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Why heavy quarks as QGP probes?

ALICE

-3
®

Heavy-quark mass (charm and beauty) large
compared to the scales characterising the QGP:

ma >> Nacp and mq >> Tagp . Hadron Gas
~ a\ Y-

Che™= ~

Central region

—

AS conseqguence:

+production restricted to initial hard-scattering processes
production time of cc(bb) pair at rest:
Torod = /4Mep) = 0.1(0.02) fm/c < Taep = 0.1-1 fm/c

: M\*°°
I

C-quark
(o< 1 fm/c)

+Brownian motion in the QGP at low momenta

= access to the spatial diffusion coefficient 2nTDs
+Flavour conserved in strong interactions

= transported through the full system evolution beam beam
+Long relaxation time Tq comparable with the fireball lifetime (~ few fm/c)

= reach partial thermalisation
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Why heavy quarks as QGP probes?

ALICE
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Heavy-quark mass (charm and beauty) large
compared to the scales characterising the QGP:

maq >> Nacpo and mq >> Tagp ) . Hairon Gas
. al\ v~

Che™ = -

Central region

.

As consequence:

+production restricted to initial hard-scattering processes
production time of cc(bb) pair at rest:
Torod = A/4Mep) = 0.1(0.02) fm/c < Taep = 0.1-1 fm/c

N e
|

C-quark
(o< 1 fmlc)

+Brownian motion in the QGP at low momenta b-quark

= access to the spatial diffusion coefficient 2nTDs
+Flavour conserved in strong interactions

= transported through the full system evolution beam beam
+Long relaxation time Tq comparable with the fireball lifetime (~ few fm/c)

= reach partial thermalisation

QGP investigations with HQs:

+In-medium energy-loss: colour-charge and quark-mass dependence
+HQ participation in the collective expansion, thermalisation in the medium
+Modification of the hadronisation mechanisms in the medium
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In-medium energy loss: D-meson nuclear modification factor
ALICE 1 dNaa/dpr Po><P

R — " —- ——————
Al (TAA> dO'pp/de ‘»é’ X Npp
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In-medium energy loss: D-meson nuclear modification factor

1 . dNAA/de . ’-)é’
<TAA> dapp/de - ‘éé’ X Npp

Raa =
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a 2_ ALICE Preliminary _ - Strongl suppressmln of D mesong. In Pb-Pb collisions
18 Pb-Pb,5,=502TeV E = [ncreasing suppression with centrality
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Strong energy loss of charm quar
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ALICE

1
Rap =
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@ 5-  ALICE Preliminary
1 _8f_ Pb—Pb, \s, = 5.02 TeV
, 6: Average D°, D*, D**, lyl<0.5
' B ¢ 0-10%
1.4 30-50%
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1_ ____________________________________________________
0.8 ‘“"; H
0.6
0.4 U !
0.2F- ¢ (
O_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

dNaa /dpT

(Tan) dopp/dpr

5 10 15 20 25 30 35 40 45 50

INFN Grazia Luparello - INFN Trieste

p_ (GeV/c)

Nuclear modification factor
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In-medium energy loss: D-meson nuclear modification factor

P-><9

® >0 x Ny

= Strong suppression of D mesons in Pb-Pb collisions
= |ncreasing suppression with centrality

DO Raa measured down to pt = 0 = pr-integrated Raa
- % ]
1.4 ALICE Preliminary D’ meson  —
F \ (sy=5.02TeV -
e T -
08~ JHEP 12 (2019) 092 ¥ + -~
0.6 —
0.4 —
0.2 —
T .
p-Pb, 0-100% Pb-Pb, 0-10%
-0.96<y<0.04 lyl<0.5

Hint of pr-integrated DO Raa < 1 andr/%’pb =1
. modification of the hadronisation in Pb-Pb collisions? |

6

anc ]
i

\
!
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In-medium energy loss: light vs heavy quarks

ALICE

+Quark-mass and colour-charge dependence studied comparing D mesons and light hadrons

AE(B) — Raa(ch. part) < Raa(D) <Raa(B)
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% In-medium energy loss: light vs heavy quarks

ALICE
+Quark-mass and colour-charge dependence studied comparing D mesons and light hadrons

o
AE(ch. part) > AE(D) > AE(B) — Raa(ch. part) < Raa(D) <Raa(B)

