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% Heavy Flavour: effective probes of the QGP

ALICE
® Produced in initial hard scattering (high Q?) processes \ tm e f /
® 7., ~0.01-0.1fm/c < QGP formation time (~0.1-1 fm/c) :
» Experience the whole system evolution interacting with the medium _ HadronGas .7,

formed in Pb-Pb collisions C e

In Pb-Pb collisions:

® Study of charm energy-loss mechanism in the medium (o< 1 fmic)
=== Initial stages

z

» Colour-charge and quark-mass dependence
® Participate in the collective motion and thermalisation of the medium o
® Modification of hadronisation mechanism in the medium

» Coalescence mechanism?

» Diquark in medium?
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The ALICE detector

Vo0, ZDC:
Event plane, trigger and
centrality/multiplicity determination

ST A

[
[]/4
s/ |

Data samples used for the analyses discussed:
Pb-Pb collisions:

¥

Time Projection Chamber (TPC)
Time Of Flight detector (TOF):
Vertexing, tracking and PID
In] < 0.9
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% Hadronic decay channel reconstruction
ALICE
D’ =K x* T

D’ K nt BR~3.93% ct~ 123 pm

D*> K n*n? BR ~9.46% ct~ 312 um
D" 5 DK nHmt BR ~ 2.66% -

DS - ¢(KKH)n* BR ~2.27% ct ~ 150 pm
A} - pK? BR ~ 1.58% “

secondary vertex

ox10° . 10° . . . . .
% * ALICE 1 & SEDsKr 1L=1868+2MeV/c® 3
3 07K 0-10% Pb-Pb, [y, = 5.02 TeV E %  5F and charge conj. o =12 MeV/c® E
= ook w \o58. 2 MeVIc? 1 2 4f1<p <2CeVic |JS=14044:1939 3
S Ok btoMevie ] S % E
T 05 S-1d044x1939 o £ % + 3
. . . S oab DO;#'T" ) 4 3 ; + +i
{ and charge con). ! 3
® Decay topology selections and PID used to reduce the combinatorial ;o T
SRR B B N - R BT S 8 2HmTTTE s 7o w7
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— 103 —
baCkg ro u n d S 1af D' K ' n -~ 1871+ 1 MeV/&? 4 i) 70F D Do K u|= 145.6 £ 0.2 MoV c?
> F and charge conj. 6=17+1Mev/c® ] %  60F and charge conj. 6 =0.9+0.2MeV/c®
f 12 8<p <10GeV/c S=1158+89 E 5 sof. 24<p,<36GeVic S=73+17
S I tracted t- I s 1 S
[ IgNnal IS extracted via an invariant-mass analysis s 2
38 ettt _ _ % 8 20f
105

. Feed-down from beauty-hadron decays are SUbtraCted eXplOiting oat TR s Te %2 : 872707450744 0146 0146 0.15 0152 0154
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FONLL calculations with assumptions on feed-down nuclear T I N P ST
S [ 4<p <6GeVic S=161:34 2 b 12<p <16GeVic S=44%9 3

= 250F E - E q

[N o . > F ] o 15F E
modification factor
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[1] Djordjevic, Phys. Rev. C92 (2015) 024918

% D meson R,, in Pb-Pb collisions at \/syy = 5.02 TeV

ALICE

<2_2||||||||||||||||||||||||||||||||||||||||||||||| 2::2.2_""||"'||'|'|lll||||||||||||||'|||||'||||||IIII
c 5 ALICE o o ALICE Pb-Pb0-10%

Improved precision in

Pb-Pb, |5y = 5.02 TeV

1.8 Average D°, D', D*', |y|<0.5 g 18e ;‘:_e“igg_g;’gv’f’”’ y1<05 gl Run-2 with respect to
1.6 = 1,65 = VS =276 TeV, JHEP 03 (2016) 081 el Run-1 measurements
- ¢ 0-10% . Djordjevic 7]
1.4 30509, = 1.4 -5 =5.02 TeV E
1.2F . 60-80% = 1o VoweBTeTeY =
Ao il L I Fillsd markers: pp rescaied reference - Published!
0 8- H + = 60_80% 0.8 Open markers: pp pT-extrapoIated reference A
0.6 : ﬁ 3 0.6 3
C il I ] B 0
0.45 ' 3 — 0-10% o4 S 0-10%
02:_ Filled markers: pp rescaled reference —: 02 _:
C Open markers: pp p_-extrapolated reference | L ]
O_|||||||||||||||||||||||||||||||T||||||||||||||||||_ O_|||||||||||||||||||||||||1|||||||||||||||||||||||_
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

