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Heavy quarks in heavy-ion collisions

Heavy quarks: m c¢/b >> Aqcp
Produced early through hard scatterings
Allow first principle QCD calculations

Experience the whole evolution of the
system

Interact with the medium
differently from light quarks.

Good probe of medium properties,
transport parameters

Collisional vs radiative energy loss.

Expected mass hierarchy of energy loss:

AEg > AEu,d > AEc > AEb

Sensitive to hadronization process _
inthe QGP €

Fragmentation vs coalescence
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Precision measurements, described by FONLL/NRQCD

calculations

Larger uncertainties on the theory side
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Common experimental observables
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Nuclear modification factor proton-proton co W/
2ag . « N Raa > 1 (enhancement) quark
Ran(pr.y) = I d°Naa/dprd) _ "QCD Medium _{ Ros = 1 (no medium effect) o / .
r - '::Tf"'n’t:’ LIz':Tpp..-"'l'il.I"'Td,'l' “QCD Vacuum” Raa < 1 (suppression)

quark

Hard probes production expected to scale with number of binary nucleon-
nucleon collision

lead-lead collision

Modified production due to presence of nuclear matter (hot or cold)

Azimuthal anisotropy: v,

Initial special asymmetry + interactions (pressure) =>final momentum anisotropy

Y

after the collisons

Probe of thermalization and collectivity at low p+
Path-length dependence of energy loss at high p;
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HF in small systems: p(d)-A

Probe “calibration” for A-A collisions

Cold nuclear matter effects on heavy fla
production
Initial state:
Modification of nuclear PDF
gluon saturation,
Multiple scattering, initial parton energy loss
Final state effects
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D meson production in p-Pb

mid-ra pldlty ALICE-PUBLIC-2017-008
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At mid-rapidity
Rpa=1 at high-p; within uncertainties
Described by modes including cold nuclear-matter effects
Transport models with QGP are disfavored



D meson production in p-A

Rapidity and p; dependence - accessing CNM effects

Backward rapidity:
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D meson production in p-A

Rapidity and p; dependence - accessing CNM effects

Backward rapidity:
RpPb consistent with unity
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Beauty production in p-Pb
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uncertainties
no modification of production

described by theoretical calculations with CNM effects



Beauty production in p-Pb

Direct reconstruction of B*, B°, A’ at LHCb

Phys. Rev. D 99, 052011 (2019)
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Collectivity in p-A?

0-20% d+Au collisions
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First measurement of v2(c,b -> p £) at RHIC
HF flows in central dAu collisions
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Collectivity in p-A?

0-20% d+Au collisions

0-20% p+Pb collisions
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Collectivity in p-A?

0-20% p+Pb collisions
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Significant v2 for ¢,b -> leptons observed in small systems for high
multiplicity collisions at RHIC as well as at LHC



Collectivity in p-A?

Significant v2 for ¢,b -> leptons and D mesons observed in small systems for high
multiplicity collisions at RHIC as well as at LHC
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Charm hadronization in pPb

Study baryon production mechanism — CNM baseline for A+A collisions

mid-rapidity
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Underestimated by models
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Charm hadronization in pPb

Study baryon production mechanism — CNM baseline for A+A collisions

mid-rapidity

ALD°
T
|

ALICE Preliminary
L ® pp, {s=5.02TeV, |y| <0.5
0.8 ® pp,{s=7TeV, |y|<0.5(JHEP 04 (2018) 108)
= p-Pb, |s,, =5.02TeV, -0.96 < y < 0.04

0.6 LHCb o
o pp,Vs=7TeV,2<y <45 -
(Nucl.Phys. B871 (2013) 1-20) .

0.4
0.2 E—*Wﬂ*%¢ " _

0 I T B B
5 10 15 20 25
pp@7TeV: JHEP 04 (2018) 108 p_ (GeV/c)

Ac/D° (and =¢/D°) at mid-rapidity
Higher then expectation from e+e-
Consistent between p+p and p+Pb
Underestimated by models
Forward/backward rapidity
Slightly lower compared to mid-rapidity
Hint of decrease with-p;
consistent with nPDF models