< 2.4_ T | T |. I I o | T | T | o
-~ ALICE Preliminary
0-10% Pb-Pb, s, = 5.02 TeV

+Raa(D) > Raa(mt) for pr < 10 GeV/c

5 E +Comparable Raa for pt > 10 GeV/c
1.8~ *A D%, D', D*, lyl <0.5 & T — , ,
65 .ﬂivelr;gfo_fs a i T i - =|nterpretation not straightforward:
1.6 ) . 08k I- -+ 1 = . C ,
I AR & HuscH i possible mass and Casimir factor effects, shadowing,
L HEP 811 @018y 018 ek e ] interplay between different pr spectra of charm, light
o _ E play pT SP 9
- TR e quarks and gluons, and different fragmentation fractions
______________________________________________________________________ '_
I
II

IIIIIIImIIIIIIII

charged particle
m I A
O_I I IIPiIOII]SII I I I I I I I I I I I I I I I I I I:
0 10 20 30 40 50
p_ (GeV/c)
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In-medium energy loss: charm vs beauty quarks

ALICE .
AE(ch. part) >/AE(D) > AE(B) — Raa(ch. part) < Raa(D) <Raa(B),
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In-medium energy loss: charm vs beauty quarks

ALICE n
AE(ch. part) > AE(D) > AE(B) - Raa(ch. part) < Raa(D) <Raa(B)

@14 ALICE Pre“m'nary— @ , g | ALICE Preliminary -
I Pb-Pb, |8y = 5.02 TeV _ [ 0-10% Pb-Pb, |5 =5.02 TeV :
1.2 o — 1.6 [ 7
- . 0-10%, lyl<0.5 - : ocboe b (o 0) 6
i i 1.4 arXivi1910.09110 [nucl-ex] o In1<08 -
L A R 1 L : e Inl<06 i
i - o 1.2 7
B il * Non-prompt D" | ! ]
0'8:_ +ﬂ *  Prompt D’ _: 1.0 _¢¢¢ _________________________________________ Rl
0.6/ - non-prompt 0.8 - "o oo, T
- D mesons - 0.6 [- 0 g i . _:ﬁ B
0.4 ﬁ — i o) 5 | i -
— | [ ] — 04 B O %r‘\ ¢ é:i_ -
- prompt HJ&\%%L _J:-*J$L_+_ ] 0.0 g = o + E
02- D mesons Mgt F || - 2t |
L | | - OO ] , . . R | . .
|||1 | | | [ 11 Illo | | [ 1 111 1 10
p_(GeVrc) P, (GeV/c)

+Ran (c—D) < Raa (b—D) at intermediate pr
+Hint of Raa (c,b—e) < Raa (b—e) at low pt, compatible at high pt where the beauty decay dominate

= Parton-mass dependence of the energy loss
= Dead cone effect: gluon radiation suppressed for small angles (9<m/E)
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HL 1 CE Charm quark Raa compared with models

+Energy loss via collisional (dominant at low pr1) and radiative (dominant at high pr) processes

Q oL Q diati W < V||||||| | | ||Dmesons|||||||_ :EE 2_' L
raaiarive <C %, .. — — —
! collistonal 7 : 22 ALICE Preliminary 1 @ -~ ALICE 0-10% Pb-Pb, {S. = 5.02 TeV
T _— J - - 0-10% Pb-Pb \/7_ 2 TeV — 1.8 © » VSN = 2 eV —
2 = Ve —PDb, sy =502 Te ] . C,b—e -
gig Q , 8: < Prompt D°, D*, D** average, lyl<0.5 - 165 Bﬁmgg gI'+rad —
= : "~ 2 BAMPS el.+rad. nmn BAMPS el. N - e PHSD ]
— - : , B 3 ] 1 4+ -...- Djordjevic ]
' medium 1.6 — POWLANG HTL =+=:- PHSD ] i --- TAMU -
q q | o \mu:aﬂ_//, -+= LIDO — - Catania n : Wl mrEeE MC@SHQ+EP082 :
1.4 »"0, B} - 1.2 e, — - CUJET 3.0 -
__— Ul TAMU MC@sHQ+EPOS2 - « ALICE data -
1.2 1% - - %, -
e B - N T - 1= B L S
; . . I S o C Ay, W<08.p <3GeVIe [
- Interplay of collisional and 08—+ [ o ppreference - 0.8 | "+ELII ] m<06p,>3Gevio -
| i - O %/ ’%%’%?ééﬂ Open markers: p_-extrapolated - SEREEEE IR R EEE N i N N
| radiative energy loss \ = [[Ehe T u " SHbi—-
) ] ] gy | O6W ////////////////{//////,::;6'%% \ ///__ 0-6._1........-.-- N b _
+ hadronisation via coalescence | .7 34 e - 0.4F y A
and fragmentation, 0.0F" A e s AR 000 E
. 20 BB ] YN _
¥ - N AgiamnAIET TES ] B : ]
- hydrodynamic expansion of the Of il B = of Open markers: pp rescaled reference - -

