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Why open heavy flavors?

Determine characteristics of QCD matter
during the quark-gluon plasma phase ;
10 fm/c = 102%s F?l

Energy Stopping Hydrodynamic

Initial state Hard Collisions Evolution Hadron Freezeout

Use external penetrating probes?

Sample
£

997 aIf-UdA Jo Asauno)n

Not possible!

— Use auto-generated (hard) probes !
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Why open heavy flavors?

Pictures from http://www.particlezoo.net/

If

&i Charm: .  Beauty:
m ~ 1.5 GeV/c? m ~ 5 GeV/c?

m_, » A ., — hard probes, even at low momentum (# jets)

, QCD

Large mass: can only be produced in hard scattering processes, very early in the
collision history:

h
charm (beauty) formation time . 0.05(0.01)fm/c < QGP thermalization time
c(b)

T T T |
ALICE Preliminary o
pp, Vs=5.02TeV 3

e Production in hadronic collisions described by perturbative QCD
approaches (FONLL, GV-VFNS, etc), affected by very large
uncertainties

Prompt D°, lyl<0.5
—=— ALICE

[ ]FONLL

| 3
e Production in Pb-Pb or p-Pb collisions, mustbe @ s o
considered (e.g. shadowing) :
e

0 5 10 15 20 25 pT ?&ev?g) 3
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Heavy quarks: probes of the QGP

e Heavy quarks produced in initial hard scattering processes, before the thermalized QPG phase
e Flavor is conserved by the strong interaction

Energy Stopping Hydrodynamic <
Hard Collisions Evolution Hadron Freezeout

Initial state

S.Masciocchi@gsi.de Zimanyi School '18, December 4, 2018 4



Heavy quarks: probes of the QGP

e Heavy quarks produced in initial hard scattering processes, before the thermalized QPG phase
e Flavor is conserved by the strong interaction

cquark m m m m = = = = = = = = = —
B e TT
b quark BN BN BN BN BN BN BN BN BN BN BN BN BN —— : %u
- V

Energy Stopping Hydrodynamic g rwa et
Hard Collisions Evolution Hadron Freezeout

Initial state

Heavy flavors experience the full evolution of the deconfined
medium  — QGP properties
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Heavy quarks: probes of the QGP

e Heavy quarks produced in initial hard scattering processes, before the thermalized QPG phase
e Flavor is conserved by the strong interaction

D P K
C quark I N N N N N N N =N N NN ""/:,',',',’:\%
B e

bquark-------------

Energy Stopping Hydrodynamic e R
Hard Collisions Evolution Hadron Freezeout

Initial state

Heavy flavors experience the full evolution of the deconfined
medium  — QGP properties
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Experimental program

RHIC LHC
Brookhaven National Laboratory CEBN

T T

Au-Au Vs, = 200 GeV

p, d, ®*He, Cu, U. Beam Energy o |
Scan (BES): 7.7 ... 200 GeV e Pb-Pbs =276,502TeV,p, Pb
PHENIX, STAR e ALICE, ATLAS, CMS, LHCDb
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Key ingredients

e High center of mass energy — large cc and bb production cross sections!

e Silicon vertex detectors — high spatial resolution
— precise secondary vertex reconstruction
Most of the times: good particle identification

e High statistics — better statistical precision

— access to more probes, more exclusive decay channels, more
differential measurements
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Open heavy flavor hadrons: richness of channels

Full reconstruction of D meson hadronic Semi-leptonic decays (c,b)
decays &

DV - K m* - __d_._-:'_"_::—:;_:,-'::____:-_- : rew. track T &,
D*—=Kn*n* b= ] oo - '
D* —=D°m* %—)"'qmm | ’
D, = K'K* 7* / |

:‘l‘ \ D

M

HF jets
Correlations with HF

Now also exclusive
B meson decays!

Displaced J/\p (from B decays)

u
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Fundamental questions and observables

e Parton energy loss in the QGP

How do the heavy quarks interact with the partons in the QGP?
Via the study of their energy loss in the medium we can learn information about the

strongly interacting matter transport coefficients
e Nuclear modification factor (R,,)

e Thermalization?