QC'.‘; 0.6 T I | ' ' ' I
2 [ LHOb _ 1 g9om
» pPb s (=5 TeV | SSs
i 2.5 < y* <40 EE 3
04} A 35%
_B}_ B 22
I 45
oo
| (IR EE
02 ___ epsosLo 1 553
------- EPS09NLO Be T
- nCTEQ15 ® &~
|, e forward B
) A SR SN =
2 4 6 8 10 53
JHEP 02 (2019) 102 p [GeVic] &g
% 06 | —— .
;” LHCb pPb 5, =5 TeV .
i 40<y*<-25 |
0.4 IH H:I ﬁ -
0.2 EPS09LO ]
i .. EPS09NLO 7
[ e backward -
- —4— data .
{} i L L | | i L L | I i L
2 4 6 3 10

p, [GeVie] 16



Heavy flavour in A+A collisions




RHIC: D-meson suppression
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PRC 99 (2019) 034508 Less than unity for all p; in 0-10% central collisions

Similar suppression observed for charged D mesons
18



Ry (c >e,b > g)

RHIC: Bottom suppression

£0-10% AusAu, {/s,,=200 GeV
- Data 2004+2014, [y|<0.35

F —¢c —e

4 c+b — e (Phys Rev.C 84,044905)

+p from e-h correlations

b_e hys.Rev.Lett 105,202301

T -
PH-:ENIX :
preliminary —

<
<

0.2

L 0-80%

S Ranasmans
L AutAu |5y, =200 GeV

O inclusive D’

DUKE : B-JAy

FONLL B=JAy
Ll

uncertainty
I

BRI R R e s
STAR Preliminary |

@ B-J/y (0-80%/FONLL) |

| = pp uncertainty

AutAu 5y, =200 GeV

0-10% .
O @ inclusive D
o DUKE : B—D’
@ * ----- DUKE : prompt o

STAR Preliminary |
@ B-D’ (0-20%/FONLL)

AutAu |5y, = 200 GeV
. 0-80%

FONLL B—D" uncertainty
el i b

Bbse L
Ry, — uncertainty

L06%20 ‘26 O "AoY "sAud :3MNA

1

2

3 4

PHENIX - non-photonic electrons (NPE)

smaller R, (b->e) and Ry, (c->e) v at low p+ in central Au-Au collisions

1 2 3 4m5””6 7HH8HH

Transverse Momentum (GeV/c)

STAR bottom measurements through non-prompt D, J/psi, NPE
Suppression observed in B->J/ and D°

B->e is less suppressed than D->e (20 effect)

Consistent with mass-hierarchy of energy loss

\ T
1 2 3 4

(9T02) 9.7-€L¥ ‘956 V "SAud ‘19NN "sAud
T0€2PT (PT02) €TT ‘1971 'AdY 'SAud
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Charm suppression at LHC

Phys. Lett. B 782 (2018) 474 JHEP10(2018)174
27.4 pb™ (5.02 TeV pp) + 530 ub™ (5.02 TeV PbPb) A S A AR AR ARAAS R Shats bk AN s NNV MR A Mk atate isasiads e
[ CER, oy 6f ALICE 3 o Average D', D',D*,|y|<05 } E
1.6 CMS s CD:infdj(]quDn'.al. | Pb-Pb, |5, = 5.02 TeV § = Charged particles, || < 0.8 ]
b D° + D° CT View ot ol (g=1.6-2.0) :;“ 1 arXiw:1802.09145 ¥ E
. — Cao et al -
5 J— PHUED':'.-'sradow ng ’ 0-10%
1 2__ wearenn PHSD wio shadowing -
I T, @nd lumi. AdS/CFT HH D = const E
fpruncertainty === ASCFTHEDG) | ol
: b

0.6F

0.4f

- - <1
oot vl

. Cent. 0-10%
D_ 1 1 1 1 1 III| 1 L 1 1 1 1 l
1 10 107 '
p, (GeVic) T B R R Iy~ R S T/ |- RS TR IR STV R R VRS
P, (GeV/c) P, (GeV/c) P, (GeV/e)

Significant charm suppression in Pb+Pb up to p; of 5o GeV
Hint of smaller suppression at low-p; compared to light-flavor
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1.6

1.4f

0.8f
0.6:
0.4f
0.2}

1.2F

Charm suppression at LHC

Phys. Lett. B 782 (2018) 474
27.4 pb™(5.02 TeV pp) + 530 ub™ (5.02 TeV PbPb)
CE Ry,

Djordjevic at al.