. 2
medium 1 10 10 1 10

: S p_(GeV/c) p_ (GeVic)

PLB 804 (2020)135377

Only collisional energy loss in: POVWLANG, BAMPS e,

—determination of onset of radiative contributions by deviations from experimental data at a certain pr
Collisional and radiative contributions in: PHSD, MC@sHQ+EPOS2, BAMPS el+rad, Djordjevic, LIDO, Catania
Quark recombination in: , POWLANG, PHSD, MC@sHQ), LIDO, Catania
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Beauty quark energy loss compared with models

©  F ALICE Preliminary Non-prompt D° - 187 T :
1.6 _— 5 05 Ty - C 16 ALICE Preliminary
- -Pb, \s\ = 5. . o 7
: " °7 £ 0-10% Pb-Pb, |5, = 5.02 TeV
1.4— 0-10%, lyl<0.5 — 14 | ]
+ Data e TAMU 0.20% s b(—=c)—e MC@sHQ+EPOS2 -
A\ ~ ]MC@sHQ+EPOS2 i’ i CUJET3 - < L —©-Inl<08 PHSD N
4 LGR _ > —e—In1<06 71 Djordjevic 1
1.0 —X ---------------------------------------------------------------------- - L 7
0.8 1t - 8 E
0.6/ - Pt =
- x 0.4 |
04__ A : ‘~-..+
- - 0.2 + ]
02__ ] OO ; | | [ | . |
:I I I I | I I I I | I I I I | I I I I I I I I: 5 10 15 20 25
5 10 15 20 p. (GeV/e)

pT(GeV/c)

+Theoretical models including collisional and radiative energy loss can describe the data within
uncertainties
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% Azimuthal anisotropies of heavy-flavour particles

ALICE

Elliptic flow (v2):
+low pT: sensitive to the participation of the

+ Initial spatial anisotropy transferred into final anisotropy in
momentum via collective interactions
+ Expressed via the Fourier decomposition of the azimuthal

distribution of particle momenta

3 2 o
E((ii3]1?)[ — 2177 pT(ciip]Tvdy (1 + y:n—l QUTLCOS(H(SO N \Ijn)))

/ !

Flow coefficients nth symmetry plane
vn = (cos(n(p — ¥y)))

Q in the collective motion and thermalisation

+high pr: sensitive to path-length dependence of energy loss

Triangular flow (v3):

+0Originate from event-by-event fluctuations in the initial distributions of participant nucleons in the overlap region
+Sensitive to the ratio fo shear viscosity to the entropy density n/s
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. Elliptic flow of heavy-flavour particles

ALICE
o | | | | | | | | | | | | | | | | | | *DOSVG V2 fOF
> 0.3~ ALICE Pb—Pb \s,, = 5.02 TeV — +Positive v for J/
30-50% ¢ 7, |y < 0.5 | +Positive v for b—e (significance 3.750)

e Prompt D, |y| < 0.8

e Inclusive J/y,2.5<y <4

e Inclusive J/vy, |y| < 0.9
b—e,|y/<0.8

m 1 (1S) 560%,25<y<4

+Y(1S) vo compatible with zero

| | | | | | | | |
2 4 o6 8 10 12 14 16 18
P, (GeV/c)
JHEP 09 (2018) 006 (pions)
arXiv:2005.11131 (D mesons)
arXiv:2005.14518 (J/y)

arXiv:2005.11130 (b—e)
PRL 123 (2019)192301 (Y(1S))
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% Elliptic flow of heavy-flavour particles