Do the heavy quarks thermalize in the medium?
To what degree do they participate to the collective motion?

o Elliptic flow (v,)

How does hadronization happen? Is there a modification in the QGP?
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In-medium parton energy loss

E E-AE
. £

* Energy loss by: ~ "
e Medium-induced gluon radiation +.1E

e (Collisions with medium constituents

e Depends on: Compare
 Colourcharge AE  ~>AE — heavy to light hadrons

luon

e Quark mass AE_> AE_ — charm and beauty

Quantifier: the nuclear modification factor
Yield in AA 1

Rus = LI

Yield in pp N

as function of p_ and centrality

}Ncoll
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Nuclear modification factor

No medium effect — R,, =1

Medium effect — medium “slows” down particles
— R, #1

e (Considering all effects together: the predicted energy loss was

AE =2AE _>AE
gluon g=c b
o Thinking of the spectra modification (R,,), we could expect:
“‘suppression”: m=2D > B
D B
I?AATr = I?AA < I:{AA

consider that other effects contribute, like different production kinematics and fragmentation
of light and heavy quarks

997 BIP-UBA JO Asalnon
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Prompt charm: R,

Strong suppression of charm mesons (increasing with centrality)
Significant energy loss of charm quark in the QGP

DO H K— ﬂ+ §2|2;I T ‘ L | rrrT I FrT 1 IIAll_IllcllEl ‘ ‘ Pt ‘ PrmT | TTTT TTT IE §2.2;\ TTT TTTT | rTTT I TTTT | TTTT | L I T | TTTT TTTT TTT IE
D% s K- 11 @ 2- 0-10% Pb-Pb, (S, = 5.02 TeV E S - V”;ici o Tay =
— AN T 1T o 0.5 ] - TP TONN Z O -
1.8 vi< ] 1.8 Average D°, D', D*", lyl<0.5 E
D** — DOt 1.6 0" 1.6F =
145 O Sy 1 E
- - D* . TE 30-50% ]
1.2 . 1.2 - 60-80% =
1; """"""""""""""" Filled markers: pp rescaled reference = - =
0 8* Open markers: pp P, -extrapolated reference C _Z
0.6 = 60 ! =
E . - g T N
0.4¢ E&f : 0.4 = e —
02:_ ] 02:— EEEI-EH}_E_ Filled markers: pp rescaled reference —:
: B L | | | Open markers: pp P, -extrapolated reference |
0 C |\|||\\|||\|||||||||||||\|||\ L]
10 15 20 25 30 35 40 45 50 % 5 10 15 20 25 30 35 40 45 50

/ p_(GeVic) p_ (GeVic)
Transverse momentum

arXiv: 1804.09083
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Prompt charm: R, and R

Strong suppression of charm mesons ALICE
Significant energy loss of charm quark in the QGP

Theory models including cold

DO K-17* 22T T T T nuclear matter effects only
@© 25 10% Pb-Pb, (5= 5.02 TeV (e.g. shadowing)
D* - K - 1v]<0.5 B
D™ — D°m* 1.61 "D’ 165 - promen D mosone o o6myoon
1.40 . 145
1.2 1.2

T

1

Filled markers: pp rescaled reference
Open markers: pp P, -extrapolated reference

IlllllJIIIJIIIJIlllllltJI|lJI|lII{III{JII

0' 8— 0'8 ¥ Average D°, D*, D™
= o /
~ *" / measured pp reference at Vs = 5.02 TeV
0.6 0.6y
0 41 04:_/ - -+ CGC (Fuji-Watanabe)
=T ) :/ —— FONLL with EPPS16 nPDF
0 2; 0 2i mKang et al.: incoherent multiple scattering
r f ----- Vitev et al.: power corr. + kT broad + CNM Eloss
O‘ _IIII|\\IIIIIIIlIIII‘\\\\‘Illlllllllll
0] 5 10 15 20 25