HrH CUJET 3.0
[ Vitew et al. (g=1
—— Caoetal
= PHSD w/ shadowing

--- PHSD w/o shadowing
AdS/ICFT HAR D = const
ADSICFT HH Dip)

~ CMS
- Dﬂ + Dl]

9-2.0)

- T, dnd lumi.
bp-uncertainty =

=yl <1
Cent. 0-10%

10°
P, (GeV/c)

JHEP10(2018)174
§2_2:r|r'|r|r|[|r|r]r|r|[lr|r]r||||||||]|||r|1|r|]|r|:
Ay oF ALICE Pb-Pb 0-10% .
1_82— *+ |5y =5.02 TeV —f
'_ Sun = 2.76 TeV, JHEP 03 (2016) 081 _‘
1.6 Dijordjevic 7
1.4F - (5,=5.02TeV 3
1 2: [5e=2.76 TeV 3

Hin 7 Fiiled markers: pp rescaled reference”
| Open markers: pp pT-ext'a.polated reference

; B

gt E
_III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII:

5 10 15 20 25 30 35 40 45 50
p, (GeV/c)

TTTT[TTT[TTT
i I I

[TTT r'll'hh,*dnl-':‘ill. T 1T 1T 1T

IlII]lIIIIIIII'|III'I|II'II'|I'III|'IIII'|I[II|[III[III[_

ALICE
0-10% Pb-Pb, |5,y = 5.02 TeV
lv|<0.5
..-.PHSD, Average D°, D*, D*
-+ PHSD, D}
TAMU, Average D° D', D*
TAMU, D}

Filled markers: pp rescaled reference
Open markers: pp pT-extraleated reference

« Average D, D*, D*
D;

LT kit ™Y

dg

5

b b b b b s g b Ly 1 1
10 15 20 25 30 35 40 45 50

P, (GeV/c)

Significant charm suppression in Pb+Pb up to p; of 5o GeV
Similar suppression at 2.76 and 5.02 TeV
Decreasing at higher p; in agreement with models

Precise results putting constraints on theoretical calculations
High-p; : need to include radiative energy loss to describe the data
Low-p+: non negligible collisional energy loss (charm transport)
Shadowing improves description at low p
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1.4

1.2

Zos8

0.2

0.6

0.4}

Beauty suppression at LHC

28.0 pb™' (pp 5.02 TeV) + 351 ub™ (PbPb 5.02 TeV)
- CMS TAMU
= R, =m0 Djordjevic
[ [] conelated syst. uncert CUJET3.0
Uncomelated syst. uncert. AdS/CFT HH D(p)
Global uncert AdS/CFT HH D=const

PRL 119, 152301 (2017) |y|<=2.4
1 | 1 L I I Lo |

10 107
P, (GeV/c)

Raa(B)

Raa

TTTT

TTTT

L I L L B IO B B B L

3k ALICE Preliminary .
- b(—»c)>e, |y <0.8 E
2.5 -
- | = 0-10% Pb-Pb, | 5, = 5.02 TeV -
2F - 0-20% Pb-Pb, | S, = 2.76 TeV
B JHEP 07 (2017) 052 ]
1.5 * + -
== -
T ]
0.5 =1t 4 E
r u .
O_HH | Lol b b b Lo by
0 2 3 4 5 6 7 8 9 10
P, (GeV/e)

Strong suppression (Raa~0.4) in 0-100% Pb-Pb collision for pr>

7 GeV/c

Raa (b->e)

New results at 5.02 TeV compatible with those at 2.76 TeV
Extending the measurements to lower pt(< 7 GeV/c)
Observed suppression described by models with mass-

dependent energy loss

Non-prompt J/psi

Good agreement between ATLAS and CMS (gpic. 78 (2018) 509)
Flat suppression up to high pr

<<( 18 [ T T
- ALICE Preliminary
[ 0-10% Pb-Pb, |5, = 5.02 TeV

1.6
1.4
1.2

00t

T

b(—c)—e MC@sHQ+EPOS2
= - In1<0.8 <=+« PHSD B
I>. o |7]|<0.6 B Djordjevic

T T T

L | 1 1 1
5 10 15 20 25
P, (GeV/ce)