ALICE
o | | | | | | | | | | | | | | | | | | *DOSVG V2 fOF
> 0.3~ ALICE Pb—Pb \s,, = 5.02 TeV — +Positive v for J/
30-50% ¢ 7, |y < 0.5 | +Positive v for b—e (significance 3.750)

e Prompt D, |y| < 0.8
e Inclusive J/y,2.5<y <4
e Inclusive J/vy, |y| < 0.9

+Y(1S) vo compatible with zero

b , 0.8 . . . : :
. Y(?Si 5|}_/€|35%, 05<y<d Looking more in details at different pr regions:
B » For pt < 3 GeV/c = mass ordering
0 #, $ v2(Y(1S))svz(b e)~va(J/P) < v2o(D) <va(r)

| | | | | | | | |
2 4 o6 8 10 12 14 16 18
P, (GeV/c)
JHEP 09 (2018) 006 (pions)
arXiv:2005.11131 (D mesons)
arXiv:2005.14518 (J/y)

arXiv:2005.11130 (b—e)
PRL 123 (2019)192301 (Y(1S))
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. Elliptic flow of heavy-flavour particles

ALICE
o | | | | | | | | | | | | | | | | | | *DOSVG V2 fOF
> 0.3~ ALICE Pb—Pb \s,, = 5.02 TeV — +Positive v for J/
30-50% ¢ 7, |y < 0.5 | +Positive v for b—e (significance 3.750)

e Prompt D, |y| < 0.8

e Inclusive J/y,2.5<y <4

e Inclusive J/vy, |y| < 0.9
b—e,|y/<0.8

+Y(1S) vo compatible with zero

m Y(1S)5-60%,2.5<y <4 Looking more in details at different pr regions:
B » For pt < 3 GeV/c = mass ordering
] ?ﬁ, $ v2(Y(1S))sva(b e)~va(J/P) < vo(D) <va(r)
o _
___________ @1@_ » For 3 < pt < 6 GeV/c = charm quark coalescence with

flowing light quarks
- - va(J/ )< vo(D)~v2(r)

| | | | | | | | |

2 4 o6 8 10 12 14 16 18

P, (GeV/c)

JHEP 09 (2018) 006 (pions)
arXiv:2005.11131 (D mesons)
arXiv:2005.14518 (J/p)
arXiv:2005.11130 (b—e)

PRL 123 (2019)192301 (Y(1S))
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Elliptic flow of heavy-flavour particles

ALICE

o | | | | | | | | | | | | | | | | | | *DOSVG V2 fOF
> 0.3~ ALICE Pb—Pb \s,, = 5.02 TeV — +Positive v for J/
30-50% ¢ 7, |y < 0.5 | +Positive v for b—e (significance 3.750)

e Prompt D, |y| < 0.8
e Inclusive J/y,2.5<y <4
e Inclusive J/vy, |y| < 0.9

+Y(1S) vo compatible with zero

b —e,ly|<0.8 _ . . : :
m Y(1S)5-60%,2.5<y <4 Looking more in details at different pr regions:
B » For pt < 3 GeV/c = mass ordering
40 @, $ v2(Y(1S))svz(b e)~va(J/D) < va(D) <va(r)
o _
___________ @1@_ » For 3 < pt < 6 GeV/c = charm quark coalescence with

flowing light quarks
- - va(J/ )< vo(D)~va(r)

| | | | | | | | |
2 4 6 8 10 12 14 16 18 _
p_ (GeV/c) » For pt > 6 GeV/c: = consistent with similar path-length
. ! dependence of the energy loss for light and heavy quarks
JHEP 09 (2018) 006 (pions)

arXiv:2005.11131 (D mesons) va(J/P)~ vz(D)~va(r)
arXiv:2005.14518 (J/y)

arXiv:2005.11130 (b—e)

PRL 123 (2019)192301 (Y(19))
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0.2

0.1

0.0

Triangular flow of heavy-flavour particles

ALICE
0-10% Pb-Pb, \'s,,, = 5.02 TeV
+m* lyl < 0.5

« Prompt D°, D*, D** average lyl < 0.8
=Inclusive J/\p 2.5 <y <4

H

5 10 15 20 25 30 35

p. (GeV/c)