10 15 20 25 30 35 40 45 50

/ pT (GeV/C)
Transverse momentum

arXiv: 1804.09083
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Prompt charm: R,

Strong suppression of charm mesons

ALICE
Significant energy loss of charm quark in the QGP

<2.2_IIII|I111|IIII|III\‘III[IIII]}\\IIlIIIIlIIII IIII_
CE< C ALICE 7
DO s K-17* 2C 0-10% Pb-Pb, sy, = 5.02 TeV g
1.8F l|<0.5 —
D* - K1t - 0 -
1.6 o Average D", D", D"
D*+ N DO-I-I- r N D; i
1.4 —
1.2 =
1; """"""""""""""" Filled markers: pp rescaled 'ré%é}é}{éé"'l_;
0 8 H Open markers: pp pT-extrapoIated reference
06 § ﬂ :
) C I 7
Abundance of strange quarks in 0. 45 j’ 7 I :
the medium — possible enhanced 0.2 e r
rOdUCtionOfD atIOW ? IIII|I\\\|IIII|III\‘III[|IIII‘\\IIlIIIIII\\\lIIII

P s Pr 00 5 10 15 20 25 30 35 40 45 50

p_ (GeV/c)
arXiv: 1804.09083 T
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Prompt charm: R,

Strong suppression of charm mesons

ALICE
Significant energy loss of charm quark in the QGP
< L
. \n B AL lyl<0.5, 0-80% ]
D% — K1 " ™ p-Pbreference from JHEP 04 (2018) 108 i
Dt K 1T 171t | e Average D°, D', D™, lyl<0.5, 0-10% (arXiv:1804.09083) |
D** — DOTT* 1'5__ 27 D}, lyl<0.5, 0-10% (arXiv:1804.09083) -
i ¢ charged particles, Inl<0.8, 0-10% (arXiv:1802.09145) i
A, — p K f H """"""""""""""""""""""""""""""""""" -
Baryon / meson ratio: ALICE .
- Hf{b Pb-Pb, |s,, = 5.02 TeV -
Ao A 0.5 " .
(5 )popo (5 )pp WA : 0 -
L . C Bt _'ﬁﬂ_—ﬂ— - |
Hadronization mechanism: " 006 i i
'? | | | | | | | | | | | | | | | | | | | | | | | | |

coglesc;ence . 0 10 50 30 20 50
Indication of charm hadron p (GeV/c)

formation in the medium arXiv: 1804.09083, arXiv:1809.10922
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Hadronization %

Ratio of particle spectra: proton-proton ALICE

D*/ D° D_/D° A /D°
S Cc
001_8¥|| TTTTT T HH“H"HH’OD 1_‘|‘|‘|‘|‘|‘|‘| “““"'|-OO 3 LA S N I N N L L L B B L L B B ODS LI L [N L [N N B B B L B B L
L ALICE Prellmlnary lyl<0.5 7 F ALICE Prelimi =k =
~ H . £ reliminar lyl<0.5 - * 0-80% Pb-Pb, |5, = 5. .
n16r - +»0.9F Y d - < « 0-80% Pb-Pb, {34, = 5.02 TeV, lyl<0.5 g 0-80% PO-Fb, Yoy =5.02TeV, Iyi<0.5
r ® pp, Vs=5.02TeV 1 0 F m pp, (s=5.02TeV : B 7 r PN —— Catania, fragm.+coal.
F 4 p-Pb, s, =502TeV E - - . AN
14F p-Pb, sy, =5.02 Te y ] 0.8 ¢ p-Pb, s, =5.02TeV = pp, V5 =7 TeV, lyl<0.5 7 r K . - - - Catania, coal.
C Pb-Pb, | sy= 5.02 TeV, arXiv:1804.09083 ] B Pb-Pb, |/s= 5.02 TeV, arXiv:1804.09083 : L © (JHEP 04 (2018) 108 ] | . .
! r NN : ( (2018) 108) ’ ) Shao-Song, R_ =0.425
1o  ©010% ] 0.7 e 0-10% = S ) "' e
: 30-50% ] = 30-50% : 2~ p-Pb, {5, =5.02 TeV, -0.96<y<0.04 = 2r - R "\~ ~Shao-Song, R_ =1.2 -
L - E - . N \
&+ 60-80% E 0.6E . 60-80% - = (JHEP 04 (2018) 108) 4 -, | _
- - z | | | ’ N '
- — 0.5 : ALICE , ~ % ALICE
0.8? z - - - / NI
— _ / AR
z B | - - NI |_'_|

