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Physics motivations: Heavy flavours in heavy-ion collisions

M Heavy flavours (HF) produced in the early stage of

the collision, In hard parton scattering processes

M HF production:

Atur < 1/(2mcb) ~
(beauty)

Quark-Gluon Plasma formation time: ~ 0.3 fm/c at
the LHC[1]

0.1 (0.01) fm/c for charm

M HF experience the whole system evolution
M HF interact strongly with the constituents of the
medium and lose part of their energy

—_—

- i Effectlve probes of the Quark-GIun Plasma ?
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Hadron gas ‘.
\ - transition
QGP - Thermalization
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Time evolution of the matter produced in heavy-ion collisions

[1] F. M. Liu, S. X. Liu, Phys. Rev. C 89, 034906 (2014)
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M Nuclear modification factor (Raa):

Heavy-flavour observables in heavy-ion collisions

1] Baier et al. Nucl. Phys. B 483 (1997) 291-320 ALICE

R A (Pr) = <

1 dNAA/de

E. Braaten, M. H. Thoma, Phys. Rev. D 44, no. 9, R2625 (1991)
] Y. L. Dokshitzer and D. E. Kharzeev, Phys. Lett. B 519, 199 (2001)

lhj lw INJ H

TAA> do, /de

Kuznetsova, Rafelski, Eur. Phys. J. C 51 (2007) 113-133

4 S

inelast

udy tr

C processes (g

- elastic scatterings (co

e energy loss occurring via:

Jon radiation) | 1]
isional processes) |2]

[ Colour-charge and quark-mass dependence of energy loss [3]

4 |f hadronisation via coalescence of heavy quarks with quarks from the medium is

an Impor

ant mechanism of charm hadrons formation at low pr

-> Ds* production enhanced largely [4]
02/09/2017
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Heavy-flavour observables in heavy-ion collisions

M Azimuthal anisotropy ALICE

1] S. Batsouli, S. Kelly, M. Gyulassy, J. L. Nagle, Phys. Lett. B 557, 26 (2003)

v 2] M. Gyulassy, I. Vitev, X. N. Wang, Phys. Rev. Lett. 86,2537 (2001)
0 Reaction plane ',

A Study whether heavy quarks participate in the collective expansion dynamics and
thermalise in the medium via the 2" harmonic coefficient v2 (Elliptic flow)

dN N,

d¢ 271'(1+2V1 cos(¢ ‘PRP)+2v2 cosZ(¢—‘PRP)+ )

M vocarries information on medium transport properties:
- thermalisation of heavy quarks in QGP at low pr [1
- path-length dependence of energy loss at high pr [2]
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D-meson reconstruction in ALICE

s

meson M (GeV/c?) ct (um) decay BR (%) | ALICE
M Decay topology via secondary

DO 1.865 123 K-+ 3.93 . .
N+ 1 870 315 Kegtgt 0 46 vertex reconstruction and particle
5 2'010 b o833 Do(K 7300 identification to reduce
*+ — -+ gt . _
| | (K?) = LA combinatorial backgrouna
D+ 1.9608 150 P (K-K+) m+ 2.27
. . - 8
™ Invariant mass analysis S - ALICE Preliminary :
: © - D - Dt 24 < p_<36GeVic -
@ Using FONLL-based method to subtract feed-down from = andcharge con E
o [ 1= (0.1456 + 0.0002) GeV/c? -
b-hadron [2’3] S 50‘_g=(0.96i0.21)MeV/02 -
o 2 - S(36) =70 £ 10
pointing angle B . o 40;
- 1/ © -
_________ 30F
K Dflight line—, _ - -~ -3 \ = \Dreconstructed momentum 205
m " primary yertéx secondary vertex : 100
P14 0123 0146 0149 0152 0155
1] PDG, Chin. Phys. C40 (2016) 100001 Mizr - My (GEVIC?)
2] M. Cacciari, M. Greco, P. Nason, JHEP 9805, 007 (1998)
3] ALICE Collaboration 10.1007/JHEP11(2015)205 % ALICE-PUBLIC-2017-003
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Towards Raa: pp reference