_I T | LI | T T TT | TTTT | T T TT | T T TT | LI | I_
14 ATLAS 1
[ Non-prompt Jiy, [y <2 Pb+Pb, [Swy =502 TeV, 0.42 nb™ ]
1.9 #Cent 40-80 % pp; (s =5.02 TeV, 25 pb™ ]
’ [ —-Cent 20-40 % 1717 Cormrelated systematic uncer.
e ﬁ
0.8 ?& 'l $ 1
0.6 - 1 % .
i }]@ﬁﬁ- —— ]
0.4 : ]
L , — ]
[ g, ]
0.2 ]
0 _I Il | L1 1| | L1 1| | L1 1| | L1 1| | L1 1| | L1 11 | I_

10 15 20 25 30 35 40
P, [GeV]

EPJC 78 (2018) 762
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HF energy loss hierarchy?

PLB 782 (2018) 474 EPIC 78(2018)762
PRL. 119, 152301 (2017)
arxiv:1810.11102 5 20 ] ' ATLAS o
27.4pb" (5.02 TeV pp) + 530 ub™ (5.02 TeV PoPb) < 1.8 | ALICE Preliminary eo—s 1 09F 5 -502Tev, 042 b
E 0 £ 0-10% Pb-Pb, s, =5.02 TeV il l=0.8 1 0.8
16 CMS o D fromb hadrons |y|<1 16 F C b > e o Inl1<08 1 0
B ¢ Bly|<24 1af ! bi—c)—e 1 0.7F == Charged particies, 0-5%, 2.76 TeV
4= » Prompt D’ |y|<1 Jhy from b hadrons: ob b (—:1- C) —>e 1 oe 4 Nor-promptJry, 0-10%
12f * Chargedhadrons <1 & 1.8<[y|<2.4 i _ ' 1 Fremphaye G-10%
1: Global uncertainty + IYI<2-4 1.0 kS _ ¥ N 0.5
. o8| || j , 0.4
Q:O.B_— :+:_¢_ 06 ;" 0.3
0.6 + —4 04 0.2
" ‘ﬁ%# 'LQ ?t,’,_ :
r aat 7] 02r
0.4; —l—++§+_._ It —— oo E | 0.1
- - i i i i I i i i i i i i1 I
0.2 1 678 10 20 30 40 100
s p, [GeV]
: CUJET TAMU
1.4 7 . .
: EPOS2+MC@sHQ PHSD Compatible results from beauty Raa measurements
1.2—
1:’”_’:::._._‘_._ Global uncertainty atLHC
R b [
< “ . . .
oo + s, Compatible with mass-hierarchy of energy loss
r .
s V) Hint of Raa (B—J/y) > Raa(D) for pr < 10 GeV/c
T b nt of Ras(B—4) > Rax(D) for pr< 0 GeV)
0.4F ~=o Hint of less suppression for b—e than c—e at the same
C —
020 electron pr
) disappearance of the ordering at high pr

(GeVic)
AR No significance difference between Raa of light and

heavy particles for pt> 20 GeV/c 23



Anisotropy Parameter, v, I'ng

o
—

0.05

le]

HF collectivity at RHIC

DO v2: STAR, PRL 118 (2017) 212301

| oD oA  STAR Au+Au |s, = 200 GeV
AT oK, E 10-40%
! F Tiage 5ol
\4‘ 9‘ _— L' x _ p—

;ﬁfﬁ 2 = B $ 7
A :
g ......................................................... b)
L | | | | |

0.5 1 1.5 2 25

(m, - mg) /n_ (GeVic?)

