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Introduction



Introduction

Heavy quarks in heavy ion collisions

® Goal: understand the structure
of universe (is it too much?)

® Heavy lon Collisions

® Experimental assessment of

=
:z Quark Gluon Plasma nuclear matter
~ ¢ [ ] rk Gluon Plasm
s 2001 st Quark Gluon Plasma N
= Critical (everyone talks about it!)
Qo ot Point? s
E . ® Collision systems (pp, pA, AA)
g 100 ¢ ® Not only baseline!
£ IH . ) )
3 gy pr ® Different effects in play
L £ .
= Neutron Cgfor Super-
% St{;rs ,” conductor? ® Probes
0 . _ H
Baryonic Density (] Soft.. llow pr light flavor
particles

® Hard: high-p; and heavy
flavour particles
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Introduction

Heavy quarks in heavy ion collisions

hadronic phase

HQ QGP and
Prod. hydrodynamic expansion

initial state

pre-equilibrium

® The case for heavy flavor:

® Pre-equilibrium production (hard ® “Markers of the
scattering) medium:”

® Long relaxation times ® Medium constituents
® mg > Agcp = pQCD calculations -

® Transport coefficients
® Strongly affected by QGP ® Mean f th
® Weakly affected by late time evolution ean free pa
® Hard fragmentation
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Introduction

Heavy quarks in heavy ion collisions

Investigate QGP with heavy flavor probes v

Hadronic phase

time
Yoo T ke f /'/. Hadronization
B o ‘ Fragmentation vs recombination
Interplay of different
mechanisms
v N QGP/partonic phase e s
b quark ——\— Microscopic interaction with understand the
/7\‘ :' medium constituents observed results
cquark™ \ ____ |nitial stages (Ran: Va.---)
Produced in initial high-Q? processes

- calculable with pQCD

Large mass - short formation time
- experience medium evolution

ﬁ E. Bruna (INFN-To)
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Introduction

Heavy quarks in heavy ion collisions

Investigate different systems with heavy flavor probes <G

— "
[ Yoy ) o —
«—
‘ OBSERVABLES

Cold Nuclear Matter effects Charm, beauty Rp,
HF production mechanisms Angular correlations
Onset of medium-like effects for HF ? Vs,

ﬁ E. Bruna (INFN-To) 10
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Introduction

Heavy quarks in heavy ion collisions

Investigate different systems with heavy flavor probes <G

ﬁ E. Bruna (INFN-To) 2
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Introduction

Common observables

1 dNjA/dpr
(Tan) doy/dpy

® Nuclear Modification Factor: Ry, =

® Compare AA with pp
® Collision geometry: (T, )
® Energy loss, shadowing and low—pT flow bump
3
® Azimuthal anisotropy: Ed—/:l =L < +2 20, cos[n(q)—y/,,)])
dp’ 2n prdprdy
® Initial spatial anisotropy
® Heavy quark coupling with medium
® Particle correlations
® Event-by-event fluctuations
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What’s new?

Experimental new results

D mesons at RHIC and LHC <R

15 1 @200 GeV  s7R Preliminary 0-10%)
/w»\ 0-10
N 1

4

2|
ALICE
0-10% Pb-Pb, |5, = 5.02 TeV
0-10%
« Average D°, D", D™, [y|<0.5
° CMS, lyl<1 arXiv:1708.04962

£y

15 |- _8 0, y ‘%ﬂ ﬁl
oo B P R Lk
i3 ) ol o1 0 6 1 ] 10 B (GeV/cioz
LR ok - A ALICE, arXiv:1804.09083 T ;
£ CMS, arXiv:1708.04962 S. Radhakrishnan (Tue 15:50)
° 2 5. @ovio) ® 8 X. Peng (Wed 09:20)

Z. Shi (Wed 14:40)
D° R,,<1 down to p;=0 at RHIC (2014 data +re-analysis 2010/2011)
High py: similar suppression at RHIC and LHC
ﬁ Low py: Rpa(D)ruicS Raa(D)wc = interplay of py shapes, radial flow, recombination

E. Bruna (INFN-To) 31
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What’s new?

Experimental new results

Charm elliptic flow <R

) 0-10% T 10-40% Significant charm v, at both RHIC
> 03 STAR Au+Au Y, = 200 GeV STAR Au+AU 5, = 2uoeev and LHC
£
£ 0 :} v, decreases with increasing centrality
IS S Y o | Low pg v, (charged particles) = v, (D)
T el ¢ T e ¢ High py: v, (charged particles) = v, (D)
Urimm, T . 0 D Doy
£ ’ 025F -+ prompt 0°, lyl < 1.0 F L crargoaparice, <10 Cnh:manoﬂslorpmnml}
ot L o2 B Lo - AT
oLt | * ossf 0-10% 30-50%
Sk S o

o '." i C 9 et uns’i‘g{* .