DO cross section in pp collisions at Vs =7 TeV compared to FONLL ) SRR AR R
- B ALICE Preliminary -~ H LIC E

o E S > 105 = Prompt D°, pp, \s =5 TeV =
= L op, 1s=7 TeV - © SR Pt pp, 15 = s
%) 10° I'ﬁfff‘f‘f‘ = O B o | <0.5 1
—~ F | FONLL - O B - —a 5 TeV data 7
> L - o T1F syst. unc. =
o 1 — S = - o 7TeVscaling -
S E = B B — syst. unc. ~
85 r - a5 107 =
o107 = = = -
- - B = _
N ] ol B
107  — N 4
— R = — + 3.5% lumi (7 TeV scaling), + 2.3% lumi (5 TeV data) _
£ 3.5% lumi, £ 1.0% BR uncertainty not shown B — +1.0% BR uncertainty (not shown) _

e e e e e oo v by by by b by

ot E 0 5 10 15 20 25 30 35
= p_(GeV/c)

| P ( AA T
[1] arXiv:1702.00766 ' r,,) do - / dp.,

Larger pr coverage w.r.t. previous analysis

Comparison of extrapolated pp reference from 7 TeV data (with FONLL prediction [1]) with 5.02 TeV (right plot)
pop reference defined by scaling the 7 TeV measurement to 5.02 TeV

FONLL calculations used for the scaling at 7 TeV [1]

Reference extrapolated at high pr (>36 GeV/c for D° and >24 GeV/c for D* and D**) by using the ratio data/
theory

ClEEEE
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D-meson cross section compared with pp scaled reference

Do, D+, D*+ cross section in Pb-Pb collisions at Vsnn = 5.02 TeV in 0-10% centrality class ALICE
/{)\ 10__|||||||||||||||||||||||||||||||||||||||IIIII|IIII__ /G 10__|||||||||||||||||||||||||||||||||||||||||||||||||__ /G 10__IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII__
‘-_> £g  ALICE Preliminary D° meson = "> : ALICE Preliminary D" meson 3 ’_> £ ALICE Preliminary D*" meson 3
8 1 il \' Sy = 5.02 TeV ¥|<0.5 - 8 1 :_! \'Syy = 5.02 TeV y|<0.5 - 8 L \' Sy = 5.02 TeV lyl<0.5 -
~ F ™ ® 0-10% Pb-Pb 1 T [ oo ¢ 0-10% Pb-Pb 1 ~, [ E ¢ 0-10% Pb-Pb -
v10'F " e = pp Vs-scaled reference x <Ty,> 3 V10 gm Bpp Vs-scaled reference x <T,,> - i\? 1077 &° Bpp Vs-scaled reference x <T,,>  —=
_3‘ = -_._._ O pp pT-extrapoIated reference x <TAA>E _3‘ - ;. O pp pT-extrapoIated reference x <TAA>5 _3‘ = .. O pp pT-extrapoIated reference x <TAA>5
=, o | . ol | - i |
Q 10%F = = 4 Q 102 = ° 4 9 102 &°_ =
O = - e 1 O = o0 = L©) = L 3
> - - 1 = n b 1 S - - —= .
< 3L 1 2 48l —— < .3

© 107 E - 5 © 10°E b 5 © 107°f & =
: ¥ : £ - : £ - -
_ = - _ - _ -
107" ' E 107 = . E 107 . q E
- Systematic uncertainties O - - Systematic uncertainties - - Systematic uncertainties = -
_5 :_ Data H _: _5 :_ Data _: _5 :_ Data P - _:
10 = B feed-down Q = 10 S B feed-down = 10 S B feed-down H =
[ +1.0% BR systematic uncertainty not shown i [ +2.5% BR systematic uncertainty not shown i [ +1.3% BR systematic uncertainty not shown * =
1 0—6 — * 5.2% normalization uncertainty on pp reference not shown — 1 0—6 L+ 5.2% normalization uncertainty on pp reference not shown — 1 0—6 = 5.2% normalization uncertainty on pp reference not shown —
E|||||||||||||||||||||||||||||||||||||||||||||||||E EIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE EIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE

0O 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 O 5 10 15 20 25 30 35 40 45 50
p_ (GeV/c) P, (GeV/ce) p_ (GeV/ce)

M pp data from 7 TeV scaled to 5.02 TeV and multiplied by < Taa>
M Large suppression at high pr
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Results: D-meson Raa

< 2_||||||||||||||| |||||||| |||||||||||||||||||||||||_ <L 2_IIII|IIII|IIII| IIIIIIIIIIII |IIII|IIII_ < B
D:< - ALICE Preliminary ’ Q:< - ALICE Prellmlnary ’ 0:< - ALICE Preliminary

1.81 0-10% Pb-Pb, \[sy = 5.02 TeV - 1.81 30-50% Pb-Pb, |5y = 5.02 TeV — 1.8 60-80% Pb-Pb, |Syy = 5.02 TeV —

1.6F y1<0.5 - 1.6 y1<0.5 - 1.6/ 05 S

B 0 ] _ | _ _

1.4 D 1.4 P - 1.45 D* -

A D C . D+ D

1.2 D 1.2- L -

- ] - [ °D . 3 .

13__ """"""""""""""" Filled markers: pp rescaled reference 13__ .- I | L [ | R | } ___________________ H ________________ B

08:— Open markers: pp pT-extrapoIated reference - =TI - 8 5 | 7

i H L% E ) g E

Filled markers : pp rescaled refer —: 0.2 -

B i B | Op|mk |ppp t|p|tdf Ce: O:||||| |||||||||||| NIRRT B NI B ]
"5 10 15 20 25 30 35 40 45 50 "5 10 15 20 25 30 35 40 b5 10 15 20 25 3‘2693\5}/0)40

p_ (GeV/c) p_ (GeV/c) P

EALICE-PUBLIC—2017-OO3

[ DO D+ and D*+ Raa compatible within uncertainties

A Raa peripheral events > Raa central events —» Increasing suppression from
peripheral to central collisions
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Results: D-meson Raa

< 2 LT | FT 1 | FT 1 | T | FT 1 | FT 1 | L | FT 1 | 1T | 1 I_
< _
0T 4 gf ALICE Preliminary E
T Average D°, D*, D**, |y|<0.5 -
1.6+ 0-10% Pb-Pb |s,,, = 5.02 TeV ~

) B ¢ 0-10% Pb-Pb \/ST,N =2.76 TeV, JHEP 03 (2016) 081 |
4 = 30-50% PDb-Pb \/STJN =5.02 TeV -

1 2: = 30-50% Pb-Pb \/STJN =2.76 TeV, JHEP 03 (2016) 081 |

E T 0-10% E

1: | Filled markers: pp rescaled reference Is'ols(;z

— Open markers: pp p_-extrapolated reference —

0.8 i ' ' —
0.6; | 1 =
0.4F" Eﬂmﬂﬂﬂ H : ﬁ =
0.2~ [MEgss : =
O_I [ 1 1 | [ 1 11 | [ 1 11 | [ 1 | | | [ 1 11 | [ 1 11 | [ 1 1 | | [ 1 11 | [ 1 1 | | [ | 1 I_

O 5 10 15 20 25 30 35 40 45 50
p. (GeV/c)
¥ ALICE-PUBLIC-2017-003 |

[ Increasing suppression from peripheral to central events

o
o

D-meson Haa compatible between Run 2 and Run1 data

mproved measurement (precision and pr reach) of

Run1 data

D-meson Haa USINg

ALICE

Run 2 data with respect to

LhVAL:
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Results: Strange and non-strange D-meson Raa

