronization mechanisms: fragmentation vs coalescence

= Magnetic fields generated in heavy-ion collisions

~ Future experiments

44
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Some of the missing pieces.....

= Hadronization mechanisms: fragmentation vs coalescence
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Charmed baryons

= Ac /DO ratio

o 1 2 | I I I | [ [ [ | | |
g : . : ~ i -
sensitive to hadronisation mechanism O 7 ALICE Preliminary i
- Recombination — enhancement S} -
1= 0-10% Pb-Pb, \[s, = 5.02 TeV -
. lyl < 0.5 _
0.8— |
— —e— data —
B _L T Catania, fragm.+coal. -
o || || SHM (A. Andronic et al.) —
0.6 | | } 1 PYTHIA8 SoftQCD, Mode0 —
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N o Il |
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O | | | | | | | | | | | |

10 20

p. (GeV/c)
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Charmed baryons

= Ac /DO ratio

L. ] ] ] ) 12 | [ | [ [ [ T T [
D - _
sensitive to hadronlsatlon mechanism 2 [ ALICE Preliminary e 0 10% Pb_Ph -
- Recombination — enhancement < [ \s.=502Tev,lyl<05 - 080ePePo T
- Already an enhancement in small systems - D -
0.8~ -
0.6_— | — |
S B 1 ) :
04l _+_ﬂ? k
0.2_— e-l—e- 0 I 7
" Open marker: £y, Calc, with p._-extapolated pp reference "
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Charmed baryons

= Ac /DO ratio

.. . . . () I I I I | I I I I | I I I I | I I I I | I I I I
sensitive to hadronlsathn meChanlsm e 1_2__ ALICE Preliminary Multiplicity classes: Inl < 1.0 _
- Recombination — enhancement te [ PRlesmTe <08 O i mean )
- Already an enhancement in small systems " Syst. from deta —8— [ 14- 75 39 -
i Syst. from B feed-down —dp— [24.5-45.8], 28.1 |
S ) o ] PYTHIAS (dN . /dn mean): |

= Multiplicity dependence in pp collisions 0.8 onash: - Mode?

- Enhancement over default Pythia . T e
- Color reconnection models describe data 0.6 _m_ JHEP 08 (2015 003
: ﬁ i ; 5:5% unc: on BR not shown :
0.4_— &T _m_ -
= Severe consequence for total charm : T = -
cross section 0.2 QL 1 -
= What are the limits of the factorisation 00_' B T '2_5
approach and fragmentation function p_ (GeV/c)

universality?
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Charmed baryons

Another Qlayer in thIS game — First attempt to fully reconstruct the

=0¢: in hadronic decay via =11 decay

55 107 g —— 17—y 5
— = ALICE Preliminary « Data = : . :
S = = : —>
6\% - pp, Vs=5.02 TeV 77/, PYTHIA8 Monash2013 default - Cle_ar and S|gn|f|Cant peaks In the
i 102 lyl <0.5 N\ PYTHIA8 Mode 2 = PT interval 3-8 GeV/c
J - -
X - =
5 F == == -
A AN !
Y = =
® = NN
T E \\\ OSSR LA E x10° x10°
?lj) B 7 .."’..0’0’0‘0’0’0’0’0:0:0:0:0:0:0:0:: N NO 85 [ rr | rrrr|rrrr [ rrrr 1T 1 NU 16 rr|rrrrj|rrrr[rr 11T
E 10.4 . // // | S | ALICE Performance | S - ALICE Performance -
a8 E ’ g % | 20 — x*E and charge con;., 3 = p_<5GeVic | %’ _ =0 — x*Z and charge conj., 5 < p.<8GeVic
- -0 _, e+_ v - o 8- pp, Vs =13 TeV o pp, Vs =13 TeV
m = = Ve - L0 2
5 R S S § * " i |
L 0 2 4 6 8 *g _ g 1.4
GeV/c 3 | S il i
P ( ) O . O gl 4 +
- K. | y
[ + 1.2F 1 ‘I':
o[ w=2475:+ 0002 GeV/c" + ] | u=2.474 £ 0.002 GeV/c |
R t . th h . b =0 - | 0=0.012 = 0.002 GeV/c? | o =0.008 = 0.002 GeV/c?
— a IO WI eaVIer aryOnS - C- : S (30) = 1829 = 342 : [ S (30) =565 + 117
- expected larger enhancement [ 8B (0 =0017 | o S8 (0)=0047 | |
6.5 [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ 1 [ [ [ [ [ [ [ [ [ [ [ [ [ [ [ [
2.4 2.45 2.5 ) 2.55 2.4 2.45 2.5 ) 2.55
M(==") (GeV/c?) M(==") (GeV/c?)
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Some of the missing pieces.....