STAR D° meson v2 and v3

0.06 T ——
Au+Au 200 GeV 0-B0%
005 eD’ v
p v
- K A ——
0.04}- ® i
ol - — 2
WO 0.03[~ i ]
O - — e e H = e e 3
=z [ o " —_Eg el |
<,002F T — =
> T —o—; )
[ e F—-
0.01F- LT = ’ =
- =<
-
ofr&@? ---------------------------------------- 1
- STAR Preliminary
_0.01 L | P 1 L | PRI L L
' 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

A, E-, Ks: STAR, PRC 77 (2008) 054901

(m_-mg)/NCQ (GeV/c?)

follow (m+ - mo) NCQ scaling as light flavor hadron

PHENIX heavy-flavor electrons
v2(c — e) is positive and smaller than charged

hadron v2

v2(b — e) consistent with zero within large

uncertainty

Likely smaller than v2(c—e)

Evidence of charm is flowing with the medium
Local equilibrium with the medium ?

~ 0.25 ——
' T Min. bias Au+Au|s,,=200GeV
[ —=e— e*from charm decay
02" e h*PHENIX PRC92.034913
e ' |
0.15—
[ ] e "y
L [
0.1 .
‘1
C [ ]
0.05— ® 1 b
L [ ]
1 S
_Oos_lww Ll il | [ | L | I AR
Yo 05 1 15 2 25 3 35 4 45 5
P, [GeVi/c]
a~025 — :
q>) Min. bias Au+Au |'s,,,=200GeV
e* from bottom decay
02 e K* PHENIX PRC92.034913
@ ' |
0.15
] ' #
[
0.1— .
[ ]
B [ ]
005— ,°®
L e
[ ]
0
_005_ vl b b b by | | P NI R
®% 05 1 15 2 25 3 35 4 45 b
P, [GeV/c]
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0.25F

0.2F

0.15
=" 0.1

0.08

-0.05

0.15F

0.05};

o

-0.05

-0.1

Charm flow at LHC

PbPb ys  =5.02 TeV

CMS

1
3 +PrumptD |y|<1 0
Syst. from nonprompt 0°
[CJother syst.

PHSD

Calculations for prompt D ]
- =BT  ---

SUBATECH
CUJET3.0 7

0.1F

ST TP PR TUUTU TN PIRPE T PP
5 10 15 20 25 30 35 40

ATl ERERE AERRE FRRTE AR FERTY FRRTE FEU B T
5 10 15 20 25 30 35 40
pT(Ge‘WC)

P UL D PR PR I P FU
5 10 15 20 25 30 35 40

P, (GeV/c)

P, (GeVic)
:‘N :IIII\IIIIII‘IIIIIII‘IIIIIII‘IIIIIIIIIIIIIIII\ I
ol ALICE Pb-Pb, |5, = 5.02 TeV
vAEP, 1AnI>0.9}
0ak e Prompt D°, D*, D** average lyl<0.8 1
L Prompt D; lyl<0.8
02|
o oy b
07———————————
r [ Syst. from data Centrality 10-30%
oAt Syst. from B feed-down
L I

PRL 120 (2018) 102301

Centrality 30-50%

MW N S S Tl TS P R S
2 4 6 8 10 12 14 16 18 20 22 24

p, (GeVic)

i PRI FEWY FERE SRS PET PR FETE FERY FYRE FRwE Frel i
2 4 6 8 10 12 14 16 18 20 22 24

p. (GeVic)

Non-zero D°v2
Good agreement between ALICE
and CMS
Dev2 < light-flavor particle v2
First results from ALICE on D¢ v2

compatible with D°

First observations of v;> o for

charm at LHC
D°v3 < light-flavor particle v3
with large errors

Models including charm re-

scattering qualitatively describe
data

Significant flow of charm from
interaction with medium
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HF v2 with event-shape-engineering

Study coupling of flow of charm and light quarks and it’s
fluctuation

Event selection based on centrality and reduced flow vector
g, (proxy to initial eccentricity)

—
qz — | - |‘,"1 ,‘M EPOSHQ: EPJWoC 171, 18004 (2018)
= E . : I i i : : : :
3 Centrality 30-50% ] Dfin,n=2 pr<2GeV ——
—> i20. T 1072 ) 0.6 T
? = Z e J - unbiased [ B -
i1 u.4;
= 02f B
E | gl
S ool
2 T e
60% smallest g,TPC [
02f
<v2>small—q2 < <v2>unb I
04| B —
20% largest g2TPC Sl B
0.00 0.05 0.10 0.15 0.20

<V2) large—g» > < V2>unb
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HF v2 with event-shape-engineering