< 2_ ! ! o | ! — < 2_ [ [ 11 | | < [ [ 11 | [
m<1 8:— ALICE Preliminary E D:< - ALICE Prellmmary § Q:<2.5_— ALICE Preliminary _ H LIC E
o 0-10% Pb-Pb, \s,=5.02 TeV - 1 .8:— 30-50% Pb-Pb, \/s=5.02 TeV - i 60-80% Pb-Pb, |s\, =5.02 TeV -
1.6 y1<0.5 - 160 y|<0.5 E I y|<0.5 i
- -+~ PHSD, Average D°, D*, D** - - - 2 - PHSD, Average D’, D*, D**—
1.4 . PHSD, D! 7 1.4 e PHSD Dmesons  — - . PHSD, D! -
- .- TAMU, Average D’ D*, D* T oLemTTell S e PHSD Dy . - -- TAMU, Average D°, D*, D**
1.2 TAMU, D = 1.2F TAMU D mesons ~ — I 1 TAMU, D i
- - : 0 TAMU D: - 1.5 i —
LS I Fid markers: op esoaied efaranes 1 1% --------------- e I i i
:_ 3 R ‘.\:,“ Open markers: pp p_-extrapolated reference _: ;_‘f: . ot i - n _ : a's _+_—-I-— :
0'8; f, o Average D°, D*, D** 0'8:_ et A %"’5“"__..._ ’ Tz L _.__1 -------- R e | e H
L et I jor* 1 ] = S A I PO 2% g S 1 I N
06 N ﬁ& | j@ o : _ RS @;g;@ﬂﬂ%ﬁ%AF :
0.4F i =__ 0.4F - - B R ]
- ] -« Average D°, D*, D* o ey .;.;.:.;.-_-:-:-:;.‘;::.., 5 0'5— e Average D°, D*, D** Tttt T .
- 10240 e B oot a5 st -
O_ ] O_ | 0y | i O R | |
1 1 10 1 10
P (GeV/c) P, (GeV/c) P, (GeV/c)
¥ ALICE-PUBLIC-2017-003 ¥ TAMU: Phys. Lett. B 735, 445-450 (2014)

¥ PHSD: Phys. Rev. C 92,014910 (2015)

M Hint of higher Ds™-meson Raarelative to non-strange D-meson in all centralities

M Expected by models including Ds* formation via coalescence of charm quarks with
strange quarks, abundant in the QGP medium
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Results: D-meson elliptic flow in Pb-Pb collisions

)

s

ALICE

o)

E_ D’ - Kn*

= ALICE Preliminary

o In-plane

e (Qut-of-plane

~_and charge con,;.

L/

Counts / (5 MeV/c?)
N

350
[ Event-plane: estimator of the Reaction plane A
M Event plane measured using VO detector: -

3./7<nN<-1.7U28<n<5.1
g 2<p_<3GeV/c

| Out-of-plane |

I e S — ==

"~ 30-50% Pb-Pb, S = 5.02 TeV

||||||||||||||||||||||||||||||||
Y7518 18 19 195 2

M. (GeV/c?)

A Initial spatial azimuthal anisotropy -> anisotropic pressure
gradients -=> azimuthal anisotropy of the momenta
distribution of the final particles

1 4 N in-plane - N

out-of-plane

v, {EP} =

R, Tt N

in-plane

N

out-of-plane

> 1S the event-plane resolution

A Fourier decomposition of

-> vo, elliptic flow = 2nd o

particle azimuthal distribution

rder harmonic coefficient

13/18
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Results: D-meson V> in mid-central Pb-Pb collisions