[ (GeV/c) P, (GeV/c)
JHEP 1810 (2018) 174
® Strong suppression of non-strange D meson in Pb-Pb at /syy = 5.02 TeV, increasing with centrality

® Similar suppression between /sy = 2.76 TeV and /syny = 5.02 TeV

» Described by model [1] at two energies -> harder spectra and denser medium counterbalance
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+t m Charged particles, || < 0.8
arXiv:1802.09145

HLICE :((18 """""""""" I LR R LR AR ALY RARLY LAY A" NS LAY RARLS RAARE LA AR RAARE AR
o 1gf AL|CE Prellmmary T eAverage D°, D", D*, |y| < 0.5 T . =
E Pb-Pb, VSN =5.02 TeV ¥ ‘?trxivl1<8%4 .09083 1 ] PUbIlShed!

1.2F F =+

1_ __________ 0-10% .. }_ __________ 30-50% .. I—
0.8 + H TX
0 6:_ xI H == 1 i .‘.”u'u"‘" [ ]
E H I Hﬂ T ]
0.4EA E'E$ -WEﬁE_ﬂi T ] t ALICE preliminary
0-21 WE + T E
3_1:[“'&- e !E;%HHIHHIH!!}!H!!!!HIHHI!H:}!!E;::HI:H:}!:HI::::I::::}:H:l::!:l:::_ Charged-particle: arXiv:1802.09145
S _2sf E E E
€y, i, i :
\<1.5;— = E E: 3
a< Eo_ - _i__ ________ -] ____E_E-_E_ = _________-_"__Eﬂ E i S | PR —
o 051_ # —l—_'—_——-*——- 1 B R “ agh -ﬂ:ﬂ'r+4.__§; .
I TR T R RS R ST RIS - RS TV R T/ R R -
oo ® p. (GeVic) p. (GeV/c) p. (GeV/c) JHEP 1810 (2018) 174

® Similar D-meson, n* and charged-particle Ry, result for pr > 10 GeV/c in 0-10% and 30-50%, compatible results in 60-80% for
pr > 1 GeVl/c
® D-meson Ry, larger than that of charged pions at low p for 0-10% and 30-50% centrality classes
> Not straightforward interpretation: Ny, vs N scaling at low p, different fragmentation and initial spectra shapes, possible

mass and Casimir factor effects, different impact of coalescence and radial flow
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PHSD: Phys. Rev. C93 no. 3, (2016) 034906
TAMU: Phys.Lett. B735 (2014) 445-450

% strange and non- Strange D-meson R Catania: Eur.Phys.J.C (2018) 78:348

ALICE o 1.4p ARERNR RN R RN RN RN R
o ALICE ly|<0.5
<2_2_|||||||||||||||||[||||||||||||||||||||||||||||||_ "'D"’ r e 0-10% Pb-Pb, |s, = 5.02 TeV N
< r ALICE ] 120 7 a050% Pop [Suy = 5.02 TeV
C 2r 0-10% Pb-Pb, |5 = 5.02 TeV e roe 60.80% PP, (5502 oV i
1.8 ¥1<0.5 — E Eur. Phys. J. C77 (2017) no.8, 550 1
- ° D* D* ] 0.81- - -
160 " PHsD. D D E : | |Published!
'1 41_ —TAMU Average D°, D*, D** E 0.6 i
" TAMU, D+ 7] i M ]
ok e E 04" 4@% »—jgb i
e Filled markers: pp rescaled reference i i — ]
O kers: - lated ref B L i
R pen markers: pp p-extrapolated reference . 0.2- ﬁ—@— .
0 8 A DO D" D* _: i +37% BR uncertalnty not shown ]
D, B ° Average LU, U, . Q226 8 10 12 14 28 1\?/ 2)0
0.64; 1. P, (GeVio)
0 4;5 i 1 @ Hint of enhanced D¢ productionin comparlsonto non-strange
n ; f | 7 D mesonsin Pb-Pb collisions. Expected from models
0.2 R E > Effect of coalescence + strangeness enhancement?
O_l 111 I 1111 I | I 1111 | 1111 I [ I 1111 I L1l I L 111 I 1111
0 5 10 15 20 25 30 35 40 45 50
P, (GeV/c)