JHEP 09 (2018) 006 (pions)
arXiv:2005.11131 (D mesons)
arXiv:2005.14518 (J/p)

+QOriginate from event-by-event
fluctuations in the initial distributions of
participant nucleons in the overlap
region

- For pt <5 GeV/c: 0 < v3(J/)) ~ v3(D) < vs(n)
=Charm quarks sensitive to initial state fluctuations
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Nibg D-meson v2 and vz in transport models

& ALICE P 1 All models includes:
2:0-20;— Pb—Pb,\/sTN:&fw Lev —— ‘ vtransport of charm quarks in an hydrodynamical expanding
gorst Lot D e vion 7S, | medum
> 0.10f- " Syst. from B feed-down E vcharm-quark energy loss (collisional and/or radiative)
ool vhadronisation via quark coalescence and fragmentation
o.oof,

~0.05C Gentrality 0-10% - Constrain charm spatial diffusion coefficient:

| I
-~ i ' T |
% - s TAMU 1 :
Tc’io.zo— \\\\\\\\\\\\\\\< MC @sHQ+EPOS2 S LBT 3 1.5<2nTDs < 7
< LGR T =emeea=- BAMPS el -
Qg q5f (@i LIDO T e BAMPS el+rad E
L PHSD T DAB-MOD M&T - . .
S j? : for models that describe the data with y2/ndf<?2
g A S J#L REE
0.05 s i ] - - -
: T el =charm thermalisation time: Tcharm =3-14 fm/c
~0.05- B -
1 . ] . . H . ] . .
2 3 4567810 20 30 1 2 3 4567810 20 30
P, (GeV/ce) P, (GeV/ce)
arXiv:2005.11131
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% Conclusions

ALICE
vStrong suppression of heavy-flavour production in central Pb-Pb collisions

=Mass ordering of the Raa observed at low/intermediate pr

=Raa described by several models with different implementation of the charm/beauty-quarks
energy loss (+ hadronisation via coalescence and fragmentation, hydrodynamic expansion of the medium)

vHeavy quarks participate in collective expansion of the system
=Positive D-meson and J/Y vo and v3
=Comparison with models constraints the charm spatial diffusion coefficient and the charm quark
thermalisation time (~ QGP lifetime)
=Positive v2 for electrons from beauty hadron decays: also beauty quarks partially thermalise”
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% Conclusions

ALICE
vStrong suppression of heavy-flavour production in central Pb-Pb collisions

=Mass ordering of the Raa observed at low/intermediate pr

=Raa described by several models with different implementation of the charm/beauty-quarks
energy loss (+ hadronisation via coalescence and fragmentation, hydrodynamic expansion of the medium)

vHeavy quarks participate in collective expansion of the system
=Positive D-meson and J/Y vo and v3
=Comparison with models constraints the charm spatial diffusion coefficient and the charm quark
thermalisation time (~ QGP lifetime)
=Positive v2 for electrons from beauty hadron decays: also beauty quarks partially thermalise”

g2_IIII|IIII|IIII|IIII|IIII| IIIIIIIIIIII ]

Wide ALICE upgrade program for LHC Run 3 and 4: 1.8, ALICE Upgrade Simulation -

| 6lt 0-10% Pb-Pb, {5=5.5 TeV, L, = 10 nb™*

=|nvestigate deeper the low prt regime .k C bomot s K E
=Precise measurements of charm mesons anad 1.25 * Olfrome E
OaryOﬂS 1m v Jiy(o e'e) from B (mid rapidity)
- A _t _t fb _t _ .t O.Sfr A Jiy(= pw) from B (2.5<y<3.6) E
ccess to measurements of beauty-strange i E
mesons and beauty-baryon production and flow . e I S

O.2f— —f
O:""l""l""l'"'l""l"|||I|||||||,:
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ALICE

Back-up slides
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% Creating hot and dense matter in the laboratory

ALICE

- S - s -
—— S Lo —y p—

i Collisions of relativistic heavy nuclei create the  }
§ conditions for the phase transition from ordinary matter
! toastrongly interacting, deconfined medium: §

the Quark-Gluon Plasma (QGP) f

Heat matter
Temperature T [MeV]