>C\l _I I | L | L | L | L | L | IOI I+| | I+I | L | 1T | 11 | L |_
04— D,D,D*average,|y|<0.8 — -6;0_3'"|"'|"'|"'|"'|"'|"'|"'|"'|"'|"'|"'_ HLICE
- ALICE o V,{EP, |An[>0.9}, \S =5.02TeV R | ALICE | 20-50%Pb-P sy =502TeV
B e v,{EP, |An|>0}, \/ST\IN =2.76 TeV ] % 0.2¢ w # yi<b. Prompt D E
0.3 PRL 111 (2013) 102301 — 3 01" B R ;
- O B N E . i » :
N o nt, |y|<0.5,\ sy = 2.76 TeV ~ O; i E
02__ l:l.!;l" O V2{SP, |A1’]|>09}, JHEP 06 (2015) 190__ —0.1_—: | | Y S A I | | | I—
5 | o V,{EP, |An|>2}, PLB 719 (2013) 18 03¢ I -
el - o Prompt D* E
| O —to1— _ 0.2F i
o.w—H ¢ — : EF :
o % _k. i i : 01 {‘E EFEF J%Lf%“ " :
= 1 _ i Al ]
s | - OF Syst. from data B
0 B | o1k Syst. from B feed-down E
B Syst. from data B o B | O_'3__:::}:::}:::}:::}:::}:::}:::}:::}:::}:::}:::}:::}__
B Syst. from B feed-down 30 50 / © Pb Pb ~ i Prompt D** ]
_0_1_II ] | | 1 1 | | I | | 1 1 | 1 1 1 | | 1 1 | 1 1 1 | | I | 1 1 | | 1 1 | I 1 1 | |1 I—|_ 025— il ——O— —E
0 2 4 6 8 10 12 14 16 18 20 22 24 oab 1T IpHL | ;
. P (GGV/C) —0—
€ arXiv:1707.01005 T of ! -
—0-1:—...|...|...|...|...|...|...|...|...|...|...|...|—:
M Non-zero D-meson v, for 2 < pr < 10 GeV/c T
+ : : 0'45_ Prompt D E
M D. -meson v, compatible with all D-meson v, o3t Wl & D; :
- Lo e D° D', D*" average 1
- G + 5
M D-meson v, compatible at ¥snv = 2.76 TeV and 5.02 TeV 0.1F J* e . :
. . . . . Of | ||. -
[ Participation of charm quarks in the collective expansion of the system 02T e 0 T2 4 16 T8 20 22 24
. N p. (GeVi/c)
M Similar results between D-meson v, and 7~ vs & . v 1707 01005
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Results: D-meson Raa and v2 compared to model predictions

<2|||||||||||||||||||||||||||||||||||||||_ 6;. rT 1T [ rrr[rrr[rrrJyrrr[rrr[rrr[Jrrr [ rr [ Tt [T TrTT]
< 7 ALICE Preliminary - s 93 30.50% Pb-Pb. \'s.. —
= - | — () —Pb, \' s, = 5.02 TeV _
T 8F 30-50% Pb-Pb, \[Syy = 5.02 TeV - AL NN ALICE _ ALICE
= 0 EN)N N QS: |y|<08

1.6= « Average D°, D*, D* y1<0. — E i § e D° D', D*" average _
14 e MC@sHQ+EPOS2  — . POWLANG HTL W 0.2 Syst. from data ]
N PHSD CUJET3.0 ’ N B Syst. from B feed-down n
BERGRE Xu,Cao,Bass . — —
1 .2__2 SCETMG NLO """"""" BAMPS e|.+l‘ad. ] | —
1‘ mrim Djordjevic ---- TAMU - B _ |
_________________________________________________________________________ B 0.1— o, ”&\\\\\\\\\\x\ W, —
. e ' A .%\\\\& & /7 - ‘ |
0.8¢ - “"f?"-.fﬁ‘} p; DI
B e B i 5 A P ir P P UL TL T -
O . 6 ._:1::‘ . - . ; “‘. . [ : Z ,’ ]

'11:: I_.l i“ = ". y\\‘m .‘m\:\\\ T o’ 7 O L‘; _ 23
0.4% B - PHSD - ivms LBT -
B N — . POWLANG HTL BAMPS el.+rad. —
0.2 — - Y MC@sHQ+EPOS2 mnnn BAMPS el. .
: : _I L1 | L1 1 | L1 1 | L1 1 | 1 1 1 | L1 1 | L1 1 | 1 1 1 | 1 1 1 | L1 1 | L1 1 | L1 1 |_
O L 1 1 1 | L 1 1 1 | L 1 1 1 | L 1 1 1 | L 1 1 1 | L 1 1 1 | L 1 1 1 | L 1 1 1 O 2 4 6 8 10 12 14 16 18 20 22 24

0 5 10 15 20 25 30 35 40
P (GeV/ce) p. (GeV/c)

= ALICE-PUBLIC-2017-003

m Improved precision with Run 2 data
-> provide important constraints to the models