= Magnetic fields generated in heavy-ion collisions

49
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Magnetic field in QGP

= |In non-central heavy-ion collisions an enormous magnetic field (1018 G)
IS generated by the movement of the non-colliding protons /
(Biot-Savart law) y,

| Moving protons produce a magnetic field ~~ §

] Biggest magnetic field y
! in the universe --
: : { — order of magnitude larger than
$ | the one of the magnetars ’
1 3 i — it will have a lot of |mpI|cat|ons

astrophysms cosmology

O PO A LTS RO T T VI DO

= Quickly decreases (~1 fm/c) as the non-colliding protons fly away
50
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The idea*

= varying magnetic field will influence moving charges (quarks)

= very few ingredients needed: charged and conductive QGP

¢ =0.023 fm-! = presence of a conducting QGP
substantially delays the decay of the magnetic field

- assumption: constant conductivity
as a function of temperature
0 = 0.023 fm~

H.-T. Ding, et al, Phys. Rev. D 83, 034504
B. B. Brandt et al, JHEP 1303, 100 (2013)
A.Amato, et al, Phys. Rev. Lett. 111, 172001 (2013)

*first proposed by Gursoy et al: Phys. Rev. C 89, 054905 (2014) 51

Bormio- 2020




The idea*

= varying magnetic field will influence moving charges (quarks)
= very few ingredients needed: charged and conductive QGP

= the result: charge-dependent directed flow, asymmetric in rapidity

— where does it come from? ' B,

P X = A

— electric field induced by decreasing B \, " o |
(Faraday effect) , d

*first proposed by Gursoy et al: Phys. Rev. C 89, 054905 (2014) oo e A oo e B S

52
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The idea*

= varying magnetic field will influence moving charges (quarks)
= very few ingredients needed: charged and conductive QGP

= the result: charge-dependent directed flow, asymmetric in rapidity

Boama e o e gD e oo Qo & Lo ocsns i D o ST IR 2 GO T . fae g o acans

Force exerted by a magnetic

— where does it come from? %'; By fild on electric charges
Z

n>0
Fx

— electric field induced by decreasing B
(Faraday effect)

— Lorentz force on moving charges

(Hall effect) - :
Competing effects

*first proposed by Gursoy et al: Phys. Rev. C 89, 054905 (2014)

1
..
o = -~ = e N
S s o e A S o W 3 SRS N
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The idea*

= varying magnetic field will influence moving charges (quarks)
= very few ingredients needed: charged and conductive QGP

= the result: charge-dependent directed flow, asymmetric in rapidity

V; positive pions
— where does it come from? . 0.0002 Faraday + Hall
// \\ -
/ \ | === Faraday only

— electric field induced by decreasing B
(Faraday effect)

— Lorentz force on moving charges
(Hall effect)

. \ /

Competing effects ,//

—-0.0002 - R

*first proposed by Gursoy et al: Phys. Rev. C 89, 054905 (2014) 53
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Charge-dependent v;

= prediction for Pb-Pb collisions at 2.76 TeV: ~10-3

Y1 Phys. Rev. C 89, 054905 (2014)

- 0.00004 - I

N0002

Pb-Pb 2.76 TeV, pr = 0.25, 0.5 and 1 GeV/c

- the rapidity slope varies with pr, different contribution of Faraday and Lorentz
54
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What about heavy-flavour?

= formation time ~ 0.1 fm/c — comparable to the time scale
when B Is maximum

U.l_ T [ ! ! v ' |

LHC: Pb+Pb@2.76 TeV ]
b=9.5tm, m=10 -

eE

X

0.08 -

I CB\'

0.06

- F c=0.023 fm-1
0.04

eField (GeV/fm)

0.02

Standard hydro t,
T TR IR T SO TR T N T SR

) | 1 1

0 0.5 | 1.5

t (fm/c) 55
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What about heavy-flavour?

