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Heavy Quarks: unique probes of the QGP

GOAL
Investigate strongly interacting matter under extreme conditions of temperature and density

charm and beauty quarks as probes of the QGP properties
Why “heavy”?
° maq>> Aacp
 their production cross section calculable with pQCD
* mq>> Tagp
e production restricted to initial hard scatterings (formation time 1/2 mq ~0.02 - 0.1 fm/c)
e Long relaxation time tq, possible comparable to the fireball lifetime (~ few fm/c)
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charm and beauty quarks as probes of the QGP properties
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° maq>> Aacp
 their production cross section calculable with pQCD
* mq>> Tagp
e production restricted to initial hard scatterings (formation time 1/2 mq ~0.02 - 0.1 fm/c)
e Long relaxation time tq, possible comparable to the fireball lifetime (~ few fm/c)

my, Mg ms Aaqcp me my
| | | | > MeV
1 10 102 T¢ Toep 108 104

QGP investigation with HQs:

e High pr —> tomography via study of HQ energy loss .

e Low pr —> HQs as brownian motion markers %
e spatial diffusion coefficient: 2riTDs=2 - 6 N
e related to the relaxation time Tq= (mqa/T)Ds; T dependence?
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Not only A-A collisions! Heavy Flavour measurements in small systems:

* pp collisions: provide constraint to pQCD calculations
» pPb/dAu collisions: investigate Cold Nuclear Matter effects 10
High multiplicity pp and pPb: onset of QGP?

| | 1 ! I ! ! | | | | | 2..3..1.-a'-k 1
-
o -::o

This talk: focus on A-A collisions with some incursions from small systems 0

Small System Overview:
Talk on Fri. by E. Chapon
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Space-time evolution
From heavy-quark production to hadronization into heavy-flavour hadrons

*K t time n, K, p, *

L

\ Central region

Hadron Gas Hadronic final state

Hadronization 5-10 fm/c

Expanding medium

QGP formed at ~1 fm/c

l collision
HQ time formation < 0.1 fm/c

| Incoming nuclei

HQ production
beam beam
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Space-time evolution &y
From heavy-quark production to hadronization into heavy-flavour hadrons
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Some (open) questions discussed In this talk

charm and beauty production and interaction in the medium

selection of the most
recent HF results
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Some (open) questions discussed In this talk

charm and beauty production and interaction in the medium

Do we understand the
charm and beauty
production mechanisms?
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Some (open) questions discussed in this talk

charm and beauty production and interaction in the medium

Do we understand the
charm and beauty
production mechanisms?

What are the relevant energy
loss mechanisms?
Is there a flavour
dependence?

& T When radiative processes
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Some (open) questions discussed In this talk

charm and beauty production and interaction in the medium

Do we understand the
charm and beauty
production mechanisms?

What are the relevant energy
loss mechanisms?
Is there a flavour

Charm and beauty
quarks thermalise?

dependence?
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Do we understand the
charm and beauty
production mechanisms?

What are the relevant energy
loss mechanisms?
Is there a flavour

Some (open) questions discussed In this talk

charm and beauty production and interaction in the medium

Charm and beauty
quarks thermalise?

What are the hadronization
mechanisms:
fragmentation in vacuum?
recombination with

?
dependence thermal partons?
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Space-time evolution
Production of heavy quarks

\ *K f .time w, K, p, 4 /
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Central region

Hadronic final state

Expanding medium

l collision

| Incoming nuclei
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Heavy-flavour production in pp collisions

Do we understand the "‘ doP do®
charm and beauty d’ﬁ(m;w,m) = PDF (x1, ip)PDF (2, 11p ) ® o (x1,%2, U, UF) ® Desp(z2 = pp/ e, UF)
T T

production mechanisms?
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Heavy-flavour production in pp collisions

Do we understand the doP do®
charm and beauty dpD (PTQHFJJR) — PDF(xlauF)PDF(x%uF) X dpc (xlaxZa HR, uF) ®Dc—>D(Z — PD/PC,NF)
production mechanisms? T T
arxiv:1810.03022
Eur.Phys.J. C79 (2019) no.5, 388 _ JHEP12 (2017) 026 i 28.0 pb™! (pp 5.02 TeV)
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Systematic comparison with several pQCD calculations with different schemes: agreement within uncertainties
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D. Yang
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F. Gauger
F. Wang
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Heavy-flavour production in pp collisions

PP collisions as test for perturbative—QCD important measurement to constrain

theoretical calculations and

D C .
Do we understand the do | do fundamental input for models to
h d beaut — (P13 MF, Ur) = PDF (x1, g )PDF (x2, ) ® —— (X1,X2, UR, hr) & De-
cnarm an eauty d D ) ) 9 dn¢ y N2 9 . - . .
. . Pt Pt describe spectra modification in the
production mechanisms? QGP
Eur.Phys.J. C79 (2019) no.5, 388 - — . JHEP12 (2017) 026 i 28.0 pb™! (pp 5.02 TeV)
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Systematic comparison with several pQCD calculations with different schemes: agreement within uncertainties
Data: smaller uncertainties than theoretical ones
dominated by factorisation and renormalisation scales of the perturbative calculations and PDF uncertainties

C.Terrevoli o Open HF review



Space-time evolution

collision

charm formation time ~ 0.1 fm/c
— comparable to the time scale when B is maximum
= Probes of the strong B field in the early state of the

= Faraday effect

Electric field
induced by
decreasing B

X Z = Hall effect

Lorentz force
induced by
moving charges

F=qgqvVXxB

Observable

Direct flow v

P —

- e — _—
- -

. S . S

~
___________
...............

% i v = (cos(¢p)) = (p=/pr)
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Heavy quarks directed flow v

Probe the effect of the strong electro-magnetic field and the initial vorticity

g and g feel an opposite Lorentz force
Effect depend on the quark mass and formation time —> charm more sensitive than light quarks

arXiv:1905.02052
Au+Au \'s =200 GeV, 10-80%

Large difference between v+ slopes

T of kaons and D%/D0 (~ factor 25)
—~ _ 5 different sensitivity to the early time
>7 OB B dynamics

STAR _ E
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| | | I
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0.05 A K - K" (Us -us)

Av1

o —p. —0-011 £ 0.034 (stat.) £ 0.020 (syst.).
-0.05— Model:(D" - D)

-------- EM (Das et. al.)

—— Hydro+EM (Chatterjee et.al)
I I I I I

-1 -0.5 0 0.5 1
Rapidity (y)
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Heavy quarks directed flow v+
Probe the effect of the strong electro-magnetic field and the initial vorticity
— _ Talks
g and g feel an opposite Lorentz force Jan Vansk
Effect depend on the quark mass and formation time —> charm more sensitive than light quarks g ;?e'ani_
. Fiumari
arXiv:1905.02052
Au+Au \s, =200 GeV, 10-80%
Xioz |
o= E D . . . . g
a) E 2 o B A o ALICE: opposite slope w.r.t. RHIC, effect due to larger B than the induced E, or different initial
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-------- EM (Das et. al.) - - -
— Hydro+EM (Chatterjee et.al) 3| 0 signif > 7 starting to prow_de inputs
Rapidity (y) calculations
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0.05

Heavy quarks directed flow v

Probe the effect of the strong electro-magnetic field and the initial vorticity

g and g feel an opposite Lorentz force

Effect depend on the quark mass and formation time —> charm more sensitive than light quarks

arXiv:1905.02052

Au+Au \'s, =200 GeV, 10-80%
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3~ E D
S T o T B

a) E % 10F @ ©

B A S

o 3

Talks
Jan Vanék

S. Jaelani
S. Plumari

ALICE: opposite slope w.r.t. RHIC, effect due to larger B than the induced E, or different initial

tilted bulk at LHC?

Av+
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-0.05r o K+ K+£_JS + U§) S : Not feed-down corrected ,Ej/ i -8>,_ E e V-V H E 0.1 ;
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_0.05/~ Model:(D0- D) 0+ 0094 (Bat) = 0.020 (Syst) . n  Intriguing measurement:
-------- EM (Das et. al.) . - .
— Hydro+EM (Chatterjee et.al) 3| 0 signif > 7 starting to prow_de inputs
Rapidity (y) 3 order of magnitude larger slopes w.r.t. calculations
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beam

Space-time evolution

Energy Loss in medium: elastic and inelastic interactions of HQ with the opaque fluid

(< 1 fm/c)

beam

C.Terrevoli

o

What are the relevant energy loss ‘
mechanisms?

Is there a flavour dependence?
When radiative processes starts to
become predominant on collisional
processes?