-00sf i
005G gl g g 5 10 15 20 25 30 35 40 5 10 15 20 3 40 5 10 15 20 25 30 35 40
p, [GeVic] p_ (GeVic) (GeVIc) P, (GeVic)
R. Xiao (Wed 09:00), S. Singha (Wed 09:40), T. Hachiya (Tue 16:00) arxiv: 1708.03497
E. Bruna (INFN-To) 32
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What’s new?

Experimental new results

<

Additional harmonics

kst et LA A A Al Al Al A M A M
10-30% F 30.50% Caculatons for prompt 0
+Charged particle, il <1.0 } ;:ag fraiy

ﬂ@%+L L

30-40 %

i
-0.05F ' «Prompt D’, lyl < 1.0 E: ﬂ» H
oib Ezyg from nonprompt D° fH ] 0 12
er oy 0 10% 10 30% 30 50% ) Py [GeV]
5 10 |5 2‘0 25 30 35 4‘0 5 IIO 1‘5 20 25 30 35 4' é ‘ l 20 25 30 35 m arxiv:1805.05220
P (GeV/c) p, (GeVic) arXiv: 1708 03407 p (GeVic)
Positive A for HF ! R. Xiao (Wed 09:00), Q. Hu (Wed 15:00)

Both v, and v; smaller for charm wrt light quarks: different degree of thermalization,
recombination?

Very little centrality dependence: constant triangularity from geometrical fluctuations

Models (including charm re-scattering) qualitatively describe v, and v, data
ﬁ - confirm that charm takes part in collective motion

E. Bruna (INFN-To) 33
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What’s new?

Experimental new results

Beauty at RHIC

pre-QM18

25
ata 208:2014, <035 £ ey ST
J oo e 0-80% -
~b->e preliminary _; o
= DUKE:Be
° Bosg B
14
& 1-
i ¢
N
¢ I
o]
0 }
o 7

)
b, GeVie)

Smaller suppression for electrons from B
than D at RHIC

First v,(b — e) measurement at RHIC,
consistent with zero within large uncertainty

E. Bruna (INFN-To)

T. Hachiya (Tue 16:00)

<

& AutAu |5 =200 GeV
0-10%
17 - T
SRR
-
02 - l

[ FONLL B~

2374 s 6 18
Transverse Momentum (GeV/c)

. ]

Min. bias Au+Au |5,,=200GeV
—+— e from bottom decay
b PHENIX PRC92.034913

> et

T s
p, [GeVic]

b

35
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What’s new?

Experimental new results
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What’s new?

What’s up with the models?

Lanscape of HF theory and modeling in URHIC

Transp. coeff. 1, Ky, K,

Experimental
(0, =) pQCD (oo, o)

T I fluctuations
Finite (p,T): - Model A7 Model C:
Effective theories o) dE/dx, AE,.
and models... (@] gha . Transport
: o
(@) — [
g For which one partly =
benefits from the heavy L

mass mq

(0, Tc) P (o=,Tc)

Caio Prado
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What’s new?

What’s up with the models?

| Models & Effective Theories |

_m Elaﬂlc : radia“ve radia"ve “

Transport coeff based TAMU

Duke ADS/CFT
(WV,...)
POWLANG HTL POWLANG IQCD
Catania LV DABMOD (poster R. Katz)

S. Li et al, arxiv:1803.01508

Cross section (or|M|?)

AMPT Djordjevic et al SCETg 4
based (Boltzmann,...) .
MC@sHQ el MC@sHQ el + rad
URQMD BAMPS
PHSD CUJET3
Catania BM Abir and Mustafa
LBL-CCNU
VNI/BMS

LIDO (DUKE; poster W. Ke)

Red: Transport models




What’s new?

What’s up with the models?

| Tension between R,, and v, (at low py): the Catania Cocktail |

<5~ L Dimebon G Prino and Rapp (2016)

f——c.quark, T-matrix, U-pot. 8 T

N @ T2: pQCD (fixed a), AdS/CFT

n o T BM)
— AT ()
[ Mpa T
—_—paT

=c-quark, LO paCD, 0,04
40~ c-quark, Torino
E- -+ c-quark, Nantes.