HF transport models pQCD energy loss based models
¥ TAMU: PLB 735, 445-450 (2014) & BAMPS: JPG 42, 115106 (2015) ¥ Djordevic: PRC 92,024918 (2015)
¥ PHSD: PRC 92, 014910 (2015) ¥ Xu,Cao,Bass: PRC 88, 044907 (2013) ¥ SCET: JHEP 03, 146 (2017)
¥ POWLANG: EPJC 75, 121 (2015) E MC@sHQ+EPOS: PRC 89, 014905 (2014)
E LBT: arXiv:1703.00822 ¥ CUJET: JHEP 02, 169 (2016)
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Event shape engineering for the D-meson v-

M The second-harmonic reduced flow vector g2 can be used to quantify the eccentricity ALICE
(average vo) of the events

‘Qz‘ M :multiplicity
4, = ;
T IM (AN

M M
0, = Zcos 20. , sz,y — Zsin 20.
=1 =1

M Measuring the D-meson v for different g» values gives the opportunity to study the
coupling of ¢ quark to the bulk of light quarks

() =1+ (M - D) {3 +8))
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Event shape engineering for the D-meson v-

O 1 2 ] —— | | | | | | | | | | | | | | | | | | | | | H L IC E
0O | . . § O). E . . E 6 I I ] | E— [T . T | E—
= : ALICE Prehmmary : S 0.6 ALICE Preliminary . 505 <l qTPC 1 8, ALICE Preliminary e
Pb-Pb, | s = 5.02 TeV = [ 30-50% Pb-Pb, |5, = 5.02 TeV 1 & ¢ ° 00%smalq,
10— i 5 0.5 L = 20%large-q)°] 8 - 30-50% Pb-Pb, |/s,,, = 5.02 TeV ] :
B |1"l TPC| < 0. 8 TTTTTTTPTTTT T g 3 ~ Prompt D° D average . % L prompt D°, D" average m 20% Iarge-q2 i
- -?!-.63.().°;o.s.rr.1él.l :]%50._ — — 20% large-q"C = | - 10 07 0.4 [ syst. data " ounbased ~ T [ syst ca -
8—:_._lll=llllllll2ll .:lllllllllll m " = ‘;"\] E Syst. B feed-down E LLJ B |
- 0.3 + ] ? 2__ Cl [l _|
-l $ 1 Z - i
6 10° 0.2 $ :+: 1 5 [0 4 ]
M SEEs chas = == ] S 1__ ...................................................................................................................................... |
01__ _$_ ¢: ] 8 — L =i= -
4 : + i 1 e [T == I :
e —— — 3 @ | —
10 - Inl<08 1w 0F mj<os -
2 —01:_ quPC' <0.8 —: EJ/ E |T] ;PC' <0.8 E
B ? _ S T N A TR RSN A TR SO NN AN NN SR N S S N
025 S e b g T e g 0 12
1 b (GeVic) .~ p, (GeVic)
%O 32 34 36 38 40 42 44 46 48 50 T

Centrality () = D-meson vo related to go:

M Events divided into 2 groups: v2 with large g, > v, with small g

. . M Autocorrelations and non-flow correlations between g, and D-meson v,
¢ 60% events with small g»

M The sensitivity of charm quarks to the light quarks collectivity and

+ 20% events with large q; event-by-event fluctuations in the initial state
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Conclusions

M New measurements for non-strange

ALICE

D-meson and strange D-meson nuclear modification
factor in Pb-Pb collisions at 5.02 TeV for central, mid-central and peripheral events
-> Increasing suppression from peripheral to central collisions

M Hint of Ds* -yield enhancement w.r.t. non-strange D-meson: from hadronisation via

coalescence”

M Significant D-meson flow observed from low to high pr
-> charm quarks sensitive to collective expansion of the systems

4 First measurement of the

st Vo In M
-> strong coupling of charm quarks wi

d-central

Pb-Pb collisions at 5.02 TeV

th the medium

[ D-meson Raa and v. measurements provide together important constraints to models

4 First measurement of event shape engineering for D-meson elliptic flow
-> sensitivity of D-meson to the light-quark collectivity and event-by-event tluctuations in

the Initial state
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Results: D-meson ratios
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M Hint of Ds* abundance compare to other D mesons in Pb-Pb with respect to pp collisions
—fp strangeness enhancement?

M Similar results for

D**/

DY and D*/DY in pp and Pb-Pb collisions
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