= formation time ~ 0.1 fm/c — comparable to the time scale
when B Is maximum

= resultant effects entail a significantly larger directed flow v+ of
charm quarks compared to light quarks

(), l - I I 1 1 1 I ] 1 | I 1 ] ]
tf.

— D[Ca] |

0. —

i LHC: Pb+Pb(@2.76 TeV ] - = D [cq], t=t
0.08 b=9.5fm, m=1.0 - i f.0. o -
i i} - == D [cq], =2 fm/c. - N
eE ST T 7
, =35 tm/c

X

I CB\' —

0.06

- f o =0.023 fm-! | >
0.04 -

eField (GeV/fm)

0.02
-0.04~ Das et al, Phys. Let B 768, 2017, 260-264 -

| l | | | | | I 1 l | l | | 1
-2 -15 -1 -05 0 0.5 l [.5 2

Y 55

Standard hydro t,
T TR IR T SO TR T N T SR

) l 1 1

0 0.5 l [.5

t (fm/c)
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Charged partivie vs heavy-flavour

_arXiv:1910.14406 [nucl-ex]

0.5 E ALICE 10% x v(h) — Pb-Pb, |5 =5.02Tev ~ © V(D)
: e 10k v ] P = First measurements at the LHC of charge
i : TR $ : dependent directed flow of light and heavy
A B | S $ _______ é _______ $_ flavour particles
| 5-40% E B : é 10-40% -
- P, >0.2GeV/e - 3 < p. <6 (GeVIe) = The 3 orders of magnitude
OO s ihecermgiy): syet uncert, omAumncor) | Not feec-down corected difference between charged-particle
A L L L A and heavy-flavour predicted by theory
G e ) - ) T o o) v : will be experimentally accessible
;1_ 1 1 —
: 5-40% 1 10-40% = it will constrain fundamental and
: b >0.2 Gevic T 3<p; <6(GeVic) - unexplored properties of the QGP
—0.5— dAv, /dy =[1.68 = 0.49 (stat) = 0.41 (syst)] - 10* ——  dAv,/dn=[4.9 = 1.7 (stat) + 0.6 (syst)] - 107 — Ilke the conductivity
s o o5 T Ths o T o5
n n
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Projections for Run3/4

x107° iv:
g § N L I O L I L [N I L 2 X1 0_3 arXiv:1812.06772 [hep-ph]
O>1— 0.5 ALicE upgrade projection | AV3* = 50-05 (arXiv:1401.3805) - S 40 [rrryrrryrrrr T T T T T T T T T T T T
< B Pb-Pb |s,,=5.02 TeV, 0-60% 10 nb™" fit function: k x 7 : O - . . ]
- — &— VOoU[h*]- vOu[h]  ae-a-- k = 4.8e-05 * 1.1e-06 (stat) > - ALICE Upgrade projection .
0.4 _ Stat. uncerjt. only 1 N < 30 - i
- ALICE Preliminary . - 30-50% Pb-Pb, |s, = 5.02 TeV, 10 nb"’ -
0.3 :_ Pb-Pb | 5,,=5.02 TeV, 5-40% 8 b ' runetion:k>n _: o0 & _
) - —e— v{¥h]- v{*h]  ----- k=1.7e-04f(())f:_—(()): ((:;23 . E —— V1Odd(DO) ) V1Odd(D0) E
0.2 — m . 10 :_ // —:
0.1F @ ————————————— - L e E
0 :_ ................. E} ......... ﬁ:iE;;‘:—:':—:—:’I':..:::::::::::::::::E _1 O :_ / —:
: M _____________ R 20 [ .
0.1 BTLl - - fit function: k x n .
0.2 2 - —30 - k = (3.0 £ 0.1 (stat) + 0.2 (syst)) x 107 -
| - TN TN T T T T T T I T T W T O O - . O - E NN NN N NN N N -
08 06 04 02 0 02 04 06 03 -0.8 -06-04-02 0 0.2 04 06 0.8
n |

Extremely good significance is expected in Run3/4
Simulations performed according to the signal expected by theory calculations
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Some of the missing pieces.....