= e 4 cquark, quench

Np o T: pQCD (running )

Np o T: QPM, DQPM, U potential (TAMU)

s pacd

AN / B Tuned to reproduce R,,=> Larger
0 A coupling with the bulk near T, (when
s -
i TR e —— the hydro v, has fully developped) =>

™, s L L L Larger v,
. o7 L
-1 P m
Trelax = Np = (27T) Dy X 525
I LA B o B e e e B " o T (BN
0
ol = Mo & T° (V) 1
—_— T
S.K. Das et al, Physics Letters B747 (2015) 260 —_p 2

~oosk ]
N
oosl- 3

. \ . h

T 3 g i

pr(GeV]
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What’s new?

What’s up with the model

| Tension between R,, and v, (at low py): the Catania Cocktail |

T T 1T 771 T 17T
- p=15Gev -

16 T Nice guideline but need:

12l Varying 1p (1) ppy _| + To consider extra ingredients (bulk, initial v,,..)
=z o = LB 4 ¢ Toassess the uncertainties on « Coal » and « HR »
= —_—

o 0.8~ Coal. HR 71 * .. before one can think of ruling out other trends for .

[ e PHENIX 7

0.4 B mp=const—LvV -

3 npeT
o m=~T VGreco,aM2017 |
0 TR N R N U A AT B
0 0.02 0.04 0.06 0.08 0.1 0.12
V,(py)

21
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What’s new?

What’s up with the models?

| Status of high p; HQ |

Over the past years, steady development of several sophisticated pQCD-based radiative Energy loss
schemes in order to cope with the radiation of energetic partons: BDMPSZ, AMY, higher twist, DGLV,
SCET... some of them leading to successful comparison with the data in their numerical implementation...

< T T T T T T T
m‘( ALICE Preliminary
1.8 0-10% Pb-Pb, (S = 5.02 TeV
14 |<0.5

MC@sHQ+EPOS2

145 « Average D°, D°, D™ .. Djorgevic
CWETs0

1.2 — SCET, 4 9~1.920

+— BDMPS (« infinite » path length regime)

Although some « extra ingredients » differ...

Filed markers: pp rescaled reference

Opan makers:p pyextapoltedwlerenco
08 H X IO G
.l CUJET3.0 e v
06y D mesons, 0-10%; &
Djordjevic v v x X v
0.4 PRC92 (2015) 024918
MC@sH¢ 0s v v v v v
0.2l e ovees
SCET v v X X v
QL Lisis vl L i L JHEP 03 (2017) 146
R TV T T Ve AT
p. (GeV/c)

... Overall success of pQCD for describing the gluon radiation from a hot medium.

Beware : ¢ is « just » an indirect result in some of those formalisms
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What’s new?

What’s up with the models?

Status of high p; HQ: prospects

Other challenges:

* Embedding in a realistic medium

“Drag Induced Radiation and Multi-Stage Effects in Heavy-Flavor Energy Loss”

Hard scale Q=p;

Modified DGLAP evolution
(virtuality ordered)

Low scale Q;=mg

«Usual » time ordered
LBL-CCNU evol. (Higher
twist with € and €2
corrections )

T T
“vac Qg =5 GeV.
vae Q =20 GeV

— = med Q- 5GeV
med Q =20 GeV
4F
_ b quark
SNl -
a3 E 20 GeV
Qo= 5GeV

w

s
T

0

ok

“|' medium-modified X
DGLAP

1 i

T T
DGLAP
vacuum

in-medium
transport

S. Cao et al, arXiv:1711.09053

Better understanding of heavy mass effect and medium properties in the radiation (especially on the coherence effects)

In a « jetty » picture: Combination of induced Eloss affecting the « initial » DGLAP evolution and the final « on shell » HQ

// talk S. Cao
Also poster G-Y Qin

O CMSB T T
o CMQSD

Pb-Pb @ 502 TeV (m.b.)

4T
[D,22T)=5.00]

03

03 04
z

1
0.6

|
10 20 30 10
Dy (GeV)

Good agreement with CMS data for D and B, some influence of higher order term at intermediate p;

50
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What’s new?