Observable

1 dNA/dpy
RAA —
(TAA> dO-pp/de

Colour-charge and mass dependence
AE, >AE, , >AE, > AE,

Expected hierarchy

R,,(7)<R,,(D)<R,,(B)
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Open HF Nuclear Modification Factor Raa

STAR: Phys. Rev. C 99, 034908 (2019)
ALICE: JHEP 03 (2016) 081

T ' r ' l , I — Recent publication

< —
15[ (@ Au+Au sy, =200 GeV 0-10%
e, ® OD’
L - ,_,h TTT LBT {
- ,._,—# *‘; e Duke
0.5 |- Lo e R

L O a2 o - _

Q= 5.5 O o

— m D ALICE 2.76 TeV e B g
0 2 4 6 8 10

p. (GeV/c)

 strong suppression in 0-10% A-A collisions
« similar Raain STAR and ALICE

* Bump at low-pt: charm quarks gain collective motion in the
medium evolution?
» qualitatively described by models that include
fragmentation+coalescence and hydrodynamic evolution
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Open HF Nuclear Modification Factor Raa

STAR: Phys. Rev. C 99, 034908 (2019)
ALICE: JHEP 03 (2016) 081

| ! | ' I ' | |

15[ (@ Au+Au s, =200 GeV 0-10%

0.5

0 2 4 6 8 10
P, (GeV/c)

 strong suppression in 0-10% A-A collisions
- similar Raain STAR and ALICE

 Bump at low-pt: charm quarks gain collective motion in the
medium evolution?
- qualitatively described by models that include
fragmentation+coalescence and hydrodynamic evolution

e
Caveat: Raa not determined just by ‘energy loss’
= |nterplay of energy loss, collective motion and
hadronization mechanisms
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Open HF Nuclear Modification Factor Raa

2019
arXiv:1906.xxx Recent publication
& _I T 1 | T T | T 11 | T 11 | (I B B | [ B | (| |_|_|_|_|__
STAR: Phys. Rev. C 99, 034908 (2019) o [ ALICE p-Pb, |[s\\=5.02 TeV ]
ALICE: JHEP 03 (2016) 081 1.6~ - —_
= : : : : : : : , : R Prompt D mesons, -0.96 <y <0.04 -+
< S - 2 , *+cms B
15 [ (@) Au+Au s, =200 GeV 0-10% HE " Average D', ", D :
. I o D _
i ® 0D L ﬂ J E
1 :“ ..... . "._"i__'-- ---- LBT .......... i 2liii '-“.In‘v " -....'T'”i“'_""_‘“‘_‘"‘_‘“‘_‘"‘_‘“‘_‘“‘_‘___|,___,__ """ [
: “::o'. + *.%";‘.'g‘—l ..... Duke O 8 ;I ~ ’ _:
0.5 E S "’e, R | _
[ O‘_, 1_."!,,"‘: . — o— _l' / 7]
~ . I W o W -/ :
- WDALICE2.76 TeV = "7 s T 0.4/ === CGC (Fuji-Watanabe) -
0 2 4 6 8 1 O :// —— FONLL with EPPS16 nPDF _
([ =imim Vit tal.: . + k- broad + CNM El ]
pT (GeV/C) 0-2£ ''''''''' K.Ia(ra]\g/; Zt ZL: Fi):cll::]re:z; r:uItTipI;Osacat:ering - |
_I L 1 1 | I I | L 1 1 1 | L 11 1 | I . | L 1 1 1 | L 11 1 | | I_
0
. .. 0 5 10 15 20 25 30 35
 strong suppression in 0-10% A-A collisions 0. (GeV/c)
- similar Raain STAR and ALICE T
 Bump at low-pt: charm quarks gain collective motion in the e
medium evolution? | Rerb compatible with unity for pt>3 GeV/c
. quahtatlvely described by models that mcludg | - Strong suppression in Pb-Pb is due to
fragmentation+coalescence and hydrodynamic evolution : |
final state effects!
pr . i

Caveat: Raa not determined just by ‘energy loss’
= |nterplay of energy loss, collective motion and
hadronization mechanisms
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Open HF Nuclear Modification Factor Raa

Is there a flavour

dependence?
STAR: Phys. Rev. C 99, 034908 (2019)
ALICE: JHEP 03 (2016) 081

—_— 1 8 _ Ch. hadrons, D% D% from B,
<15 B S s | I New 2018 Pb-Pb H I B -
o '° [ (@ Au+Au\s,, =200 GeV 0-10% S ALICE Preliminary i rom b,
. ® OD° - 0-10% Pb-PD, ysyy = 5.02 TeV - arXiv:1810.11102v1
g b * 1.4 + Average D°, D*, D", lyl < 0.5 — 27.4 pb' (5.02 TeV pp) + 530 ub™ (5.02 TeV PbPb)
B R e LBT . % lyl<0.5 i - 0
R = K - = Charaed particles. Inl < 0.8 i 1.6 CMS e D from b hadrons |y|<1
X *'-.4—. ----- Duke 1.2 ged p 1 <D ~ = ¢ Bly|<2.4
[ & Y - JHEP 1811 (2018) 013 . aF 0
05 I L Ue e, o _ ’ “E = Prompt D |y|<1 J/y from b hadrons:
:@ O o o, @ 5 —_ T - 1o Charged hadrons n|<1 & 1.8<|y|<2.4
A B.m =~ Non-strange D - - Global uncertaint + lyl<2.4
" m D ALICE 2.76 TeV """"""""":‘."."."J"'"""i'.@ "u\ = 0.8 — < 1_—y -------------------------------------------------
‘ | ' [ ' ' ' ' — nt| | Charged particle i s o
0o 2 4 6 8 10 0.6 E ot 4 4 +T
Py (S6¥E) S . . ..
0.4 : 1 ] 04:_‘ . 8- _+—
- - . . ;H; ] F R _*_
 strong suppression in 0-10% A-A collisions 0.2 : - 0.2 i New B decay: non-prompt DO
« similar Raain STAR and ALICE : - N N
j [ 1 1 1 | | 1 1 1 | [ 1 1 1 | I I | | I N I | | I_ 2 3 4 5 678 10 20 30 40 100
 Bump at low-pt: charm quarks gain collective motion in the 0 10 20 30 40 >0 P, (GeVic)
. . p_(GeV/c)
medium evolution? T
- qualitatively described by models that include . Similar ; on of D-m ns and . Simil . £ DO
fragmentation+coalescence and hydrodynamic e imilar supp e_SS|O O _ esons a imiiar Squre_SS'on O mesons,
charged particles at high pr charged particles, DO-from B, B
* less suppression for D at low/intermediate pr mesons, J/¥ from B at high pr

* Interplay of harder charm pt distributions
and different fragmentation functions w.r.t.
light quarks and gluons

* Hint of mq ordering from B w.r.t. D at
low pr

Hint of hierarchy observed ad low-pTt Raa(tt)<Raa(D)<Raa(B)
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Open HF Nuclear Modification Factor Ran wwsess

strong suppression of high-pt yield.
Is there a flavour Color charge and mass

dependence? dependence of Raa
STAR: Phys. Rev. C 99, 034908 (2019) —_—

ALICE: JHEP 03 (2016) 081 —
< - —_— C T8 Ch. hadrons, D% D%from B,
<15 - &  — o < | i - J/¥ from B, B+
o '° [ (@ Au+Au\s,, =200 GeV 0-10% S ALICE Preliminary ] )
E_ e OD° | E 0-10% Pb-PD, {5y =5.02 TeV f arXiv:1810.11102v1
T T P * 1.4 + Average D°, D*, D", lyl < 0.5 — 27.4 pb' (5.02 TeV pp) + 530 ub™ (5.02 TeV PbPb)
- H |—1h """"" LBT _ e x5, lyl<0.5 | - M e D’fromb hadrons |y|<1
| *"s.‘,_. ..... Duke 1 o = Charged particles, Inl <0.8 _] 1.6 C S gt 5 4y
S N e T JHEP 1811 (2018) 013 i - . lyl<2.
— 1.4 0 .
05 I L Ue e, ® _ ’ — = Prompt D" |y|<1 J/y from b hadrons:
:@ O o n R : 5 - T - 19 Charged hadrons n|<1 < 1.8<|y|<2.4
A .. =2 N Non-strange D ] - Global uncertaint + |y|<2.4
" m D ALICE 2.76 TeV '"""""""":‘."."."J"'"""i'.@ "u\ . 0.8 — < 1_—y -------------------------------------------------
‘ | ' [ | ' ' ' — nt| |Charged particle . ool
o 2 4 6 8 10 0.6 - ot 4 4 +T
pT (GeV/c) : o6 ++% _| g
0.4 : 1 ] 04i‘ . 8- _+—
 strong suppression in 0-10% A-A collisions 0.2 : ’ 0.2 i New B decay: non-prompt DO
« similar Raain STAR and ALICE : | | | | | - ok P S—s5——— % |
- Bump at low-pt: charm quarks gain collective motion in the 0 10 20 30 40 (Gei?/c) p, (GeVic)
medium evolution? PT
- qualitatively described by models that include .. . . .
) | - . 0
fragmentation+coalescence and hydrodynamic e Similar suppression of D mesons and Similar suppression of D mesons,
charged particles at high pr charged particles, DO-from B, B
* less suppression for D at low/intermediate pr mesons, J/¥ from B at high pr
Talks: . : : :
J. Vanék Interplay ot harder charm pr distributions » Hint of mq ordering from B w.r.t. D at
S. Jaelani and different fragmentation functions w.r.t. low pr
F Wars light quarks and gluons

Hint of hierarchy observed ad low-pTt Raa(tt)<Raa(D)<Raa(B)
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D and B Raa: Theoretical model comparison

quarks are expected to lose energy via o colionat diative o Energy loss: *
collisional (dominant at low pt) and radiative g . @6@6@6 At which pT radiative
(dominant at high pT) energy loss dominates on collisional?
D mesons
<2.2 —+————+— New 2018 Pb-Pb
< |

ALICE Preliminary
0-10% Pb-Pb, \[s,, = 5.02 TeV
Prompt D°, D*, D** average, lyl<0.5

@ o
1.8

1.6~ [0-10% i BAMPS el.+rad. " BAMPS el.
1 4™, — POWLANG HTL ===+ PHSD
’ 2:%% %, == LBT — - Catania
' :\ ~ .\ TAMU MC@sHQ+EPOS2
1_ _ f 4 % S . ST mmmmmomoeeoosooeoooooooooooooooooes _I.