JHEP 1810 (2018) 174
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PHSD: Phys. Rev. C93 no. 3, (2016) 034906
TAMU: Phys.Lett. B735 (2014) 445-450

% strange and nQn-Strange D-meson RAA Catania: Eur.Phys.J.C (2018) 78:348

ALICE A 1_(|3\/|_||| ]
—~— = ALICE Pb-Pb, sy, =5.02 TeV ly|<0.5 7
:EZ.Z_H|||||||||||||||l||||||||||||||||||||||||||||||_ "'D‘”og? o 10n ]
c 2:_ ALICE ] 0.8 30-50% =
C 0-10% Pb'Pb, V SNN = 5.02 TeV . 0 75_ Cataoni?ov I _E
1 8___ |y|<05 ] . g :0:10"/::38212222222+fragmentation g
i PHSD. A Do D' D . 0.6 gg—gg"jo—coa:escence . ot —
C , Average D, +, *+ 7] - -50% - coalescence + fragmentation :
16;_ PHSD, D; —: 0_5:_ . | = PUbIIShed-
1 4f — TAMU, Average D°, D*, D** E 0.4 H{_ %: - - E
F TAMU, D - 030 W == f E
L ] "~ 1} i 1
1 -2_ Filled markers: pp rescaled reference i 0 2:_ e
Open markers: pp pT-extrapoIated reference ] : ; TrERe ]
1 e ] 0'1;_i3.7% BR uncertainty not shown _;
D 0.8 » Average D', D", D™ E G4 TTE e 10 2 1416 18
0.6 E p. (GeV/c)
0'4;5' i 1 ® Hint of enhanced D production in comparison to non-strange
n AN f | 7 D mesonsin Pb-Pb collisions. Expected from models
0.25 Rhoaea B > Effect of coalescence + strangeness enhancement?

0540 1I52|0 Se a0 8 10 4e 50 ® Ds/D no evidence for centrality dependence within
p_ (GeV/ce) uncertainties
! » Negligible centrality-dependence expected by pure-

JHEP 1810 (2018) 174 coalescence scenario
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INFN =

D-meson V2 Phys. Rev. Lett. 120 (2018) 10L2/301

e 0 oY D% average, <08
ALICE o V,{EP, |An[>0.9}, | S, = 5.02 TeV
o V,{EP, [An[>0}, | 5,y = 2.76 TeV
PRL 111 (2013) 102301

D
—
=
O
m
9}
o
5

T AL B B DAL AL DAL LN NI B 0.4
ALICE 30-50% Pb—Pb, | s, =5.02 TeV ]

# <08 Prompt D° —m
# —+— ] 0.3

.:
—_
T

V{EP, |An|>0
o
Cl’ Mo
|—Eh— ]
| ]
| ]
| -
|
|
|
|
|
|
|
|
| |
o
N

7, |y|<0.5, \Syn =2.76 TeV
0 v,{SP, |An|>0.9}, JHEP 06 (2015) 190

|
o
—_
REEBEREEE
1

IIIIIIIIIIIIIIlIII

_ L o v,{EP, |An|>2}, PLB 719 (2013) 18 D Run 2
0.3_' | | | | | | | | | T
: . ] D Run 1
0ok | Prompt D _: } I $
C 1 D | x
0.1F $ #’ rI—. - - - - - - +r_ 7 n
L $ ] 0 i
O____S%t?oﬁaa__ ___T____— : Syst from data T 30_500/0 Pb Pb _

N 1 E [ Syst. from B feed-down .
:_ - Syst from B feed-down _: Ol v b b b b b b b b by "_ '
B B AR 0 2 4 6 8 10 12 14 16 18 20 22 24 Published!
F : p. (GeVic)
0.2] Prompt D™ | I o . !
: % $ 11l ® Positive D-meson v, in 2 <p; <10 GeV/c
0.1 . &_‘ -