What’s up with the models?

| HQ-Working Group (convener: X-N Wang) |

The goalisto: «

Collect and compare the transport coefficients from various models,

¢ Measure and understand their consequences by first studying a simpler brick problem

Best controled QGP ever: uniform fixed temperature for all models (with same initial condition FONLL-like @ RHIC)
1) Rescale the coefficients to match R,,=0.3 at p=15 GeV & « final time » 3 fm/c

1.5 T T T T T

" ) T=250MeV t=3fm
\! (tune 2)
ook urt PHSD| |
9 Nantes col.+rad.|
& Nantes col

s L L
0 B 10 15 20 25
Py (GeV)

— Duke

— LBL-CCNU

— — Catania QPM
Catania pQCD

— — TAMU

— — Frankfurt PHSD
Nantes col.+1ad
Nantes col

b T=250 MeV, ==~
of"

- =

Pt

2) Compare them !

T :
Dk w | T=250 MeVv

50H= — Catania QPM -
Catania pQCD Rocs am
sol— = Tamu |~

== = Frankfurt PHSD
antes col.+rad.
Nantes col.

pQCD &
- T-Matrix

—g] El + rad.
o L L 1

10 0 30
p (GeV)

10 20 3(
p (GeV)

Main result: Nice structuration of the transport coefficients in different classes. For each class, the work illustrates
the maximal accuracy reachable for each class once all other ingredients are either fixed or chosen commonly
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What looks exciting?

New observables

Directed flow v, with open heavy flavours <G
Interplay of two main sources for v:
« Initial tilt of fireball (hydro based)

» independent of charges

» expected to give larger effect for HQ
(produced according to N, profile, symmetric in rapidity)

- slope v, (¥)yq > slope v, (y) q ?
Chatterjee, Bozek, arXiv: 1804.04893 [

« Varying magnetic field influences moving charges
» charge-dependent v,

» expected to give larger effect for HQ
(produced when magnetic field is maximum)

002F | charm
I Tiorm Standard hydro T,
AL NN

of—
05 1 5]

> slope vy (Y)yq > slope vy (Y) g ? e

= v4(D)-v,4(D) ? S. Plumari (Tue 15:20)

ﬁ Das, Greco et al., Phys.Lett. B768 (2017) 260 S. Chatterjee (Wed 10:20)
E. Bruna (INFN-To) . .

1
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What looks exciting?

New observables

€ o
>
-3t '
hard prochéms‘ses  —
g+ thermalised matter -
6 -3 0 3 6

x (fm)
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What looks exciting?

New observables

Directed flow v, with open heavy flavours <G

0.1~ AuvAu (5,,=200 GeV, 10-80%  s7am Preliminary AutAu {52200 GeV, 10-80% STAR Preliminary
Pr>15GeVle o o T e+ ) p,>15GeVic ® D’ ()
= i 0 K +K' (Us +U3) x 5 ~ o kY ! * D’ (ug)
z S ? N
! CRS——
P . R
; o2 R et o ; o~ +
2 3 P
o Vyslope from near it a vyslope from linear fi
(0°4D") v /dy =-0.081 + 0.021 (stat.) = 0.017 (syst) _04F oravay-
Kaon dv /dy = -0.0030 = 0.0001(stat.) = 0.0002(syst . D" dv/dy = -0.102 = 0.030 (stat.) = 0.021(syst)
D" dv/dy = -0.061 = 0.030 (stat.) = 0.023 (syst.)
ot 5 ; ‘ ‘ ,
- 9 05 0 05
Rapidity (y) Rapidity (y)
First observation of non-zero D° v,
DO v,-slope much larger than the kaons
S. Singha (Wed 09:40)
Q E. Bruna (INFN-To) 42
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What looks exciting?

New observables

Directed flow v, with open heavy flavours <G

0.1~ Au+Au \5,,=200 GeV, 10-80%
p,>15GeVic

AutAu |5,=200 GeV, 10-80%

STAR Preliminary

®D°+D° (e + 1) ©D° (@) - D° (D)
Py i 0 K +K" (U + ) x 51 oK (@) - K (15)
>
; %
3 N ; |
2 0 s
> o : o
S :
153 ‘
o p,>1.5GeVic
o ¥ysope rom Inoar & A vyslope from linear fit, #/ndf=0.12
Kaon vl 20050 - 0000 ) - 0000%eym) ~0.05|—D" 8 vislope=0.041- 0,041 (sat) + 0020 (syst)
EM (Das et. al.) STAR Preliminary
0.1 .1 6 % — - Hydro+EM (Chatterjee, Bozek)
0 L s s
Rapidity (y) -1 0 1
First observation of non-zero D° v, Rapidity (y)

DO v,-slope much larger than the kaons
No firm conclusion yet on possible magnetic field induced splitting Av,=v,(D) — v,(D)

Very promising sensitivity to the effect of the early time magnetic field in

ﬁ heavy-ion collisions, can help constrain QGP properties
E. Bruna (INFN-To) 44
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What looks exciting?