Study coupling of flow of charm and light quarks and it’s

fluctuation

Event selection based on multiplicity and reduced flow vectol

d, (proxy to initial eccentricity)

positive correlation between the
D-meson and the light-hadron
V2

Similar effect in the 10-30%
and 30-50% centrality classes
within uncertainties
v2 (large-g2) > v2 (unbiased)
of about 40%

v2 (small-g2) < v2 (unbiased)
of about 25%

v {EP, |An|>0.9}

v, (ESE-selected) / v, (unbiased)

. 4

—+

60% smallest g,TPC

<v2> small—g, < (vz)unb

20% largest g TPC

<V2) large—q, > ( VZ)unb

C T | T LI I LA |' T LI | T
- ALICE Pb-Pb, |5, = 5.02 Tev
. Prompt D°, D* average |y|<0.8

L LB B

L B D B B

[ Syst. from data =
Syst. from B feed-down -

[ ¢ 60%smal-qg]°
- m  20% large-q]"°
[ ® unbiased




Does b-quark flow?

RHIC: v2 of b->e o _
. . . > T Min. bias Au+Au s = e e
measured in 0-100% Au-Au -> consistent with zero ° I o trom boriem decay prefmnary
. . . . 02— o Bt
within large uncertainties. g r PHEN PROSROETS
0151 & 1
C . LI !
LHC: v2 of B->J/¥ o1 .
Measurement consistent with zero with large ook
uncertainties. | R .
No strong centrality dependence for p;> 9 GeV/c L
-0'05{}"H{].SHH‘IHH1.5HH2HH2.5HH3HH3.5‘HI4HH4.5HH5
P, [GeV/c]
Needs higher precision
CMS PbPb 5'%: 2.76 TeV o~ LA IR B B B o LA I B L
g 0Ty 7 L ATLAS 1z L ATLAS :
- Open beauty: nonprompt Jhy 1 02— _ 1 — 0.2+ 1 —
[+ 1.6:2|3:;| <2.4 1 - Pb+Pb, (s, =5.02TeV, 0.42 nb ] - Pb+Pb, \/s,, =5.02 TeV, 0.42 nb i
0.5:— El}larg;ﬂhadmn _ [ Non-prompt Jiy, |y] <2, 0 - 60% i T Non-prompt J/y, 9 < p, < 30 GeV, |y| <2 ]
- e <08 - 0.15 - ] 015 — -
04F Open ¢harm: prompt D (ALICE) . - - - -
C ly| < 0.8, Cent. 30-50% ] r ] B ]
0af | Cent. 1060% §  *'F E B
0.2f ;in"..“ ‘ 0'05:_ 4+7 + - 0'05:_ $ $ E
01 #; ] of - o[ 4060%  2040% 020%
- ® . . L L , L ] P IR RN B U SR B R
E " 4 10 15 20 2 30 50 100 150 200 250 300 350
) N o N T G (N_ )
0 5 10 15 20 25 30 P, [GeV] part
pT{GeWc}
EPIC 77(2017)252 Eur. Phys. J. C 78 (2018) 784
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Hadronization - Ac

3
|l = Ko:three quark (0-5%)
| =-Ko: di-quark, (0-5%)
- Greco (0-20%)
[ —PYTHIA STAR Preliminary
2t Au+Au, \s,, = 200 GeV |

10-80%

0 | I |

25 35 5

Ko: Phys.Rev.C 79 (2009) 044905
Greco: Eur.Phys.J.C (2018) 78:348
SHM: Phys.Rev.C 79 (2009) 044905

8
P, [GeV

T | T T T T | T T T T | T T

| ®Au+Au, s, =200 GeV, 3< p, <6 GeVic

" @ ALICE, p+p, Vs =7 TeV, 3< p, <4 GeVic

STAR Preliminary

|

| 1 1

300

part

200

b

A

3———————— .
" ALICE Preliminary ]
B O pp,\s=7TeV,|y|<0.5 (arXiv:1712.09581) T
2_ m  p-Pb,\s,, =5.02TeV,-0.96 <y <0.04 (arXiv:1712.09581) =
© e 0-80%Pb-Pb,|s,, =502TeV, |y| <0.5 )
1 [ﬂ .
i +‘ e —— l

F — ;