C ] 0.4- %— _ i
R ? ﬁ% 0.3 ﬂ - - e L] . 1 ~u .
i ﬁf 0. 27 " 7 ‘H‘ — s \ 1

+2.7% BR uncertainty not shown 0'1? +3.7% BR uncertainty not shown B ) E S b

O'5101520253035404550 e R T SN el T RS O S I ST arare s
p_(GeV/c) o (GeVie b I I S S ST R o 2 4 6 8 10 12
T ' P, (GeVic) P, (GeVic)
No modification for Hint of 20 higher ratio in
non-strange D enhancement of Pb-Pb wrt pp and

mesons D_in Pb-Pb (10) p-Pb

Effects can be described by models including (only) coalescence
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Charm and beauty: semi-leptonic decays PHENIX %

Hadrons with charm, hadrons with beauty — @ + X ALICE

R,.,: Pb-Pb / pp

AA Models with hadrons with beauty — e (u) + X
< 2 T T T T T] T T T T T T T 1] and WIthOUt 5_02 TeV

m( 1 8 :_ 0-10%Pb-ﬁ'%h}qfr%:hzszsa;—sxmg _: ShadOWing 2:: 2_5 i T T T T T LI B B B B ]
I TAMU without shadowing 1 o - ALICE Preliminary .
N ———— POWLANG HTL with shadowing ] - i
16 F e POWLANG HTL without shadowing | / - 0-10% Pb-Pb, |s\, =5.02 TeV i
N —— POWLANG Lat.QCD with shadowing ] 2 —
14 = @ s POWLANG Lat.QCD without shadowing B ]
4 ——— MC@sHQ+EPOS2 with shadowing ] - bc—e b(—=c)—e .
L e MC@sHQ+EPOS2 without shadowing 7 |~ ITS+TPC+TOF elD, Iyl <0.8 —#TPC+TOF elD, lyl <0.8 |
1.2 - — = AlCEdat E 1.5 = TPC+EMCal elD, Iyl < 0.6 —
1 j._=, _______________________________________________ H - -
- ] ‘) ALICE ] - i
0.8 —l ;‘# 3 cb—e —: 1jﬂ ..... + .
061 — T — - . 5: ]
- ST 2 g
0.4 - lv<08,p <3GeVic 4] Yl ] - ]
O 2 — ' e ] B ]
= lvl<0S6, ,OT>3GeV/C T 07 . s

0 | I I Lo 1]

1

10
JHEP 1810 (2018) 061 Pr (GeV/O)
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Beauty R, ,

w
)

Jhp w

Non-prompt J/y B
L

Xy

5.02 TeV pp (27.4 pb™") + PbPb (530/368 ub™)

1.6F CMS Supplementary

Beauty
_  Charm - (b =) Jhy
14 30 p+D° + 18<ly|<24
12k *x |lyl<24
< 1| R
X sk (b—)J/y
0.8f _+_ L
0.6F "‘#
0.4 *
- 0 ly| <1
0'2: D Cent. 0-100%
O_III | 1 IIIIIII 1 1 IIIIIII 1 1
1 10 10°
P (GeVl/c)

D°- PLB 782 (2018) 474
JIy - EPJC 77 (2017) 269

Non-prompt D°

b—D° CMS-PAS-HIN-18-010
B+ PRL 119 (2017) 152301

S.Masciocchi@gsi.de
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0.8
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0.2

flight distance

27.4 pb” (5.02 TeV pp) + 530 ub™' (5.02 TeV PbPb)

e D’ from b hadrons lyl<1

|
9]
=
7))