New observables

| New Observables are coming

Short term, mid-term, long term,...

what ________JGoodforr _________Jawat ______

Event shape engineering Strength and T dependence of the Might be sensitive to the bulk
interaction and initial stage => play collective
Heavy light - correlations b/c-jet substruture, nature of the Might be sensitive to various HF
interaction creation in pp, to be calibrated
Poster Rohmoser
Poster Vermunt
Mg (B, (e Understanding hadronization esp. Dynamical treatment of

Recombination (if generic enough not confinement ? Inputs from IQCD
to require 1 new free parameter per  probably needed
state) or limits of statistical models

vy(y) // Chatterjee Constrain (E,B), vorticity, initial tilt of  Isn’t it a bitt too much for this

matter initial distribution of HQ in poor observable ?
transverse plane

Poster Coci
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What looks exciting?

Are you cheating?

velopment of HF v, and v3

New results at 5.02 TeV: D-meson v, and v3 in Pb-Pb

sdens (lm ) 80-50% Pb-Pb coll.

200
15 >
180
10 160
140
120
£ 100
=
80
60
10 40
20
15
0

(fm)

o

&

Transport calculations carried out in
background calculated via the

0.2!

a

0.2

0.1

0.

0.0!

Pb-Pb, \5y=5.02 TeV Centrality 30-50%
— == POWLANG - HTL, charm hadrons
-~ POWLANG - 100D, charm hadrons
o ALICE, D°, D', D** [arXiv:1707.01005]
L CMS, D°, prelim., only stat. unc. [CMS-PAS-HIN-16-007]

T
i

16
P, (GeV/c)
, with hydro
( )
13/20
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What looks exciting?

Are you cheating?

New results at 5.02 TeV: D-meson v, and v3 in Pb-Pb

sdens fm ) 0-10% Pb-Pb coll.

450
15 0.2 Pb-Pb, {5y=5.02 TeV
400 Centrality 0-10%
10 350 0.15] POWLANG - HTL, charm hadrons
<sssss222. POWLANG - IQCD, charm hadrons
300 . CMS, D°, prelim., only stat. unc.
0. [CMS-PAS-HIN-16-007]
— 250 e3
= :
=0 0.05] .
> 200 j -
- 150 o) :
100 T
-10 —0.05
50
15 0 0N e
2 4 6 8 10 12 14

o

&
=}

0
(fm) P, (GeV/c)
Transport calculations carried out in , with hydro
background calculated via the ( )
13/20

Quark Matter 2018



What looks exciting?

Are you cheating?

velopment of HF vy and v3

Time development of azimuthal anisotropies

ANg/drds (fmZc) F T
09 00sH : -
08 r
07 U
06 L Pb-Pb @5.02 TeV .
e 10-30% centr. class . N Il
V5 -0.05 L N 1 —
£ 0.5 :E HTL transp. coeff. S K
- 0457 0<py<l GeV.
03 U |-- 1p<2Gev 1
L |- 2<p<3Gev
0.2 3p,<d GeV .
04 O[T |— princgrcd RR i
0
. T S RS R S R
O,'Zﬂ 2 4 6 10 12
1 (fm/c) 1 (fm/c)

Most of the HQ's decouple quite late (~ 50% after 8 fm/c);

Final elliptic flow from a complex interplay of contributions from the whole
medium history;

HQ v, correlated with the one of the fluid cell;

supplementary information from pr-differential analysis;

14 /20
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Conclusions

® A lot of new results from the experiments!

® Huge amount of physics pertaining all the processes: do
you feel kinda lost?

® Aim at quantitative rather than qualitative predictions...
How? New observables...?

® Quark Matter in Wuhan: what is waiting for us there?

Caio Prado Quark Matter 2018 Review



	
	Outline

	Introduction
	Heavy quarks in heavy ion collisions
	Common observables

	What's new?
	Experimental new results
	What's up with the models?

	What looks exciting?
	New observables
	Are you cheating?

	Conclusions
	
	Conclusions