» Charm quark sensitive to medium collective motion

of——A———+— ——= —
_0'1;HiHIIIH{IHiHI{IH{HI}HI{HI{HI}%H{HI{{ ® First measurement o‘I:D-Si- V2

4F o , :
23;_ e OPEs _; » Compatible with that of non-strange D mesons
0.2- j+ o _4°0.D.D"aeage = @ D-meson v, compatible between /sy y = 2.76 TeV and /syy = 5.02 TeV
0.1¢ o ; o ,

| _H__?____E____g ® D-meson v, is similar to that of charged pions

p, (GeVic) ® Hintof larger pionv, at pr <4 GeV/c
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Comparison with models

Eur. Phys. J. C75 no. 3, (2015) 121
MC@sHQ: Phys.Rev. C89 no. 1, (2014) 014905
LBT: Phys. Lett. B777 (2018) 255-259
BAMPS: J. Phys. G42 no. 11, (2015) 115106
PHSD: Phys. Rev. C93 no. 3, (2016) 034906

IR I

1 """""""""""""" Filled markers: pp rescaled reference I

< 2.2__| T LI 1T TT | LI | T 1T TT | 1T 17T | 1T 1T | 1T 1T 1T 1T T T |_ ——
= ALICE E S 0.3
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- ly|<0.5 - s L
- TAMU wiimi LBT E 0 L
TE O e PHSD BAMPS el.+rad. B W 02— §g
1.4 —— POWLANG HTL nm BAMPS el. — N 3
108 MC@sHQ+EPOS2 e Average D°, D", D** = - £
= 0.1 =

1
[ 5\
Zeg

g
\f
l
23
Z%
2
Z
Z

Open markers:

2

pp pT-extrapoIated reference

=

T I 1T | 1T
30-50% Pb-Pb, | 5, = 5.02 TeV

y|<0.8
\\‘\\V/’ Iy,

ALICE
e D’ DY, D* average

(] syst. from data
[ Syst. from B feed-down

Published!

0.4 B T e - S " TAMU ‘ i
) n nn\\\\n\\\\‘\\\\\ - ~::— N \\‘il \ ------ P D i LBT

i e B S s

S II ’:‘III“,I,“‘lHII'WI"’;"IW“'W"”M“"“ R I S S S S ': Cooa v b b b b b v b b by o Ly 17

0 5 10 15 20 25 30 35 40 45 50 0 2 4 6 8 10 12 14 16 18 20 22 24

P, (GeV/c) P, (GeV/c)

® Models in which charm quarks pick up collective flow via recombination or subsequent elastic collisions

in expanding medium better describe both v, and R4, at low pp(LBT, MC@sHQ, PHSD, )

® Improved precision of the measurement can provide important constraints on models and help to extract

information about the medium properties. For models describing reasonably the data

> VZ ->

CLHCP 2018, X.Peng

Diffusion coefficient

1.5 <2xTD,(T) < 7lat T, ->

SR SEESEEREEEERNEEEERENERNEEREREEEEBEREEEEEEEEBEEEEEEEEEEBEEEEEBEAEET

Charm thermalisation time

Tcharm = 3-14 fm/c
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% A{ invariant mass and Ry, in Pb-Pb

ALICE

6 < pr <12 GeV/c 0-80% arXiv:1809.10922

3

Al >I<1I() T T | T T T T | T T T T | T T T T T T T T T T < 2 T T T T | T T T T | T T T T | T T T T | T T T T I
O < L . 3 ]
> | W=2286:£0.003 Gev/c? | T Acblgk?-& 0_82 . JHEP 04 (2018) 108 i
S 157 5-0.014 GeVic?, fixed to MC ] - Prrbrelerencerom (2018) T0¢ .
n _ . ® AverageD, D', D", |y|<0.5, 0-10% (arXiv:1804.09083) _
Q S(+30) = 2299 + 407 15 _

o B N 0 y - 2P Dg, ly|<0.5, 0-10% (arXiv:1804.09083)
> i A > pKS + C.C. | i N _ , |
_g i ALICE 6 < pT <12 GeV/c | i charged patrticles, |17]<0.8, 0—-10% (arXiv:1802.09145) i
& 14 L O, meE
H ALICE .
B H,ﬂj H Pb-Pb, | sy = 5.02 TeV .
’ 0.5— 14/ —
3 ! :‘* B I{II:| E::::‘ I M I H | :
0-80% Pb-Pb, \ s, = 5.02 TeV . .ﬂ-ggﬁ—ﬁ—E“g_ 1
| | | | | | | | | | | | | | | | | | I | | | | | | | | B | | | A | ) | | ) | A | ) | l | | | | l | | A A [ N
22 225 23 235 24 0 10 50 30 40 50