Filled markers: pp measured reference
Open markers: pp pT-extrapoIated reference—
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4%
/}ﬁr"/ {4
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o
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n
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&II|III

///////, w7 7
27

//////////////\\/\\\\\\ 1y %‘ ///
] ////////l/{//l/ﬁ/n/l/\/«%{(\/\/\/\\\llll\“”mm ' 7 ///"//, // /:

N

A 1 H \ 4 ,/,' 2,
O 2 ’% NI"!"%; " URY ~ OEEEE M"”%/’}/////////
. Uy, s o R OB
/I’//I’Illlllllll.fl'll\'\'l\.f T s

[T [T I T RN
| r"‘ \\

U1
'lmnlmum IlHll||||lI|IIII|'||\\\v/’

0 )
10 p. (GeV/c)

—
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D and B Raa: Theoretical model comparison

quarks are expected to lose energy via o colisional @ e Energy loss: *
collisional (dominant at low pt) and radiative g . @6@6@6 At which pr radiative
(dominant at high pT) energy loss dominates on collisional?
D mesons
<2.2r | —  New 2018 Pb-Pb -
o of ALICE Preliminary E
- 0-10% Pb-Pb, \s\, =5.02 TeV ’
1.8 Prompt D°, D*, D** average, lyl<0.5 -
1.6 |0-10% | o BAMPS el.+rad. " BAMPS el. —
1 4%'_0,,,,’ = POWLANG HTL ==="=" PHSD _
% ”'f,,% == | BT — - Catania E
12;_ L maw | |Mc@sHQ+EPOS2
L L R 1
N Filled markers: pp measured reference
08 % . Open markers: pp pT-extrapoIated reference—
7 \ ]
0.6/ ’:; ' ]
N ¢ ]
[o** ////*/// 7 2.
O . 4 B @ v / /////////7/\\/<\<V{” /A T
0.2 I//”///',;‘w”\ -1 R '//////ﬂ ‘
- ///////,i,:,',;.,.".',,:n e
O_ T
1 10
p. (GeV/c)
- POWLANG, BAMPS el, . do not include radiative energy loss

=determination of onset of radiative contributions by deviations from experimental data at a certain pr
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D and B Raa: Theoretical model comparison

quarks are expected to lose energy via
collisional (dominant at low pt) and radiative
(dominant at high pt) energy loss

Q collisional

~—_

=F
g

q q

D mesons
<2_2_ [ [ [ [ [ T 1 | ]
oC° o ALICE Preliminary E
- 0-10% Pb-Pb, \/ =5.02 TeV ]
1.8~ PromptD°, D* ' D** average, lyl<0.5 -
1.6 [0-10% | v BAMPS el.+rad. " BAMPS el. ]
1 4%} = POWLANG HTL === PHSD -
Z%’% % »= LBT — - Catania 7]
1'2:_%’% S TAMU .’ IMc@sHa+EPOS2 A
s T x, .................................................... =
Filled markers: pp measured reference B
08 % Open markers: pp pT-extrapoIated reference—
0.67 —
- . o ]
0.4F AL

. N
O . 2 __ 3 ////,,me/// 4
O_ l ll llllllll |' || i “'m\\\’//’f\\\‘

1 10

p_ (GeV/c)

Q

1.6
1.4

1.2

Cos
0.6
0.4

0.2

1.6
1.4

1.2}

o 0.8
0.6
0.4
0.2

radiative

Energy loss: *

: @6@6@@6 Do we understand all the
- involved processes?
27.4 pb’ (5.02 TeV pp) + 530 ub™' (5.02 TeV PbPb)
- CMS « D’ from b hadrons |y|<1
¢ B |y|<2.4 .
= Prompt D’ |y|<1 J/y from b hadrons: arXiv:1810.11102v1

» Charged hadrons n|<1 & 1.8<ly|<2.4
- Global uncertainty + |y|<2.4

SO CWET TAMU
777 EPOS2+MC@sHQ
Dofrom B

R Global uncertainty

+f+4%¢ 4 # //Mj/ -

24

lllllllll lIlIlllll@lllllIlll lllllllll
6
3
-+-i
:

[]\\1

IIIIII]IIIIIIIIII]I'

n [ S S S S | L IR SR SR N S i
3 45678 10 20 30 40 100
pT(GeV/c)

MO

* Indication of larger suppression for
2 < pt <5 GeV/c: stronger energy

loss of b than predicted? More b
baryons at low pt?

- POWLANG, BAMPS el,

. do not include radiative energy loss
=determination of onset of radiative contributions by deviations from experimental data at a certain pr
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D and B Raa: Theoretical model comparison

quarks are expected to lose energy via o clisonsl @ diative o Energy loss: *
collisional (dominant at low p1) and radiative g . @6@6@6 Do we understand all the
(dominant at high pT) energy loss Ty involved processes?
27.4 pb” (5.02 TeV 530 ub™ (5.02 TeV PbPb
D mesons ‘ pb eV pp) + - ub € )
<22_ | | I R B B B ] 1.6:— CMS « D frOmthé(ljf(I)nzleYR“
< - . - . ¢ D Yi<e .
@ oF ALICE Preliminary — 4 = Prompt D’ |y|<f J/y from b hadrons: arXiv1810.11102v1
- 0-10% Pb-Pb, \s\ =5.02 TeV ] 1oF ¢ Charged hadrons pj<1 @ 1.8<|y|<2.4
1.8 Prompt D°, D*, D*" average, lyl<0.5 — 15_9_I_<_)_t_>§_l__qn_gc_e_r_t_e_a_i_r_1_ty _____________________ + ly[<24
- § <
1.6 [0-10% | v BAMPS el.+rad. " BAMPS el. - fFosp :+:_+_ #;F
1.40%, — POWLANG HTL === PHSD ] 0.6:_—30" —+E’+ o|"
j%% ", == LBT — - Catania . - ‘JC++{¥\*‘ et
1 2—_% ’%’ ] 04_ - e S _+_
CRE % . _JTAamu __|MC@sHQ+EPOS2 02F S g
e T = I T - indication of larger suppression for
Filled markers: d ref . oF _ _
0.804 PENHMI] *  Oven markers: pp p, oxtrapolated reference—| 14| T MCOHD 2 < pr <5 GeV/c: stronger energy
0.6 Y DO from B | loss of b than predicted? More b
= b ) UGS RS .- L2 |2 baryons at low pt?
B 1, ¢ DR o u//;,/// . o Ve + 75,
02" B R Y 7
N " ““”E'“m‘:””'I"“;Hlm/,.'..\\\"//, E —+_+ %/ﬁyi////f’///M ;
O L1 11 o 0.4 \\\
1 10 2 =
p_ (GeV/c) ™% | |
T O—% 3 4567810 20 30 40 100 e
GeV/c ;
Pr ) Interplay with coll + rad energy
- POWLANG, BAMPS el, : do not include radiative energy loss loss, hadronization via
= determination of onset of radiative contributions by deviations from experimental data at a certain pr coal+frag, hydrodynamic
- PHSD MC@sHQ+EPOS2, BAMPS el.rad, LBT: both elastic and radiative contributions are included  €Xpansion of medium needed
- Quark recombination: in POWLANG, PHSD, MC@sHQ, LBT, Catania
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7sfaw: R
DO - J et AA Further Investigation *

with D-tagged jets

How is the jet structure and kinematics modified in the medium?
Study in-medium color/mass dependent energy loss and modification of internal jet sub-structure with heavy-flavour jets