Nuclei Net Baryon Density

)

Compress matter
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Nuclear collisions and QGP expansion

ALICE

——

collision

overlap zone

collision evolution
expansion and cooling

particle
detectors
kinetic
freeze-out

distributions and
correlations of

lumpy initial hadronization

energy density

[ ]
1 1) QGP phase

quark and gluon

fluctuations

t ~ 10 fm/c T ~ 105 fm/c

Conditions similar to the Universe ~10 ps

after the Big Bang

Collision overlap zone:
Full overlap -> “central” collisions Q
Non-complete overlap -> “peripheral” collisions C

- Pre-thermal processes
scattering of incoming quarks and gluons

- Thermalisation (t~1 fm/c = 3*10-24 g)
Equilibrium is established

- QGP expansion and cooling (t~10 fm/c)
Described by an almost perfect fluid dynamics

- Hadronisation, Chemical freeze-out
Inelastic interactions cease, particle
abundances frozen

Kinetic freeze-out
Elastic interactions cease, particle dynamics
(spectra) frozen

INFN Grazia Luparello - INFN Trieste
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| ITS: vertexing, tracking, PID | | Muon Spectrometer: |
{ tracking, trigger, plD

{ EMCal: elD, trigger ¢ b s gnsa——

~ Inl<0.7

ALICE layout

ALICE

| TPC: tracking, PID |._
~ Inl<09

(7]

[/
e/ /.,

-1.-'__ _

|

TRD: trigger, elD
In|<0.9

VO, ZDC: trigger and event Characterisation ;

Fully reconstructed D and Ac
hadronic decays

DO = K", Dt = Krt'rt*, D™t = DOt
Dst—= O it =2 KKttt
N =K, A" = Ko® p

= oK, S ontntE, 2ot

HF-tagged jets
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Centrality in AA collisions

ALICE

+ lons are large, R~7 fm, collisions occur with random impact parameter that cannot be directly
measured

+ Higher centrality -> hotter QGP

Impact parameter

Participants

Before collision After collision

+ The impact parameter has to be estimated based

on measured quantities: e.g. Nen , E7, ZDC...

+ Glauber model: connects centrality to a number of
binary collisions (Ncoir) and participants (Npart)

+  Data

Events

10000

VZERO ampl. (a.u.) (
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Ds* Raa

ALICE
i‘l .8:I 1 1T 1T | 1T | L | 1T | 1T | 1T 1T 1 I: * Hint Of IeSS SuppreSSion for Wrt non-strange D
Tl ALICE Preliminary E
T 0-10% Pb-Pb, (s, = 5.02 TeV -
1.4 lyl<0.5 7
1oF . A\Jr/erage D°, DY, D** -
B + Dq _

Filled markers: pp measured reference
Open markers: pp pT-extrapoIated reference

r

0.8]

0.6

0.4

g+

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 5 10 15 20 25 30 35 40 45 50

p_ (GeV/c)

0.2
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ALICE

Event-Shape Engineering

® Events classified on the basis of the eccentricity, according to the magnitude of the second harmonic reduced

flow vector gp

10, |

arXiv:2005.11131

M M

- AU LAARS LELLN LARLN LLLEN LEREN RARRN RRARN LEREE LLLEN LLLLY I 10 g LN LN NN SN -
q2 = \F ’ Qz'x - ECOS 2¢‘ ’ QZ._\' = ESIH 2¢‘ ' 12__ALICE Pb—Pb, VS_NN — 502 Tev__ - 105 -g | | Centrlallty OI—1O°/O I 3
M P i ol (q) 1 3 \510_2 « unbiased =
100 209 small-g 11, 3 |% 722 20% small-q, 3
4‘» .- 20% large-q. 131 ;10_3 N\ 20% large-q,, 3
<—.—> 8- ° — ] 3 :
= 10-4 E
20% smallest g2 20% largest q> 105 -
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= correlation between v2 of D mesons and soft

hadrons
= event-by-event fluctuations in the initial state
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» D-meson vz in ESE-selected
sample in 0-10% and 30-50%
centrality class

» Results point to a positive
correlation between D-meson
v2 and light-hadron vo

» Models based on charm-quark
transport in an hydrodynamically
expanding medium reasonably
describe the g, dependence of

elliptic flow
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