~ Future experiments
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Future heavy-ion detector

All silicon detector R
__Ip—— = Physics potential (just few examples)
1€ g - heavy-flavour and quarkonia
- multi-charm hadrons (Ecc, Qce, 2ccc)
o ” - X, Y, Z states

v - Soft hadronic and electromagnetic radiation

| - hadrons down to few 10’s of MeV/c

""calwné\,eer;'t(-)?ﬁllaeyer - BSM

- dark photons searches

Eol document signed by ~400 physicists (Dec 2018)
submitted to European Strategy for Particle Physics
Preparatory Group arxiv:1902.01211
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CBM at FAIR, Darmstadt

=~ CBM aims to investigate the strongly interacting matter in the region of high baryonic densities

- ‘LHC P — — partonic-hadronic phase transition (critical point)
‘é SQGPRHIC
2 Point| CBM at FAIR - equation of state at high densities (neutron stars)

- -

-~

-
L7

\ ' ‘Quarkyonic — hypernuclei and multi-strange hadrons

0\\
’)0/\
2 A}
Hadronic Phase % "\ Matter
@

- charm production at threshold beam energies

|
Gas-Liquid ‘| o=
Nuclear .--| Crystalline

Superfluid

=

Baryon Chemical Potential ue —_ SpeCtra and COIIQCtive fIOW StUdieS

K. Fukushima and T. Hatsuda,

Rept. Prog. Phys. 74 (2011) 014001
60
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CBM at FAIR, Darmstadt

= N\ | FAIR

972 [p-LINAC| | SIS18 SIS100

UNILAC

Compressed
Baryonic Matter
Experiment
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Recap....

= magnetic field in heavy-ion collision is expected to
lead to several novel phenomena
e.g. Chiral Magnetic Effect (CME)

= we face different problems:
— hard to decouple signal (charge separation across reaction plane)
from background (local charge conservation + flow)

= proposal: charge-dependent directed flow
measure a simpler and cleaner observable
(not related to the chiral imbalance),
use it to calibrate the strength and lifetime of the electromagnetic field
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Phases of the collision

¢ o g . s final detected
Relativistic HQGVY'IO” Collisions particle_distributions

made by Chun Shen p Kmetic
reeze-out __—

Hadronization
Initial [energy
der sity

guulnbruum

“dynamics | viscous hydrodynamics \J free streaming

- >’

collision evolution
t~0fm/c T ~1fm/c t ~ 10 fm/c t ~ 10 fm/c

= hard parton scattering processes

= high energy in a small volume

= initial energy density fluctuations — geometrical eccentricities

= strong interacting gluon field — non-zero radial and anisotropic flow
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Phases of the collision

¢ o g . s final detected
Relativistic HQGVY'IO” Collisions particle_distributions

made by Chun Shen p Kmetic
reeze-out __—

HOdt‘Oﬂ' mﬁon/—— f
Initial energy _ o

dersity % t -

guulnbruum

“dynamics | viscous hydrodynamics \J free streaming

- >’

collision evolution
t~0fm/c T ~1fm/c t ~ 10 fm/c t ~ 10 fm/c

= Quark-Gluon Plasma: Viscous hydro — EoS, n/s and (/s
= geometrical eccentricities — converted in momentum anisotropies
= main stage in which the flow is built
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Phases of the collision

¢ o g . s final detected
Relativistic HQGVY'IO” Collisions particle_distributions

made by Chun Shen p Kmetic
reeze-out __—

— i . HOdfOn"—' f
Initial energy '

density % t

guulnbruum

“dynamics | viscous hydrodynamics \J free streaming

- >’

collision evolution
t~0fm/c T ~1fm/c t ~ 10 fm/c t ~ 10 fm/c

= phase transition (decrease degrees of freedom)
— chemical freeze-out: inelastic collisions ceases

— kinetic freeze-out: elastic collisions ceases
= hybrid = IP-Glasma(lS) + MUSIC(QGP) + UrQMD(hadron cascade)
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Interlude: Centrality

Spectators * Centrality of a collision:

» “impact parameter” b

» Ncon: Nnumber of inelastic nucleon-
nucleon collisions

» Npart: NnuMber of nucleons
undergoing at least one inelastic
nucleon-nucleon collision

Spectators:
energy in very forward direction

Produced particles:

Spectators: multiplicity at central rapidity

energy in very forward (beam) direction
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Interlude: Centrality