- ¢ Bilyl<24
- = Prompt D’ lyl<1 JAhp from b hadrons:
[ (e Charged hadrons Inl<1 & 1.8<lyl<2.4

Global uncertainty + lyl<2.4

3.
n
s

TAMU
—-PHSD

CUJET
EPOS2+MC@sHQ

B ARARN RRRN N ALY RN AT AARAR RAR
i

Global uncertainty
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N
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Beauty R, ,

Reconstruction of exclusive decay channels

B* — J/y Kf —» u*uK*

28.0 pb™! (pp 5.02 TeV)

600- CMS 10 <p_<15 GeV/c
- B*1+B" lyl < 2.4
«~500F B+B ~Data ’
> f — Fit
= 400 Signal
S - ---- Combinatorial
S 300F B — Jip X

C"52 54 56 58 6

mg (GeV/c?)

1.4

Bi‘

28.0 pb™! (pp 5.02 TeV) + 351 ub™' (PbPb 5.02 TeV)

- CMS . TAMU
™ RAA LTI I Djordjevic
[ correlated syst. uncert. CUJET3.0

Uncorrelated syst. uncert.

AdS/CFT HH D(p)
Global uncert. AdS/CFT HH D=const

IIIIIIII

WL l-J“-

lllllllllllk’lll’]ll/i

P, (GeV/c)

PRL 119 (2017) 152301

Events / (20 MeV/c?)

B — Jiw ¢ — p'pKK

28.0 pb™' (pp 5.02 TeV)

80 CMS -e-Data
[ 0 ;
F15< p, < 50 GeV/c Signal
601yl <2.4 ----Background
50F ¥2/InDOF: 44/45 = 0.97
: Yield = 79:10
401
30F
20F
10,
0 (e N
5 5.2 54 56 5.8 6

2
M ok (GEV/CY)
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Compilation of light, charm and beauty hadrons R, ,

m*, ch
AA

D
A

R

5.02 TeV pp (27.4 pb™") + PbPb (530/404/368 ub™)

1.8 ]
- . . B Beauty
1 6L ALICE Preliminary E 1.6 CMS supplementary =505,
- 0-10% Pb-Pb, \s,,, = 5.02 TeV . C  Light £ (b_)D°
1 '4:_ o Average D°, D*, D*', |y| < 0.5, arXiv:1804.09083 _: 1'4:_ c i (b =)y
129 emt|y|<05 -  Charm A + 18<Jy|<24
C [l = Charged particles, Ji| < 0.8, arXiv:1802.09145 ] 120 @ o0+ *x lyl<24
p R I —
- ] -(b—)D2 .
0'8: ] o 0.8 | +
0.6 — 06: ro-
- ] O I DO
0.4 § — H = 3 ‘
- — — - 0.4 ]
02 \J = : : i< 1
1+ ++ | | | |+ 0'2:_ B* Cent. 0-100%
3%— —E O—III | 1 1 |||||| | 1 1 |||||| | 1
2 5E HHH 3 1 10 10°
gl E p_(GeVic)
= 150 HH_H_ o E
| T — - « Ordering with parton mass ...
- . ... as long as the hadron p_ < mass
0 10 20 30 40 50
p, (GeVic) Further precision will increase significance
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Elliptic flow: v,

e |nitial spatial asymmetry in semi-central
collisions — azimuthal anisotropy of final Reaction!
hadrons plane 3

Out-of-p,Laﬁ‘e

dN N,
o - 2—72 (1 + 2v; cos(p — W1) + 2vs cos[2(p — Ua)| +...)

e Degree of participation of charm to the
collective motion of the medium:
v,> 0 at low p;

e Path length dependence of energy loss:
at high p.
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Prompt D° mesons v, Inclusive J/y v,

CMS: PRL 120 (2018) 102301
ALICE: arXiv:1809.09371

ALICE: PRL 119 (2017) 242301

(2] [ T | LI | LI | LI | LI} I LI | LI I LI I LI | LI I LI} I LI I perr l LI | I I LI I LI I LI I i l L | LI I L I LI I LI l |_
~ - I ]

0.35F ALICE Pb-Pb, \Js =5.02 TeV -+ e PromptD°, D', D* averagelyl<08 - £ 0T 71 T 1 T T 1 T T ]

E NN I v {EP. 17150.9} ] @ F ALICE20-40% Pb-Pb, | sy =5.02 TeV .