27.4 pb™ (5.02 TeV pp) + 404 pub™ (5.02 TeV PbPb
L L L L

S—

10°E - I —
2 T T T T T T T T T C D -
& [ ALICEPreliminary s = CMS Preiiminary 4 <Py <20GeVic 3
- , _ - ) D -
1.8]- Pb-Pb, |5, = 5.02 TeV = _ L D% + jet y]<2 -
- Charged Jets, Anti'kT, R = 0.3, |njet| <0.6 5 jets B CMS-PAS-HIN-18-007 |p'gt| > 60 GeVvic }
1.6~ « D’-tagged jets (p. . >3 GeV/c), 0-20% — 10 "l < 1.6 —
- p-Pb data reference 1 gl T —— — -
1.4— =  Ch. Jets (0 > 5 GeV/c), 0-10% — Z|° 4 e :
- POWHEG+PYTHIAS reference 8 —|= F i 5
1.2~ o Average D°, D*, D*, 0-10%, arxiv:1804.09083 — L : —
S T I E E = PbPb .
B _ - ® PP .
0.8 ‘+‘ - - &+ PYTHIAS -
E E 103_1 — . ! L a s ! L e ! . l ]
0.6[— EL — a g Talks:
i HHHHH : = 2F * + = A. Mohanty
— . — o - a
04F G . _+-J_[Pf i S 1 s E X Wang
02__ %@F‘ ] % 0 __ Y S — __
0_| ! Lo oo | ! R A % - + 1 -
1 10 i e g s m— i
p._ andp_ (GeV/c o C _ , _ ,
T.D T.ch jet 09 01 0.2 03 0.4 0.5

r

Slightly different radial distribution of D® meson in jets in Pb-Pb
with respect to pp at low DO%-meson pr: redistribution of the DO
mesons with respect to the jet axis

* D-meson tagged jets Raa consistent with inclusive D-mesons
» Hint of larger suppression for low pt D-jets than high ptcharged jets
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How is the jet structure and kinematics modified in the medium?

7sfaw: R
DO - J et AA Further Investigation *

with D-tagged jets

Study in-medium color/mass dependent energy loss and modification of internal jet sub-structure with heavy-flavour jets

27.4 pb™ (5.02 TeV pp) + 404 pub™ (5.02 TeV PbPb
L L L L

S—

10°E - I —
2 T T 1 T T 11 T T T T T 11 - -
0:2 - ALICE Preliminary | - = CMS Prefiminary ~ 4<P;<20GeVic :
n , - m . D -
1.8]- Pb-Pb, |5, = 5.02 TeV = _ L D% + jet y]<2 -
" Charged Jets, Anti-kr, R = 0.3, |n_| < 0.6 - jets " CMspas-HINas.007 P! 780 GEVe
1.6~ « D’-tagged jets (p. . >3 GeV/c), 0-20% — 10 "l < 1.6 —
- p-Pb data reference 1 gl T —— — -
1.4— =  Ch. Jets (0 > 5 GeV/c), 0-10% — Z|° 4 e :
- POWHEG+PYTHIAS reference 8 —|= F i 5
1.2~ o Average D°, D*, D*, 0-10%, arxiv:1804.09083 — L : —
S T I E = = PbPb
N . - e pp -
0.8/ ‘+‘ - -+ PYTHIAg -
- = LU A E S R
08 ﬂ HHH promising observable on the K + E
0.4 H e ﬁﬂﬂ mechanisms of HF production and onthe E____ = — E
ooF ﬂQ@ F—%»— processes of energy loss and diffusionof ¢~~~ 3
s 4 HQ inside the medium : 2
0_| l Lo oo | ! L0011 | —— T 1 . — — % ___________
1 0 d GVl s B
p._.anap . ev/c o . ) . ) .
T.D T.ch jet 09 01 0.2 03 0.4 0.5

* D-meson tagged jets Raa consistent with inclusive D-mesons
» Hint of larger suppression for low pt D-jets than high ptcharged jets

r

Slightly different radial distribution of D® meson in jets in Pb-Pb
with respect to pp at low DO%-meson pr: redistribution of the DO
mesons with respect to the jet axis
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Q

Space-time evolution

Thermalization
fime as a consequence of HQ coupling with medium

Which is the degree of
thermalization of HQs
in the medium??
Do charm/beauty
flow?

-

Observable

vy = (cos[2(¢ — ¥))])

&N 1 d*N <
E— = { 1+ ) vycos[n(p — ¥,)] }
dpr 2z prdprdy i1
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f charm vz
Which is the degree o

thermalization of HQs = Positive D v» observed at RHIC and LHC

in the medium? . . .
Do charm/beauty - charm quarks largely thermalize in QGP until hadronization

flow?

ALICE - CMS
% ERARBPREARARES RAARARREE BARBARERRERRRN

i | T ]
> 0.4 ALICE Preliminary
" 30-50% Pb-Pb, |s,, =5.02 TeV

e ALICE Prompt D°, D*, D** average, ly1<0.8

0.3
i v, {SP, IAnI>0.9}
B + CMS Prompt D°, ly 1<1
0.2 ®  v,{SP, IAnl>2} PRL 120 (2018) 202301

.%

o g _ $
:+ ?ﬂiﬁ# & )
o ]
: [__] Syst. from data ]
i B Syst. from B feed-down 7]
_0.1_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII-|_
5 10 15 20 25 30 35 40
P, (GeV/ce)

* positive D mesons v»
* Compatible results measured by CMS and ALICE in Pb-Pb@5.02TeV
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Which is the degree of
thermalization of HQs
in the medium?

Do charm/beauty
flow?

> 0.4l ALICE Preliminary |New 2018 Pb-Pb
- 30-50% Pb-PDb, \/STJN =5.02 TeV
e Prompt D°, D*, D** average, ly|<0.8

v, {SP, IAnI>0.9}
¢+ 1w, lyl<0.5

v, {SP, IAnI>2} JHEP 1809 (2018) 006
- :’"’El ¢ charged particles, Inl<0.8
0.2 v, {SP, IAnI>2} JHEP 07 (2018) 103

# ﬂe#

0.3

S
L ¢
K
0.1+ m ; gF
f '*' ro 9 ) [ﬁ
: % %
O _________________
- [ ] Syst. from data ]
i B Syst. from B feed-down ]
—0.1_IIII|IIII|IIII|IIII|IIII|IIII|IIII|_

P, (GeV/c)

charm v»

= Positive D v» observed at RHIC and LHC
- charm quarks largely thermalize in QGP until hadronization

charged hadrons and c—>e v2

oa 0.25
B ) . _ —
:) - Min. bias Au+Au \! SNN—ZOOGGV PH. ENIX
- —e— e*from charm decay preliminary
0.2~ * — h* PHENIX PRC92.034913
B o °
0.15— e
- o L
B o *
01__ e}
- O +
- °
0.05— ,°® ® f
e
- @
0 ..__ .......................................................................
_0.0s_llllllllllllll[llllllllllllllllllllllllllllllllll

 indication of radial flow?

- Similar vz for charged particles and D mesons for pt> 3GeV/c
- Slightly higher v2 for charged particles than D mesons and c—>e- at low pr
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Talk:

charm v»
Which is the degree of S. Jaelani

thermalization of HQs = Positive D v2 observed at RHIC and LHC M. Rosat

in the medium? . . .
Do charm/beauty - charm quarks largely thermalize in QGP until hadronization

flow?
TAMU transport model
DABMod energy loss model
Phys. Rev. C 98, 044905 (2018) c,b—>p v2 —
~ AR SRR A RRA Rl IYR— charged hadrons and c—>e v2 N A T Recent publication
_ ALICE Preliminar - Qo 0.25 — —— L ° _ ATLAS
0'4: 30-50% Pb-Pb, |5 =y5.02 TeV 1~ @ | Min. bias Au+Au|'s,,=200GeV PHENIX =L 0-10 % 1 VS = 2.76 TeV
i Brompt . D D** V1<0.8 i —e— ¢ from charm decay preliminary 2 1 NN g
- ek msegy ] 027 ——e—— h* PHENIX PRC92.034913 - T Pb+PDb, 0.14 nb
03_ v, {SP, |AT]|>0.9} ] B - 005 - + + — |n| < 2 —
B ¢+ 1w, lyl<0.5 7 - ® | . +
i v, {SP, IAnI>2} JHEP (2018) j 15— o _ $ | _+._ 4
- I, 0 charged?)Zrtiiles, I77I<2)£.380 P EIR e - 015: © ' ° B ++ _+_ . ® DATA
0.2 E#* v,{SP, IAnl>2} JHEP 07 (2018) 103 | - . o N S T [] pABMod b
P : 01 . + - T ‘
011 m ¢} ] E . + 0.1_:::::}:1::}:::}:::}:::}:__:,:::,:::,:::,:::,:::,:_
o . e 0-20 % 20-30 %
: $4— , ; L S T 4 TAMU values for 20-40%
: | ] . l i
o4 ———— ) !
J&" [__] Syst. from data il - 0.05F
i B Syst. from B feed-down N 1 1 [ 1 1 1 1 l 1 i
—0.1_|||||||||||||||||||||||||||||||||||_ -0'05011”0.51Hl1ll111.51ll12“112.51ll131”23.5””411114.511115 ‘@
5 10 15 20 25 30 35 p. [GeV/c] -
P, (GeV/c) O__ '
— . ot L a0 T ae0%
- Similar vz for charged particles and D mesons for pt> 3GeV/c B ++ 4 ! TAMU values for 20-40% .
* Slightly higher v for charged particles than D mesons and c—>e- at low pr |, 052’% ++ +——4 +
* indication of radial flow? l
» centrality dependence: larger v2 in semi-central collisions: of
* V2 Increases going from central to peripheral —> sensitive to the initial -

geometry of the overlap A-A region

Charm is strongly coupled in QGP
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...and beauty v»