Spectators

* Geometrical quantities simplify
comparison btw. data and theory

* Usually not directly measured but
derived from Glauber
calculations

Phys. Rev. C 88 (2013) 044909

)

LI

vvvvvvvvvv

| Illlllll | llllllll |

£ E ALICE Pb-Pbat (s, =276 TeV |
- 10
= a + Data
_Q"'O — NBD-Glauber fit m
& \ Pk X [f Npart + (1 -f)Nco”] ok | . : -
..210-4 é Q:zg.a,kﬂ.s : g g :
q>) E A 5010 .....
LLJ :
10°
106 ot | & > 2 3>
[ || © =) o =)
| |© | © < ™ N
o| o =) o o
E n | < o™ N -
107 & N PSP SO ISP PO ) [ I I O A L4
0 5000 10000 15000 20000
VZERO amplitude (arb. units)

Centrality classes defined in terms of

multiplicity percentile
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D meson production at low pr

JHEP 1603 (2016) 159
Erratum: JHEP 1705 (2017) 074

— 10?8 ALICE Preliminary —= = LHCh DO POWHEG+NNPDF3.0L
> = o W0 - —JFONLL ‘
8 pp, 15=5.02 TeV - > __._T:*— | — /5= 13TeV FONLL
o 10E = O =
3. F Prompt D’ y|<0.5 5 o 07 = " a = — 20<y<25,m=0
E , . - R | ___20<y<25,
N St —s— ALICE — - l()l _~—[ E ‘ = ——
ZP - T ] FONLL - S0 —— om0
- o . T 1072 = —
g1 0 ' — = _a L
& E = 8103 e —
N — - ) | %_F—\ 3.0<y<3.5 m=4
© o+ - 10| — e e < < 0 4
102 = - B ' —
- 3 i s |
[ il AL i | T E_‘_‘ 35<y<4.0, m=6
-3 _ I l i — T ' ,
10 =+ 5% lumi, £ 1.0% BR uncertainty not shown = 10~ o 3 . —
| | L | | o [ |
g0 E 10-8} LHCh DO at 3TV * | 40<y <45, m=8
2 - 10~ at © T
| 0 2 4 6 8 10 12 14
pr (GeV/c|
= With DO mesons HF measurements performed down to 0 GeV/c!
- Upper band of FONLL both at central rapidity (ALICE) and forward (LHCD).
- LHCDb data can be used to constrain gluon parton density functions for x < 10-4 88
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Heavy-flavour decay electrons in pp collisions

8 N I LI B | I 1 I I I UL B 1 | | L] | | 1 | L I B | | L | | | | | L L] i
-E  ALICE Preliminary 1 pp,1s=7TeV/ 1s=2.76TeV I pp,\s=13TeV/1s=276TeV [
L b cb—ely[<08 T eData,\s=7TeV |y <0.8 1 E
O gk Pp,1s=502TeV/ \vs=2.76 TeV + oData,\s=7TeV |y| <05 I o - Z
O F 15 =2.76 TeV (arXiv:1805.04379) ohys.Rev. D36 (2012) 112007
D 5 eData T S I i 2
N - EJJFONLL (JHEP 05 (1998) 007) 3 ¥ g
n - .
e 41~ T C -
N z
S SF T E
o ¢ - :
"l'(—U‘ 2 _— Tl d o Rt o _“_ I - _-
T+ 5.3 % lumi. unc. not shown T *4.0% lumi. unc. not shown T +5.3% lumi. unc. not shown
O C v o 1 1 1 Lo o o gl ] ] ] N I i A | ] ] L1 1 17
0.5 1 2 3 4 5678 0.5 1 2 3 4 5678 0.5 1 2 3 4 5678
P (GeV/c) P (GeV/c) (GeV/c)

— Ratios of cross sections at different energies can be used in order to further test the pQCD FONLL calculation.
In the ratios, part of the uncertainties cancel out

— at low pr may help to set constraints to the gluon PDF — small values of Bjorken-x
Eur.Phys.J. C75 (2015) no.12, 610 89
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Charmed baryons

= provide further insights into the hadronisation processes in pp collisions

= charm-baryon production in pp collisions also serve as a reference for
heavy-ion collisions

= =¢ could also provide additional input to better understand the
hadronisation mechanism of strange quarks in pp and Pb-Pb collisions
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