0.3 =+ 0wt lyl<0.5, v{2, IAnl>2) 94 & 02F .. Inclusive Jiy -

g T arXiv:1805.04390 ] - o e L 1)

0.25 - e A CMS prompt D’ lyl<t, v{2, Anl>2} 0.15 i glébél ayst: o ]

0.2 C T Dﬁmiﬂzb PRL 120 (2018) 202301 . C E

F T ° ] 0.1F |+| =

= F o B C 3

015 & E3 E - :

F o0 T 1 0.05 =3

o1 |+] + E 3 T B :

i o + x VPRI TCTC PP s E

0.05F - = -

C —*— I . X. Du et al. K. Zhouetal. 25<y <4) ]

o T s ] Inclusive J/y, |y|<0.9 Inclusive J/y w non-collective _7

0 - T ] Inclusive J/y, 25<y <4 Inclusive J/y w/o non-collective -

F [JSyst. from data Centrality 10-30% ¥ Centrality 30-50% 3 o Primordial J/y, 25<y<4 - -~ Primordial J/y .

_0.05 - - -] ] _0.1 c . - . v . v ooy sy T
:l IHISI}I‘?TII :frlolr':-ll Bi IfleleldIdIIO\l.Vlnl L1 I 111 I L1l l L1l I L1l I L1l I I::I 11 I 111 | 1 11 I 111 I L1l I 111 I 111 I 111 ] 111 I 111 I 111 I 111 I I: 0 2 4 6 8 1 0 12

2 4 6 8 10 12 14 16 18 20 22 24 2 4 6 8 10 12 14 16 18 20 22 24 p. (GeVic)

[ (GeV/c) P, (GeVl/c)

Charm quarks participate to the collective expansion of the medium
Degree of thermalization?
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Prompt D° mesons v, in pPb and in PbPb

CMS: PRL 121 (2018) 082301

CMS pPb 8.16TeV CMS PbPb 5.02TeV

0.3F - r 1 r T °r 1 ° °© 1 0.3F T L L L L R R |
" @ D° 185 < NO|'"™ <250 ] i Centrality 30-50%
" oK @ E -1.4$<ycm<0.54 ] - o § g (NZ") = 919) -
020 A ¢ Q -4 = 0.2 8 §' 1<y <1 4
R - Q O ¢ #ﬁ . - m| § eoco % -
P % o ]~ [ Po o 0
g 0.1} B@' D¢ ° 0.1 2" ne o® i
A | - A 0 -
» O @"-{b (% ¢ ' . D. 8 . . 0 . DO ) O .
i 3 # f’ i " o % OKs & E )
= e - - Ho OA ¢ Q -

0.0 NP . L 1 1 0.0 P ] 1 ] ]

0 2 4 6 8 0 2 4 6 g

p. (GeV) p_(GeV)

PbPb: D° mesons have
« Similar v, wrt hadrons with strangeness

« Same meson/baryon mass ordering

pPb: D° mesons have
- Lower v, wrt PbPb

 Similar mass ordering
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First steps towards beauty v,

CMS PbPb \'s,, = 5.02 TeV
_I LI | L | L | L I LI | LI | L | | I_
- _ano. ]
; ~Prompt D°, |y| < 1.0 10-30% - @@
- + Charged particle, n| < 1.0 . TLA
0.2 — EXPERIMENT
- 4B = Nonprompt J/y, 10-60%, 2.76 TeV ] — T ——t—————————— —————
T ® « p,3-6.5GeV, 16<|y|<2.4;p_6.5-30 GeV, |y| <24 >N 0.1+ ATLAS —
0.15—[{#@ E - HF muon Non-promptJ/yp T
- ] i SP method 0-60% :
>C\J 0.1~ N i '+'?' i
. ria,n | 0.05 B +—?— —
0.05] 9] & E—; L ¢ |
- ] - HF muon i
L — - - 10-20% | ]
: z e —————e—,—, -
_005_ 1 N 1 | 1 N 1 N | |
_I 111 | | I | | | | I | .| I I 111 [ | | I 1 1 1 I— 4 6 8 1 O 1 2 1 4
0 5 10 15 20 25 30 35 40
p.. (GeVic) p. [GeV]