Which is the degree of

f‘h?:]mal'zif'on ff HQs = Positive D v» observed at RHIC and LHC
In the medium’ .. . L
Do charm/beauty » charm quarks largely thermalize in QGP until hadronization
flow? - much less known about beauty!
v2 of b—>e, vz of charged hadrons v2 of b—>e, voof b,c—>e Eur. Phys. J. C 78 (2018) 784
o« 0.25 o 0.3 p=——— - . . — — - : -
> L Min. bias Au+Au |'s,,=200GeV prEnx | > F | N | | | | ] = E A R B S
@ -« e from bottom decay oreliminary 025 ALICEoPrellmlnary = 0ok ATLAS recent publication -
02~ o K*PHENIX PRC92.034913 - IZ?—gOBA Pb-Pb ) E - Pb+Pb, |5, =5.02 TeV, 0.42 nb" :
- - e - " Non-prompt JAp, Y| <2, 0 - 60% )
- ’ ¢ 01| PR in1.3<pr<4 GeV/- - ]
O . .
0.1 =8 a1 l c,v2>0with3.50 | - in 9 <pr<11 GeV/c, B
: O ‘ O 0-05 — (:] | ! . 01” V2 >O Wlth 10 N
- ° of ——I—— : - i Z
0.05— .. * ® - Q . — -
B -0.05— — 0.05 —
- .. | f — l f : _m__g_ + :
0:_ ....................................................................... —01:_ - b (_) C) — e’ m - 502 Tev _j : :
- 015~ o bc—e,|5,=276TeV,JHEP 09 (2016) 028 - o ! 1 1 1 o
'0050 — l015l S ‘I‘ S 11151 — 121 S l215l — l3I S l3151 o 141’ - l415l - l5 _0.20: | | 2| | 4 | | 61 | | | é | | | 1‘0 | | 112 | 1:4 10 15 20 25 30
First measurement at RHIC pT [GeV/C] Py (HovIC) pT [GeV.
Talks: First measurement at ALICE
M.Rosati
E. Gauger  beauty v2 measured via electrons from HF hadron decays and non-prompt J/W

M. Spousta

- Smaller v2 for beauty, as expected, but hint of vo>0 at low pr
- compatible v2 for non-prompt and prompt J/W at high pr

C.Terrevoli 15 Open HF review



Which is the degree of
thermalization of HQs
in the medium?

Do charm/beauty

...and beauty v»

= Positive D v2 observed at RHIC and LHC
« charm quarks largely thermalize in QGP until hadronization

flow? - much less known about beauty!
- v2 of b—>e, o v2of b—>e, v20f b,c—>e Eur. Phys. J. C 78 (2018) 784
>"TE Min. bias Au+Au |5, =200GeV E I L L L L I R B B —]
® N _l._l et fl::m:)gttTon decay griélnmﬁrﬁ% 0.25[ - ALICE Preliminary : > 0ok ATLAS recent publication -
02~ e ph* PHENIX PRC92.034913 - f?‘gof;% Pb-Pb > E “F Pb+Pb, |5,y =5.02 TeV, 0.42 nb” ]
i - lyl<O. . i _ e ]
o1sF . o o . 015 ‘ E 0151 Non-prompt JAp, |y| <2, 0 - 60% E
- ’ ¢ 01| Pift e in 1.3 <pr <4 GeV/§ - ]
O . .
01— = 1 * c,v2>0with3.50 - in 9 <pr<11 GeV/c, B
- .o . 0-051K | ! . 0.1r ve >0 with 10 -
S + ok ——I—— - i ]
0.05— .. ! - o ] - 1
- ~0.05/— — 0.05[~ B
- o - E l g [ + ]
O:_ ....................................................................... -01__ - b (_) C) . e, \ITNN - 502 Tev f O:_ _::
i ~0.15[ o b,c—e, |5, =276TeV, JHEP 09 (2016) 028 - 1 1 l e
'0050 S l0151 S JI S 11151 — 121 - 12151 - 131 - 13151 - 141’ - l4’15l - l5 _0.20: | | 2| | 4 | | 6| | | | é | | | 10 | | 1|2 | 1:4 10 15 20 25 30
First measurement at RHIC P [GeV/C] Py (=evic) pT (GeV]
Talks: First measurement at ALICE
M.Rosati
E. Gauger  beauty v2 measured via electrons from HF hadron decays and non-prompt J/W
M. S t .
P - Smaller vz for beauty, as expected, but hint of v2>0 at low pr
- compatible v2 for non-prompt and prompt J/W at high pr
.

Hint of O<vaP<vaoc<voh at low pt? but large uncertainties, different pt explored by b,c—>e,

non-prompt J/W and D mesons

Smaller energy loss—> longer relaxation time —> smaller thermalization for beauty?

Positive v2 from path-length dependence of energy loss?

Beauty participates to the
collective motion in the
medium ? Does it partially
thermalize?

C.Terrevoli
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Raa and vo
Comparison with models

:E 2 [ [ [ T T T New 2018 Pb-Pb ] rc-’DH _I L L L O L DN B |_
- o ALICE Preliminary 1 < 0.4 ALICE Preliminary lyl<0.8 ]
- 0-10% Pb-Pb, |\, = 5.02 TeV 7 A i i
N ’ ] 30-50% Pb-Pb, \/s =5.02 TeV
1.8 Prompt D°, D¥, D** average, lyl<0.5 - é\ - NN i
n _ _- 03_ 0 + «+ ]
1.6 o BAMPS el.+rad. " BAMPS el. — ?,3 i » PromptD", D", D™ average -
1 4;' — POWLANG HTL ***=* PHSD 1 R Syst. from data i
A", i N oy 3 Syst. from B feed-down ]
2: 3 ""f,,% == LBT — - Catania N > 0'2_ . Sy _
b SR N T __|mc@sHasePos2 - A% - POWLANG: EPJC 75,121(2015
N % oo . CEAN i ,121( )
S 1 0 1=4 _ 4 . MC@sHQ+EPOS2: PRC 89 014905 (2014)
Filled markers: pp measured reference :§§- . _%\\‘\\\%\\\\\\\\\ ] LBT: PLB 777 (2018) 255-259
Open markers: pp pT-extrapoIated reference—] _5:3}' : ’e:: ) _@M \\\\\\\\\\\\\\\\\\\\\\\\\\\ LIDO: arXiv:1810.08177
= oﬁfF | ; | -
. - i Djordevic: PRC 92, 024918 (2015
" o _ 1 e T === LIDO - CUJETS3.0: JHEP 03 (2016§ 169)
= < yy - | ----PHSD BAMPS el+rad - e
- U A T 0.4 ~— ' POWLANGHTL BAMPS el - SCET: JHEP 03 (2017) 146
0.2F ««_////// ‘ —J.1r MC@sHQ+EPOS2 DAB-MOD M&T DAB-MOD: PRC 96 (2017) 064903
- T T B | | | | | | T Catania: Eur. Phys. J. C (2018) 78: 348
o I/|||\\‘\’//fx\“ =1 1 1 L 111 L 11 1 L 11 | L 1 1 | L 1 1 | L 11 | |
o1 0 5 10 15 20 25 30 35 . ——————
p_ (GeVic) p. (GeVic) K | ‘Laweoc
(\] 30 _';._ m Banerjee eta/.__,_...-...............--;\M“ .............. R
_ s A Kaczmarek et al. -
= Simultaneous description of Raa and vz is challenging in the whole measured pt range! " - :
= Experimental measurements start to provide constraint to the models for the characterization of : ‘
the charm and beauty interaction with the medium o
=constraints on plasma transport parameters, such as the heavy-quark diffusion coefficient
N
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Event Shape Engineering with D-mesons
Further investigate the dynamics of hg in the medium*

‘Initial-condition fluctuations and event eccentricity: event-by-event variation of the flow coefficients at fixed centrality can be large

TTTTTTT T New 2018 Ph-Pb
- ALICE Preliminary

O
4]

Vo In classes of events

o :
o _
A N N
= 0.4730-50% Pb-Pb, \s,, = 5.02 TeV E _ _
S & ; 7 selected in 30-50% with
2k Bl 1 different initial geometrical
i is‘l.s_ﬂls— ¥ 4 | shape eccentricity
0.1 | | e -
i + i - 1 ‘reduced flow vector’ g-to
0 —] . _
: + - quantify the eccentricity of
01 []Syst. from data -
s Syst. from B feed-down - the event
:?: 3;_}:':}:(:):}+:::+}:::}:::}:::}:::}_; QO%IargeStqZ:
@, 5:_Prompt D", D", D*" average, lyl<0.8 E -
8 25¢ .i. - vz increased
\S, 23— | 0 —f
R Shaale= = 3 . 20% smallest go:
S i * = v2 reduced
S F -
D 0.5 ‘ ,E'E_E‘E_ # == —
O - _ .
S . 2 2018 data improve
5 055+ 507 tae.fvc L2 measurement reported in
S £+ unbiased T 4 JHEP1902 (2019) 150
T4 e 8 10 iz 416
P, (GeV/c)
e U
D-meson vz sensitive to event shape selection confirming a
correlation with the collective expansion of the bulk matter Talk:

S. Jaelani
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Event Shape Engineering with D-mesons

Further investigate the dynamics of hg in the medium

‘Initial-condition fluctuations and event eccentricity: event-by-event variation of the flow coefficients at fixed centrality can be large

- ALICE Preliminary
—30-50% Pb-Pb, |5, = 5.02 TeV

i 1

" New 2018 Pb-Pb

O
4]

V2 in classes of events
selected in 30-50% with
different initial geometrical
shape eccentricity

o
N

v, {SP, IAnI>0.9}
©
w

¥
'

o
\S)

4

0.15— | | e —
- + = - 1 ‘reduced flow vector’ g-to
0 — . . .
: + - quantify the eccentricity of
01 []Syst. from data -
b Syst. from B feed-down - the event
:?: 3;_}:':}:(:):}+:::+}:::}:::}:::}:::}_; Zo%largestqz:
@, 5:_Prompt D", D", D*" average, lyl<0.8 E -
8 25¢ .i. - vz increased
5 2F | I =
R Shaale= = 3 . 20% smallest go:
S i * = v2 reduced
5 -
D 0.5 ‘ ,E'E_E‘E_ % == =
D - _ .
5o . 1 2018 data improve
=+ 20% small- - .
U055 - 0% farge o e L2 measurement reported in
S £+ unbiased T 4 JHEP1902 (2019) 150
T4 e 8 10 iz 416
P, (GeV/c)

D-meson vz sensitive to event shape selection confirming a
correlation with the collective expansion of the bulk matter

T ——

’6?035—_"'|"'|"'|'"|"'|"'|"'|"'I'_--_"'I"'I"'I"'I"'I"'"'"""'|"'|'"|"'|"'|"'|"'|"'|:
K : 20% small-q""/e, F 20% large-q' /¢, unbiased 3
= 030F ? =+ * ° E
o 0.25F = K7 . =
o o I 4 .
"~ 0.20F =+ ,% A —*— B2 =
- E VAR ~ $‘— o .
0.15¢ -+ vy & \_ =
- T et N, q “-'\\ .
u T ,'/ \“z =.c e ’/, “'\ - - 2
: = e e flroee ‘;_.\'?ﬁ—n.—. q: .......... :
5 ey S TTEy T E
= —n—' _:
: ¥ [JSyst. from data ES E
= F Syst. from B feed-down ' ]
- AP = = SPETT APEETS APUETE APETE SPEPEE ETEPEPE SPEPETE ENUEPE I AP APEPET IPEPEPE APEREPE APEPE BT BN T B
3 T e e e T T T e g 10 12 14 16
n - | - p_ (GeV/c)
C T, |
: £ .. l— 3 ALICE Preliminary
: ::ﬂ-kr.ﬂg"ﬁﬁi,*r T._._3 30-50% Pb-Pb, {5, =5.02 TeV
- F -*-..._‘4 -------- Tamami T Prompt D°, D*, D*" average, lyl<0.8
- T —— POWLANG HTL
F ] --- POWLANG IQCD
: = 4 -.-LDO
- . DAB-MOD M&T
O5F — 1 ERE DAB-MOD E,___
-10F E3 4 [1] EPJC 75 (2015) 121
oy sty o by s by e oy e by oy by e by s b e by s s by s by s by by by by oy 1

e b ben b o cbd (9] arXiv:1810.08177; Phys. Rev. € 98, 064901 (2018)

2 4 6 8 10 12 14 1 6
p_(GeVic) [3]Phys. Rev. C 96, 064903 (2017)

6
P, (GeV/c)

Models with different transport parameters (ex. POWLANG HTL and IQCD)
describe large-g2/unbiased in similar way:
* V2 sensitive to initial condition or to underlying bulk processes?

Talk:

S. Jaelani
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Hadron Ges
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I
I C(Oss

Space-time evolution

Hadronization in

F. Prino review
(Wed)

\ ¢

\ca' >~
Che™'”

o

What are the hadronization
mechanisms:
fragmentation in vacuum?
recombination with
thermal partons?

- Recombination at low-intermediate pt of ¢ and b with
light quark in the medium

= Baryon over meson enhancement

c quark * + Strangeness enhancement
; | Strange/non-Strange heavy mesons enhancement
» 10°
v baam diection  © z
nizati
beam beam M
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DS and BS Hadronization in

F. Prino review

(Wed)

Recombination + Strangeness enhancement in the QGP ‘
—> enhancement of strange heavy mesons in AA w.r.t. pp?

_ New 2018 Pb-Pb |

I I L L I L L I L I L I LI

o T 1 T 11 o [ T T T T T _
Q | -eo0-10% Au+Au @ 200 GeV Eu, 0.of ALICE Preliminary yl<0.5
- - —@— 10-40% STAR Preliminary B - . 0-10% Pb-Pb ISy = 5.02 TeV :

0.8} — 0.8[- —
| —— eelpp/ep average : "t = 30-50% Pb-Pb, |sy, =5.02 TeV .
o) - ]
- [ PYTHIA(ver. 6.4) 0-10% - 0.7 ° Pp. (s=5.02TeV =

S - - Eur. Phys. J. C (2019) 79: 388

0.6 Il TAMU(b=7.24fm) 1 10-40%-{ o6F o)
= . - 0-1 O /0 i
— ~ i 0.5 E
R Ef ° : : 4 30-50%
0 4 __— _';_‘ +|..n — 0'4;_ ::'{:: %-jj_ _;
h - i 0.32— | gL —i—_i_ + | —i
02 __ . 02:_ ! 'EE‘-BE- % gyt t <4
e § - =5 .
i i 0.1~ = 3.7% BR uncertainty not shown -
1 ] 1 | I 1 ] 1 1 I 1 | 1 1 I 1 | ] 1 I | | ] | I 1 ] ] 1 I ] 1 | | I 1 | L : i

% 1 2 3 4 5 6 7 8 e —

p_ (GeV/c) 10
- T P (GeV/c)

Ds/D% measured in Au-Au by STAR and in Pb-Pb by ALICE
- Compatible results at low-intermediate pt: Ds/D0~ 0.4

* No evident centrality dependence

- Hint of enhancement w.r.t pp measurements
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DS and BS Hadronization in

F. Prino review

(Wed)

Recombination + Strangeness enhancement in the QGP
—> enhancement of strange heavy mesons in AA w.r.t. pp?

CMS-HIN-17-008

arxiv:1810.03022
New 2018 Pb-Pb | 28 pb + 351 ub™ (PbPb) 5.02 TeV
§2_4_ I I I I I [ | i 2 5
- ALICE Preliminary = "~ 0
O 1 I 1 I I I I I I I I I I I I I 1 I I 1 1 1 I I 1 I 1 1 I 1 1 I 1 l I 1 I I O 1: I ! ! .[ I. J ! I | ! : m 2-2_ o ] | CMS ’ B
Q | -eo0-10% Au+Au @ 200 GeV | Eu, 0.of ALICE Preliminary yl<05 - oF Io‘llg/g Pb-Pb, ysyy =5.02 TeV E lyl < 2.4 Bi
O 0.8/ —8- 10-40% STAR Preliminary -« 0-10% Pb-Pb, Sy = 5.02 TeV - 1 85— Ay E 2 .
"“|L —— eelpplep average . 0'85_ 30-50% Pb-Pb, |s, = 5.02 TeV E Ok D°, D', D** average D . i - | AMU
i - PYTHIA(ver. 6.4) 0-1 O A) N 0.7E o pp, s =5.02 TeV - 1.6 e data + data — - CUJ ET3 O
- TAMU(b—7 24¢ 10-40%. - Eur. Phys. J. C (2019) 79: 388 . - <+« PHSD ces PHSD - 150 '
0.6~ [ ] Loreziin) 1, 1Y~ 0 0.6F- 0-10% - 1.4 7] TAMU )TAMU I
B — N - 0 . 1 2 """ ", — Catania o Catania = :(( B
I ;i o 1 05F _ + E - 1
0.4 —<_SHM : T + 0.45 ——+-- - =g Filled markers: pp measured reference ¥ T - e e -
T o u'"' : - T T «E» 441 . j z/,,é / bz Open markers: pp p_-extrapolated reference_: i ®
h i 0.3:_ i . + __+__ + [ _; 0.8 y . v, %04 ] -
0.2 ol E&Eﬁﬂ}ﬂj ; == o 0.6:.. E 0.5
—— . - . Co v gn? B T
i i 0.1~ = 3.7% BR uncertainty not shown - 0'4: ) //////////////////// 7 + N i
O [ I I [ I | [ T | | [ N I [ N I [ | I [ I I N B | _ O 2__ __ : Cent- 0-1 OOO/O
O 1 2 3 4 5 6 7 8 - [ — I — T C NS _ OlllIllllIlllllllllllllllll
p. (GeV/c) 10 ot ] ] 10 20 30 40 50
T [ (GeV/c) 1 10

P, (GeV/c)

p_ (GeV/c)

Small differences in mass: splitting in their Raa
due to collective flow would be a small effect —>
other causes: recombination?