M(ng) (GeV/c?)
® Hint of larger Ry for AL at 0-80% than D meson at 0-10%

> Hierarchy At Rap > DI Rpa > non-strange D-meson Raa > pion Raga

CLHCP 2018, X.Peng
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% A{ invariant mass and Ry, in Pb-Pb

ALICE
0
6 < pr <12 GeV/c 0-80% arXiv:1809.10922
3
0(]) >|<1 IO T T | T T T T | T T T T | T T T T T T T T T T é 2 T T T T ' \I | “I‘ T T | T T T [ I I ! | ' T ' | I
S B - B Catania T
% W =2.286 + 0.003 GeV/c? < i \ ‘ fragm.+coal. in Pb—Pb, |
= 19 5-0.014 GeV/c?, fixed to MC B A U fragm. in pp i
2 | S(+30) = 2299 + 407 1 - — . goal.In PP, —
10 - . 0 - B ‘ ragm.+coal. in pp |
% - Ae — sz +C.C. N - —— fragm.+coal. in Pb—Pb, pp 7
= B ALICE 6 < P, < 12 GeV/c 7 i ", p-Pb reference from JHEP 04 (2018) 108 _|
5o 14 BN Ny njoledby VAAZ28) .. .

\ “\“‘ |
N B
13 < |
I . AZ, lyI<0.5 S 1
[ 0-80% Pb-Pb, | sy, = 5.02 TeV | o a0 Po-Pb. 15, - 502 eV . | -

oo b e b o b by O"""""""'lll

2.2 2.25 2.3 2.35 2.4 0 2 4 6 8 10 12
M(pK?) (GeV/c?) p, (GeVic)

® Qualitatively in agreement with the scenario of fragmentation in pp and
fragmentation+coalescence in Pb-Pb collisions Catania: Eur.Phys.).C (2018) 78:348
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At/D? ratio in Pb-Pb

ALICE

OQ 3 1 I I I 1 I I I 1 I I I 1 I I I I 1 1 I I I 1 I I OD 3 I 1 1 I I 1 1 | I 1 I I 1 I I I 1 I I I 1 I I I 1

3 B 7] X B ° -80% =i = 9. . T
oy . 0-80% Pb-Pb, | 5 = 5.02 TeV, ly|<0.5 L 0-80% Pb=Pb, | Sy = 5.02TeV, ly[<0.5
B T i - —— Catania, fragm.+coal. 7
i o PP Vs= 7 TeV, |y|<0.5 T B - - - Catania, coal. i
- (JHEP 04 (2018) 108) . - / oo Shao-Song, R_ =0.425 ]
2r _ p-Pb, 5= 5.02 TeV, —0.96<y<0.04 — VA A N '\ — — Shao-Song, R_ =1.2 =
: (JHEP 04 (2018) 108) i L= o oM J
/ \ \
i ALICE l T N ALICE 7
- - - / \ -
/ A \ A

- - - / N \\ -
1_ — —

O 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 O 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 1

0 2 4 6 8 10 12 0 2 4 6 8 10 12
P, (GeV/c) [ (GeV/c)

® At/DY ratio measured in Pb-Pb, hint of enhancement w.r.t pp and p-Pb Shao-Song: Phys. Rev. C 97, 064915

+ /10 - _ _ _ Catania: Eur.Phys.J.C (2018) 78:348
® A7/D” results described by model calculations including only coalescence.
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At/DO ratio |n Pb-Pb