OO . L L L | L L ' |

5 10

P, (GeV/c)

Measurements for Ac as functions of p; and centrality (Npart)
Strong enhancement - increases toward low py, increases from
peripheral to central

Similar Ac/D at RHIC and LHC (different p; ranges)
Enhancement larger than models based on fragmentation +

recombination



Hadronization — Ds, Bs

JHEP10(2018)174
{2.2—IIII'IIIII|IIII'|III||II|I'|I'|I|||III'|Illflflfl[lflfq
m{ r ALICE ]
2r 0-10% Pb-Pb, {8y, = 5.02 TeV =
1.8- yI<05 =
. ...PHSD, Average D, D", D* 3
=+ PHSD, D E
TAMU, Avsraga D% D*, D* =
TAMU, D 7
Filled markers: pp rescaled reference _:
Open markers: pp pT-extrapD lated reference ] <
0 e+ o 3 D:
e Average D", D", D =
D+
ﬂﬂ:ﬁ;:t “ H
0 5 10 15 20 25 30 35 40 45 50
p, (GeV/c)
[ ] 1.4_|||111'|rrr|lrr[r|||||||||||||||||1'|11_
Q [ ALCE ly|<05
a‘1 of @ 0-10%PbPb, |5y, =502TeV h
’ @ 30-50% Pb-Pb, |5, = 5.02 TeV 1
[ ® 60-80% Pb-Pb, |5, =5.02 TeV ]
- & pp, (5=T7TeV n
- Eur. Phys. J. C77 {2017) no.8, 550 E
0.8f- :
0.6 s
0.4F :
0.2 i
i 3| T IBR urimertallnty nlnt s.hclrwn L ]
DD 2 4 6 8 10 12 14 16 132[]

P, (GeV/e)

2.5

1.5

0.5

PRL 119, 152301 (2017)

-LT_ICE EUI P]:ns J CT7 ( 011“,1 l} .]'[-]:EPIU'( 013)1"‘-1

28 pb™ (pp) + 351 ub™ (PbPb) 5.02 TeV E 08 @ STARAusAu@200Gev, 10-40%
+ -©- ALICE Pb+Pb@5.02TeV, 30-50%
[ 0 ]
" ﬁl\ﬂsé 4 ¢ B a -@- ALICE p+p@7TeV
A Yi<e. « B* osk PYTHIAG @200GeV A
i TAMU _ STAR Preliminary
-\ CUJET S 2014
2 e #T 7 ]
I I 0.2 $ ) . % —_
: —— -
a _+_—+——|I'— i
- Cent. 0-100% o=t
- e U 2 4 6 8 10
10 20 30 40 50 Transverse Momentum p_ (GeV/c)
p. (GeV/c) T

Less suppression of Ds+ wr.t. non-strange D at
intermediate p;

First Bs measurementin Pb-Pb - hint of
enhancement of Bs/B+

Consistent with coalescence + strangeness
enhancement

Described by transport models
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Do directed flow (vi)

Interplay of two main sources for va:

Initial tilt of fireball + drag
Independent of charges
Predict large va slope for HQ

Chatterjee, Bozek, arXiv: 1804.04893 %Araday‘

Initial strong magnetic field

Charge-dependent vi L= j_‘
Larger effect for HQ due to their
early production

Interplay of Faraday and Hall effect

LHC: Pb+Pb@2.76 TeV
b=9.5 fm, n=1.0

eE
X

0.02F | charm
Ly Tform Standard hydro t,
L L L | L | L N L N

0.5 1 1.5
t (fm/c)

Das, Greco et al., Phys.Lett. B768 (2017) 260

eField (GeV/fm)




De° directed flow at RHIC

Au+Au VSNN=200 GeV, 10-80% STAR Preliminary
p,>1.5GeVic ® D’ (tc)

o
i

| -
$ * D (uc)
' =0
g $ ' D" points shifted along x-axis by 0.04

Directed flow ( )
=)
I
o
g r =t

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.)
[ I

—01.5 0 0.5
Rapidity (y)

First observation of non-zero D° va

negative slope measured for both particles
much larger than for the kaons
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De° directed flow at RHIC