Ds/D0 measured in Au-Au by STAR and in Pb-Pb by ALICE
» Compatible results at low-intermediate pt: Ds/D0~ 0.4
* No evident centrality dependence

* Hint of enhancement w.r.t pp measurements Hint of Raa(Ds) > Raa(D) and Raa(Bs) > Raa(B)
=
\7\7:;2 Promising measurements
Zampolli with higher statistics!
C.Peng
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Charmed baryon: Nc/DO Hadronization in

F. Prino review
P i
(Wed)

Further
Investigation:
Charmed baryon
hadronization

If recombination is effective: Ac/D® enhanced in AA relative to pp

arXiv:1906.03322 New
PbPb 44 ub”, pp 38 nb™ (5.02 TeV)

New 2018 Pb-Pb

o = - 0.7
0O - ! o | . 0 . . pp N
090 ALICE Preliminary . -CMS Preliminary 1 Data (@) (A+A)
., 0.9¢ n N . — —_—
< F VS =502 TeV, Iyl < 0.5 - 0.6[-lyl <1.0 & PYTHIA8 S (D’+D?)
0.8 — - - +- PYTHIA8 + CR m
: - 5 o05h PbPb — EPJC78 (2018) 348
0.7} —e— 0-10% Pb-Pb E O0.5[ 'm | Data: Cent. 0-100% __ arxiv:1902.08889 -
0.6 Il —=— 30-50% Pb-Pb - of - o
o U op - 90.4_ PP g.))
05E _ | — E S pp vs Pb-Pb —
S - =
0.4F HI H = S — +Ko: di-quark (0-5%)
0.3;— BN —; r E\ = *Greco (0-20%)
0.2F _H_ = ©
: - 3 m
O. 1 :_ Filled markers: pp measured reference _: : \/\c}’
— Open markers: pp pT-extrapoIated reference 7 .
o—r— v v 1. | . WP Y S PR P

2

L !
1o 20 % 6 8 10 12 14 16 18 20
p_ (GeV/c) P, (GeV/c)

P, (GeV/c)

ALICE: hint of larger Ac/D°in Pb- » CMS: similar Ac/D%in Pb-Pb and pp at high pr
Pb w.r.t. to pp for 4 <p1< 6 GeV/c | |- CMS and ALICE agreement in pp and Pb-Pb (slightly
different ptr and centrality ranges)

STAR shows higher value for Ac/D°
~1in Au-Au at low pT(3-6 GeV/c)

Talks:

C. Zampolli
J. Vanék

R. Xiao
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Charmed baryon: Nc/DO Hadronization in

F. Prino review
P i
(Wed)

Further
Investigation:
Charmed baryon
hadronization

If recombination is effective: Ac/D® enhanced in AA relative to pp

arXiv:1906.03322 New
PbPb 44 ub”, pp 38 nb™ (5.02 TeV)

New 2018 Pb-Pb

o 1 [ | I — 0-7
N - - " o (dp) Au+Au @ 200GeV
- ALICE Preliminary E - CMS Preliminary PP o B (AR
+ o YIL . - (%1 Data e STAR Preliminary ——
< F VSyy = 5:02 TeV, lyl <0.5 - 0.6[-lyl <1.0 ~&- PYTHIA8 © (D°+D°)
0.8 ] - - - PYTHIA8 + CR m 10-80%
: - P PbPb — EPJC78 (2018) 348
0.7} —e— 0-10% Pb-Pb E O0.5[ 'm | Data: Cent. 0-100% __ arxiv:1902.08889 -
0.6 —=— 30-50% Pb—Pb = oF 8 1
B —+— pp - Qo. PP (b
= | - N pp vs Pb-Pb
0.5F - =
- I - ~
0-45— || CMS pp, Pb-Pb |- g — *Ko: di-quark (0-5%)
- ] 0 —_ 5
0.3 - EI . g Greco (0-20%)
- _4a7_ ¢ =
0.2 S -
O. 1 :_ Filled markers: pp measured reference _: : \/\c}’
— Open markers: pp pT-extrapoIated reference 7 .
O _ I I I I l I I l n 0 I SR T BE N N A BN AN N A BT SN AN T AN N A T I AT
10 20 GeV/ 4 6 8 10 12 14 16 18 20 10"
p. (GeVic) p, (GeV/c)

P, (GeV/c)

ALICE: hint of larger Ac/D°in Pb- » CMS: similar Ac/D%in Pb-Pb and pp at high pr
Pb w.r.t. to pp for 4 <p1< 6 GeV/c | |- CMS and ALICE agreement in pp and Pb-Pb (slightly
different ptr and centrality ranges)

STAR shows higher value for Ac/D°
~1in Au-Au at low pT(3-6 GeV/c)

Talks:

C. Zampolli
J. Vanék

R. Xiao
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? Charmed baryon: A:./D° Hadronization in

Further - F. Prino review #,

Investigation: If recombination is effective: Ac/D° enhanced in AA relative to pp (Wed)
Charmed baryon

hadronization

arXiv:1906.03322 New
New 2018 Pb-Pb 07 PbPb 44 ub”, pp 38 nb™' (5.02 TeV)
7r N Au+Au @ 200GeV
> 3: L - CMS Preliminary Eg:] Data O S:AR: o ’ (AAA,)
= 0 o ALICE Preliminary ] 0-6:—|y| <10 = PYTHIAS _Es, reliminary (D0+Dﬂ) |
< 25 0-10% Pb-Pb, {5, = 5.02 TeV — ot 4 PYTHIA8 + CR 0 10-80%
- V<05 § V - PbPb — EPJC78 (2018) 348 .
- g 0O 0.5 — [ m Data: Cent. 0-100% _ arXiv:1902.08889 (- .’ b T e
2r ot - of [ O v “Us }
B Caate;lnia, fragm.+coal. i - n N -, R = ~: ‘\s ]
B e hhh Catania, COgL | i VO4: pp pp VS Pb'Pb q') ’/ \?\§§. +
1.5 Lo Stat. Hadr. model, arXiv:1901.09200 — k- 2 - = Ko: three-quark (0-5%) '§§‘
_ - ~ ; -
B e o ] S = *Ko: di-quark (0-5%) x\'\ |
: Open markers: pp PT-extrapoIated reference : H 2\ . Greco (0-200/0) \-
R Ny - ~ | W ©
L : j o o m >
N " R 0111\/1\11 PYTHIA
p, (GeVic) 4 6 8 10 12 14 16 18 20 o te
o (GeV/c)
P, (GeV/c)
: - . " QIMi 0, - I
ALICE: hint of larger A¢/D%in Pb-Pb CMS: similar A./D°in Pb-Pb and pp at high pr , -
w.r.t. to pp for 4 <pr< 6 GeV/c . CMS and.ALICE agreement in PP and Pb-Pb STAR shows higher value for Ac/D0 ~1
(slightly different pt and centrality ranges) in Au-Au at low p1(3-6 GeV/c)
| | _ o How do we interpret higher Ac/DO ratio at RHIC
N\/DVin Pb-Pb consistent with charm quark hadronization Talks: than LHC? Smaller recombination probability
via coalescence and with Stat. Hadr. Model S Pluman] | Jue to different initial spectra shapes?
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Further
Investigation:
Charmed baryon

energy loss
arXiv:1906.03322
PbPb 44/102 ub™”, pp 38 nb™ (5.02 TeV) o -

_IIIIHIIIIIIIH]HIIIIIIIH]IIIIIII]I-HIII“ New ~— | :E - o | New 2018 Pb-Pb .
1.4 CMS Preliminary Ac+ Agc T 1 T 18F ALICE Preliminary —
- lyl<1.0 il i 16 - Pb-Pb, \s,, =5.02 TeV -
1.2 10<p_<20 GeVlc T B "L Prompt A7, lyl <0.5 -
e pp_____| 1 Cent - TAE —— 0-10% B
i uncertainty = T 0-100% - 1.0 —=— 30-50% -
8-_ T N - —4— 0-80%, PLB 793 (2019) 212-223 .
$0.8 cent. 30-100% T ) T -
as i 1 | B _ _
0.6F + T R 0.8 -
i T ] o6 W | |H —
04 [ o 1 . ] B 7]
i Cent. 0-30% 1 o ] 0.4 | % -
0.2 B + 1 - O 2 :_ _:
: : : "~ I Filled markers: pp measured reference ]
i 1 | [~ Open markers: pp pT-extrapoIated reference | B