ALICE
o 3 1 1 1 I 1 1 1 I 1 1 1 I 1 | 1 I 1 1 1 I 1 1 1 I 1
()
™™ I . | = Ko: three quark (0-5%) i
< « 0-80% Pb—Pb, \Swn = 5.02 TeV, [y|<05 | | - Ko: di-qual’k, (0_50/6) i
- -20%
i pp,1s=7TeV, |y|<0.5 il B Greco (0-20%) STAR Prelimi
L © (JHEP 04 (2018) 108) | | —PYTHIA reliminary ]
2  p-Pb, |5 = 5.02 TeV, -0.96<y<0.04 — o Au+Au, Ysy, =200 GeV_
_ \ Snn
L " (JHEP 04 (2018) 108) 4 i 10-80% 1
I ALICE i - .
= m : , Vs “\ \:\‘\ + 7]
LD ) U ./.4"--~'\'.\. 7
- | . ; - ~ \\;'\\' + _
il L ’ \}“ |
%‘@Bﬁ—ﬁ—i N - [ ““ _
O1111111111111111111]11111 O— I l l E.l
0 ' 4 6 8 10 12 55 35 5 8
P, (GeV/ce) p, [GeV/c]

® A1/DP ratio measured in Pb-Pb, hint of enhancement w.r.t pp and p-Pb

Catania: Eur.Phys.).C (2018) 78:348
® A'/D results described by model calculations including only coalescence.

® AY/D%in6 < pr < 12 GeV/c is similar to STAR measurement in 3-6 GeV/c.
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Summary -
ALICE

® New charmed-baryon measurements:

> AZ/D? in Pb-Pb collisions, hint of enhancement w.r.t pp and p-Pb collisions
® D mesons results in Pb-Pb collisions at \/syy = 5.02 TeV :
> DO D*,D**,DJ Raa: increasing suppression from peripheral to central collisions

» Ratio of D w.r.t non-strange D-meson results: hint of enhancement in Pb-Pb w.r.t pp —
coalescence and strangeness enhancement?
> DY, D*,D**,DI v, : strong coupling of charm quark with the medium

«  First measurement of DI v,

B8 B0 00RERREREEREEREREEEREEREEENEEERERIENEEEREREEEREEREREEREEOREEEEEEREENEEEEEEARNET
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ALICE

BACK UP




% Event Shape Engineering Analysis

ALICE
12

® Event eccentricity quantified by g, which depends on multiplicity & Qti_:DCbE Preliminary
10 \Syy =20z Te

In /<08

and strength of the flow oo emal ™ — 209 argo —;103
(43) ~ 1+ (M - DN} - 82))

® Opportunity to study the charm-quark coupling to the bulk of

light quarks by measuring v, in events with different g, values

a : { T T T | Y.T .Y | T T T T T T | T T T I :
R 0.6F ALICE Preliminary * 60% small-q/"] Centrality (%)
g 0_5; 30-50% Pob-PP, \Sw=5.02TeV = large-q*° —f . o . i )
- ~F PromptD’, D" average , ] ® Significant separation of D-meson v, in events with large and
SJ; 0_4:_ [ syst. data unbiased _;
>c\| 0-3; Syst. B feed-down é sma" qz
3 —— | " .
o2 %EFL 4 » Charm quarks are sensitive to the light-hadron bulk
0 1;— E_—EE— o —;
of + ] collectivity and event-by-event initial condition fluctuations
E Mm.|<0.8 ]
O gl <08 _; ® Auto-correlations between g, and D mesons not removed
_0.27 | I TN IR N N B! 7
2 4 6 8 10 12

p, (GeVic) com pletely
S 8800800000000 EREEESEEEEREREEEENEEEEEREREEEEEEEEEEEREOEEOEEEEEEOOEERAETS




% Af/D? ratio compared with LHCb

ALICE arXiv:1712.09581
I | 1 | | I T T T p -P b LHCb:CERN-LHCb-CONF-2017-005 (2017)

O y4F  Auce .

> . e pp \s=7TeV,|y| <05 i °Q0'6 . . L
< 12F ® p-Pb,|s, =502TeV,-0.96 < y < 0.04 - R | Zib @i zev I
: ] i S<y*<4, i
Published! © LHob S | LHbe 40
O pp,\s=7TeV,2<y <45 ] 04k preliminary i
o ; — E 07 | —— EPS09LO * | A
0.4 . " . | --- EPSO9NLO |
- pERE W . L nCTEQ15 ]
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