0.1~ Au+Au s,,,=200 Ge:’é‘g'ig% STAR Preliminary Au+Au |s, =200 GeV, 10-80%
>1.5 GeV/c — —
Pr ® D + D° (Uc + ) @ D° (Tc) - D° (uE)
’;.— o K+K'(Us+us)x5 0.05 o K (Ts) - K* (us)
=
Q - m
“—
0 = - e
8 Q O Ly r_r—‘—'-—u:e_
© ]
qL) L
5 v;slope from linear fit A v-slope from linear fit, x*/ndf=0.12
1 sk 5> 0
(D°+D° dv /dy =-0.081 = 0.021 (stat) = 0.017 (syst) _005 | D" Av,slope=-0.041+% 0.041 (stat.) + 0.020 (syst.)
Kaon dv /dy = -0.0030 = 0.0001(stat.) = 0.0002(syst.) —— EM (Das et. al.) STAR Preliminary
— - Hydro+EM (Chatterjee, Bozek)
-0.11 | !
: 0 | L 5 |
Rapidity (y)

Rapidity (y)

First observation of non-zero D° v1

negative slope measured for both particles
much larger than for the kaons

Data can be used to probe initial longitudinal distribution of matter

Current precision is not sufficient to draw conclusion on magnetic field
induced charge separation
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De° directed flow at LHC

odd
Vi
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ALICE Preliminary
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D Not efficiency and acceptance corrected
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Opposite slopes for D° and D° albeit large uncertainty

vi(DP°) -
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Non-zero value observed.
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ALICE Preliminary
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fit function: k x i

k=52x10"+1.8x 10" (stat) + 5.5 x 107 (syst) |
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[ bars: stat. err. ]
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AU+AU |Sy=200 GeV, 10-80%

@ D° (Tic) - D° (uT)

0.05 oK (@s) - K* (US)

R
2 0

Three orders of magnitude higher than vi(h+) - va(h-).

vi(D°) - va(anti-D°): hint of opposite slope at RHIC and LH<

Sensitive to the interplay of competing effects

model comparison required.

A v;-slope from linear fit, x?/ndf=0.12
—0.05 D° A vyslope=-0.041+ 0.041 (stat.) + 0.020 (syst.)

—— EM (Das et. al.)
— - Hydro+EM (Chatterjee, Bozek)

STAR Preliminary

0
Rapidity (y)
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Open heavy-flavor summary

P+P
Entering high-precision era of measurements
pQCD describes production heavy-flavor => good probe

p+A
Small modification of production due to cold nuclear matter effects

Good baseline for A+A studies
Non-zero flow observed in high multiplicity events

How to reconcile with almost no energy loss?
Models needed

A+A
Significant suppression of both charm and bottom at high-p;

strong interactions between heavy quarks and the medium
Bottom seems suppressed more

Consistent with mass hierarchy of the energy loss

Better precision needed
Large flow of charm quarks

suggesting charm quark thermalization with the medium
Enhancement of A*_/ D%and D+, / D° ratios

Hadronization of charm quarks via coalescence
Large non-zero DO v,

Probe of early time EM fields
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Beauty hadronization in p+Pb

B*/B° and A, ° /B° used to study b-quark hadronization

Phys. Rev. D 99, 052011 (2019)

2.5 T ———— 2.5 T ]
- LHCb +B%B* pPb,25<y<35 - LHCb +B%B*  Pbp,-35<y<-2.5]
5 [ fSrey =8-16 TeV  $A;/B° 7 [ San=8.16TeV  4AyB° -

151 m 94  _15F m
£, i J £ B ]
= 1F 1% 1r E
osf g —f— i osfp g —f— :
C & i ] : —ﬁ— A .
0 Lo v v b v s 0 1w ey by sy 'D- TR SRR N R SR SR N T S S E:J T
0 5 10 15 20 0 5 10 15 20

P [GeV/c] p. [GeVic]
B*/B°:

Independent of rapidity and p; and consistent with unity within uncertainty.

A,° [B°:
Independent of rapidity
Decreasing trend with p+

Similar to measurements in pp
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Comparison to models

JHEP10(2018)174
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Simultaneous description of RAA and v2 and it's centrality
dependence is able to put constraints on models

Final goal - extract transport properties

More differential probes are needed
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