O1111[1111|111111111]111111111[111111111|1 O ' ' ' ' 1|O ' 50

0O 50 100 150 200 250 300 350 400

<N_.> p_ (GeVic)

» Large Ac suppression observed up to a factor of 5 at high pt both in ALICE and CMS
- compatibility of CMS and ALICE results (slightly different pt and centrality ranges)
 Hint of smaller Raa in semicentral collisions
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Future Physics Goals

The improved measurements are expected to offer new constraints to models

Ia;nk:s:a and help gain further insights into the hot and dense medium created
M. Weber With_the help of improved precision and statistics

Beauty participates to the

Further insights into the energy loss mechanisms collective motion in the medium ?

|

\Sxn = 5.02 TeV op 650 pb' + PbPb Role of binat N had - ation? 3 - ATLAS Projection .
.
1.6:— CMS L f;ha<rg5eod£:$;ogs2 . AE ole OT recompination In haaroniZzation : I>N 01 Pb+Pb., "SNN=2'76 TeV. L.m=10 nb-l’ Inl<2 -
1 4:_Pr0jection (pT > 50 GeV)’ 10 nb'1 h 10:1 | I I | | | I I | I | | I I | | | l I I I | | : - . . 0-100}"'0 centr. .
L [m ] D°(p, <20 GeV),0.2nb" > of ALICE Upgrade simulation E - -~ s« 10-20% centr.
- D’ (p; > 20 GeV), 10 nb” < % Pb-Pb {5 = 5.5 TeV, centrality 0-20% - - 30_40;? .
=k | B, 10nb" 8 [ =10 nb" . - s . /o CENTr. -
_ *  Non-prompt J/yp, 10 nb - " . .- N
7 y - -
|| R et 0.05- - —— -
6 — ", Ko diquark model, Au-Au 200 GeV
VS = 502 TeV 650 pb' + PbPb 10 b : B N v . e =
.sN.N:..l.......Rp.l.p...l...._ 5:_ 3 PYTHIA _: - +‘_._ - * -
CMS 4< p? <20 GeV/c ] - ] ——— .
3.5F Projection 4] < 2 J 4:— el = * .
- _ FD%+jet : o E
C o 3 o - = - - i
[ . & lp; | > 60 GeV/c : n e - O |
- Centrallty 0'1 000/0 f 2 5 I'[]}etl < 1.6 r 2__ "~.L+_]"-.\ ] 5 10 15
O lllll | | | llll“ 1 | lllllll 1 | L1 & 2 -E E ~~~~.~ E vi
1 10 107 a. 3 — E p. [GeV
pT (Gev) % |-°1-5 -: O:l | 1 l | | 1 | I 1 | Il | l 1 1 | 1 l | | | Il I 1 :
a * ] 5 10 15 20 25
Plz 1 ";;'_ """""""""""""" -; pT(GeV/C) >N 0,3_1ll]lllllll[l'l]lrlllrllllllll
(S =5.02 TeV pp 650 b+ PbPb 10 nb’’ 05 E -S4 S L LN B B B B i ALICE Upgrade Simulation .
165 CMS B = | . | . C 18 :_ﬂ» ALICE Upgrade Simulation = 0.25F Pb-Pb V?=5 5TeV, L =10 b -
ok Projection *  Non-prompt Jiy %0102 03 04 05 165  0-10% Pb-Pb, {5 =5.5 TeV, L, =10nb" - - PITNNTE Pt .
T ¢ B 1 4i et e 0-2:_ . D’ from B, 30-50% centr. -
1.21- S D’ . 5 v Jhp(— e'e) from B, 10-40% centr. .
B . I .t .t d .th I = 1.2 9 D: - 0.15 o —
e nvestigate deeper the low pr regime i e o E © B Dix, 20-40% cenr :
B 0 TAMU, D . - e
ool g - Charm and beauty baryons 0.8 /\ % E 0.1 Lo 1 y :
B 7 = = - ‘\‘\ _: N ' = n :
0.6]- ‘ﬁ% e - More differential measurements 0.6EF ¢\ o TTmeses” ] 0.05F IS n
§ [ —_——— = . = mi
[ o e o= aNalNONN . . 0.4 S " = - s i
04F = Precise measurements of the QGP properties| , = E oF £
025 Centrality 0-100% o:-""-'""-"F""-""'-""E S ! | ! | | L
b ] L 0 5 10 15 20 25(339 _0'0501‘121”411161”811110111121“14‘]116
. eV/c
0 Cev) 1 arXiv:1812.06772v2 Py (GEVI) p, (GeV/o)
.

C.Terrevoli 24 Open HF review



Summary and conclusions

*Deep investigation of heavy quark interaction with the hot and dense medium created In
heavy-ion collisions
» from the production to their “journey” into the medium until the formation of heavy-flavour
hadrons

* Interesting new results presented
» improved precision and extended pt range of charm hadrons measurements
- charmed baryons and more beauty hadrons accessible also in Pb-Pb/Au-Au collisions

- Need improved precision and new measurements to fully characterize the QGP and to /
further constrain theory
- all experiments are ready for the precision era of the QGP characterization
« combine results from all the experiments: large phase space coverage (o-, V)
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Collectivity in small system?
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Table 11: Comgamliw: overview ol the models tor Iwa\)_'_-cluark energy loss or transport in the medium described in the Prcvious sections,

MODELS Pb-Pb

J. Phys. G43 no.
9 093002 (2016)

Model Heavy-quark Medium modelling Quark-medium Heavy-quark  Tuning of medium-coupling From:
production interactions hadronisation  (or density) parameter(s)
Djord jevic et al. FONLL Glauber model rad. + coll. energy loss fragmentation Medium temperature
[511-515] no PDF shadowing nuclear overlap finite magnetic mass fixed separately
no fl. dyn. evolution at RHIC and LLHC
WHDG FONLL Glauber model rad. + coll. energy loss fragmentation RHIC
[459,519] no PDF shadowing nuclear overlap (then scaled with ANy, /dn)
no fl. dyn. evolution
Vitev et al. non-zero-mass VENS Glauber model radiative energy loss fragmentation RHIC
1422, 460] no PDF shadowing nuclear overlap in-medium meson dissociation (then scaled with ANy, /dn)
ideal fl. dyn. 1+1d
Bjorken expansion
AdS/CFT (HG) FONLL Glauber model AdS/CFT drag fragmentation RHIC
[624, 625] no PDF shadowing nuclear overlap (then scaled with AN, /dn)
no fl. dyn. evolution
POWLANG POWHEG (NLO) 2+ 1d expansion transport with Langevin eq. fragmentation  assume pQCD (or 1-QCD
[507-509, 585, 586) EPS09 (NLO) with viscous collisional energy loss recombinaton U potential)
PDF shadowing fl. dyn. evolution
MC@ HQ+EPOS2 FONLL 3+ 1d expansion transport with Boltzmann eq.  fragmentation  QGP transport coefficient
[528-530] EPS09 (LO) (EPOS model) rad. + coll. energy loss recombination fixed at LHC, slightly
PDF shadowing adapted for RHIC
BAMPS MC@NILO 3+ 1d expansion transport with Boltzmann eq.  fragmentation RHIC
[537-540] no PDF shadowing parton cascade rad. + coll. energy loss (then scaled with AN, /dn)
TAMU FONLL 2+ 1d expansion transport with Langevin eq. fragmentation assume 1-QCD
[491, 565, 606] EPS09 (NLO) ideal fl. dyn. collisional energy loss recombination U potenual
PDF shadowing diffusion in hadronic phase
UrQMD PYTHIA 3+ 1d expansion transport with Langevin eq. fragmentation assume -QCD
[608-610) no PDF shadowing ideal fl. dyn. collisional energy loss recombination U/ potential
Duke PYTHIA 2+ 1d expansion transport with Langevin eq. fragmentation  QGP transport coefficient
[587, 628) EPS09 (1.O) viscous fl. dyn. rad. + coll. energy loss recombination fixed at RHIC and LHC
PDF shadowing (same value)
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Indication of Raa(D)>Raa(rt) but interpretation not trivial:

- soft-particle production not expected to scale with Ncon with down to

pt=0 (while binary scaling + energy loss could lead to Raa>1 at low pt, if
no shadowing)

- Different impact of shadowing (nPDF)
» Different initial spectra and fragmentation
- Different impact of collisional energy loss, radial flow, modification of

particle-species abundances



v2 and models
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- Compared with theoretical calculations that include a

hydrodynamical model for the QGP expansion
» models that lack this expansion underestimated the

range

- BAMPS-el, POWLANG,
Interaction processes,

. LIDO, MC@sHQ, and PHSD also include
energy loss via gluon radiation.

All calculations, with the exception of BAMPS, include
hadronization via quark recombination, in addition to
iIndependent fragmentation.

include only collisional

All calculations provide a fair description of the Raa



CMS

Other armonics: v3

Higher order flow coefficient —> sensitive probe of the degree of charm- and beauty-quark thermalization.
va shows an incomplete coupling of hqg to the bulk medium as week as the expected mass hierarchy
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