Much more statistics needed !
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Data and theory models

Trasport models

Models based on
pQCD energy loss

Models implementing
. charm-quark coalescence

.2r T ] 22T T I T e 2T T T T T T T T T T
§2 2 22 §2
o ALICE 1 of ALICE - ALICE
2 0-10% Pb-Pb, |y = 5.02 TeV E g 0-10% Pb-Pb, |5,y = 5.02 TeV g 2 0-10% Pb-Pb, {5y, = 5.02 TeV E
1.8f v1<0.5 4 18f lyl<0.5 4 18 Iyl<0.5 E
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Simultaneous description of R, and v,
starts to constrain models

Ongoing effort to extract transport

properties from data/model comparison
Rapid reaction task force, July 2016 “Extraction of

heavy-flavor transport coefficients in QCD matter”
Nucl.Phys. A979 (2018) 21-86
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Summary and outlook

e Heavy quarks: excellent probes of hot QCD matter

e Great progress in the last years on the experimental side,
thanks to very precise detectors and high data statistics

e (Ongoing systematic work with theory, towards the
determination of fundamental transport properties of the QGP

e Rapidly moving towards a high precision era:
e |HC Run 2 (stopped yesterday morning!)
e Detector upgrades and then LHC Run 3 and 4
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DO directed flow

STAR Preliminary
@ D° (Tic)
* D’ (ug)

Au+Au \s,=200 GeV, 10-80%
$ p, > 1.5 GeV/c

o
—

Directed flow (v1)
o

v slope from linear fit

|
o
=
|

D° dv/dy =-0.102 + 0.030 (stat.) + 0.021(syst.)
D’ dv/dy =-0.061 + 0.030 (stat.) + 0.023 (syst.)
| |

D’ points shifted along x-axis by 0.04

ﬁﬁ -

—OI.5 0 0.5
Rapidity (y)

—

- TN .
charged particles
- A STAR E
. [ Hydro e D, D(Theory)
o . . . . "

L | L
-2 0 n 2
Chatterjee, Bozek: Phys Rev Lett 120, 192301 (2018)

0.4

0.2

ALICE Preliminary

10-40% Pb-Pb, \Sy, = 5.02 TeV

—f— i

e —f—

$ 3< p, < 6 (GeV/c)

o D0
- @ Not feed-down corrected
Not efficiency and acceptance corrected
1 | 1 | 1 | 1 | | | | | | | | 1 | 1

S.Masciocchi@gsi.de

Zimanyi School '18, December 4, 2018

30



Dense and hot nuclear matter: why?

Determine fundamental properties of

QCD matter at extreme conditions:
high pressure and/or temperature,
gluons and quarks de-confined,
chiral symmetry restored

Describe matter thermodynamic properties and transport properties:

e Bulk viscosity

e Shear viscosity n

e Shear viscosity to entropy ratio n/s

e Heat conductivity

e Drag and diffusion coefficient (heavy quarks)
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Heavy quarks: charm and beauty

Charm:
m ~ 1.5 GeV/c?

Beauty:
m ~ 5 GeV/c?

&

Dominant production diagrams: gluon-gluon fusion, hard scattering

Pictures from http://www.particlezoo.net/

Pair production Gluon splitting Flavor excitation
(LO) (NLO) (NLO)
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Geometry of a Pb-Pb collision

Phys. Rev. Lett. 106, 032301 (2011)
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Central collisions — high number of participants

— high multiplicity T

Peripheral collisions — low number of participants

— low multiplicity

E.g. measure by VZERO scintillators +
reproduced by Glauber model fit
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