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Sequential suppression 1n Stationary QGP...

Matsui & Satz (1986): QGP achieved in URHIC can lead to the deconfinement of

Q-Qbar states and thus to an anomalous suppression of the (production of)
guarkonia (as compared to the rescaled p-p production:

T/T,
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However: quarkonia production in pp is a complicated issue (see B.K. lecture),
so that dealing with its alteration (dynamically) is (very/too) much complicated.



... adream or a nightmare ?




Early 2000:Thews, Rafelski & Schroedter

Main focus: « ...a direct extrapolation of anomalous
suppression (of J/y) from the SPS energy range could
be by a new formation mechanism fueled
by the presence of multiple pairs of charm quarks in

each nuclear collision at sufficiently high energy». || %

Recombination of exogenous quarks, spatially uncorrelated =>
iIn N... Indeed, for a given c-quark, the probability P to combine

with a cbar quark to produce a J/y Is:

Pa—NC ah.
NU,d_S N ch

True for each available c-quark (N, all together) => number of J/y’s through

exogenous kinetic (re)combination » :
2

N M@h Precise a-value: depends on

N the dynamics of the system

TRS: kinetic equation é/z(f) _ V((Z?NCNC _ (D)o INsw(D



kinetic recombination within QGP

Even more interesting: momentum distribution could come with the Temperature
at which those quarkonia are produced (beyond FO horizon)
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Main caveat: as kinematic (re)combination is local in space-time and in
momentum, the total number of produced J/y strongly depends on phase-
space distribution of c-quarks (some assumptions used in TRS and then later in
Thews and Mangano)




| Mid 2004:Gossiaux, Aichelin and Guiho

Ingredients of our calculation:

1.

dissociation evaluated though g+J/y -> c+cbar cross section (Bhanot-

Peskin)
) c
2!t (w/2(0) = 1)*2 H
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(Re)combination evaluated through detailed balance mechanism.

Fokker Planck equation for heavy quark transport.

Transport coefficients evaluated according to Landau’s treatment (so-called
“grazing approximation” (as in Svetitsky 87, Mustafa 97) + LO gQ->gQ and
gQ->gQ elastic cross section evaluated in-vacuum with fixed a, and some
regulator p.

Some “soft” dissociation temperature above which no quarkonia formation is
possible (following Matsui and Satz)

All of this implemented in a local transport approach.



Schematic view of the global framework

MC@.HQ ¥ suppression  |— Bulk_Evqution: non-viscous hydro
(Heinz & Kolb) » T(M) & v(M)

Evolution of HQ in bulk :
Fokker-Planck or reaction rate

+ Boltzmann
(no hadronic phase)

f
D/B formation at the
boundary of QGP (or MP)

through coalescence of ¢/b

and light quark (low py) or Quarkonia formation in

fragmentation (high py) QGP through ctc—>'Y+g
< fusion process
=

prob. coal. :
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Results from the calculations (2004)

Jhy production in Au-Au, b=0, RHIC, mid rapidity

dN;,y (y = 0)
dy
f NN scaling T dissoc = 300 MeV
0.0156 = e _oa———=—=
———— Y __ °
0.01_° _  _—g===== —e
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0.005 ———o————== - —
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Y T dissoc = 180 MeV

Nc =10 (conservative NLO)

— K

Larger K => larger thermalization => smaller

Differential p; spectra reflects this effect —

10 20 30 40

K: overall cranking factor of the FP coeff. A& B

I ey B1)

effective T of the c-quark distribution.

(indeed seen later on by PHENIX)

—— Heinz & Kolb’s hydro
— — - No radial exp. hydro

*N.and T, : key parameters to explain
global numbers.

 Larger thermalisation of c-quarks (larger K)
leads to moderate increase of J/y production.

1 dNJ& T
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T“ (Heinz & Kolb)
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2000 -> 2005: growing interest for the measurement of
open heavy flavor

Motivations: QGP tomography with well-controlled probes (initial distribution in
phase space) that do not completely thermalize.

R, (Non photonic single electrons)
1.4 0-10%

1.2 * PHENIX (2005)
1. \ ,
0.8+
0.6 K Col. (K:].O & )
0.4 A N\®se_ N
e N S
2 4 6 g Pt

Suppression of decay electron from ¢ and b quarks at “large” p; due to HQ energy
loss (quenching)... A big surprise, in fact !!!

Shape ok, but at the price of a large cranking factor K !!!




The weak to strong axis for HQ

“Naive” pQCD

(WHDG, ASW,...)
G~ 1 GeV?/fm

“Optimized” pQCD
K with pions)

ASW (pure rad. energy loss;

=
=

&
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Armesto et al Dainese, Phys. Rev D (hep-ph/0501225) & 0.6;

Phys.Lett. B637 (2006) 362-366 hep-ph/0511257

Conclude to rough agreement, subjected
to b/c ratio in p-p

Electron R, (p,)

So-called “Failure of pQCD approach” aka “the
non photonic single electron puzzle”

coll Eloss (BT and TG) + radiative Eloss
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Beauty is the
problem...
but beauty is
found to
contribute
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M Aggarwal et al, STAR, PRL 105 202301
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2008: Revisited model for HQ energy 0SS icnein & cossiamn

Motivations:

1) Even a fast parton with the largest momentum P will undergo collisions with moderate q
exchange and large a(Q?%) => need for running coupling constant

2) From FP to Boltzmann transport => need for scattering amplitudes

Effective a,,(Q?) (Dokshitzer 95, Brodsky 02)

1 /| d0a.(0*) ~ 05| “Universality constrain”

 1971<0. 1 (Dokshitzer 02) helps
reducing uncertainties:

T-L

ZGVZ
_2 -1 \ 1 5 9 (GeVT)

IR safe. Q?close to 0 does not
contribute to Eloss

Large values for intermediate momentum-
transfer => larger cross section

Py

nlleelfz (T) - (1+HJ 6) 4naeff(mDself2) T2
1
o H:Tn’ZDself (T)

prop x

P P + u and s channels
2 4

One gluon exchange effective propagator,
designed in order to guarantee maximal
insensitivity of dE/dx in Braaten-Thomas scheme

dE
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1’ \
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| 7i1p=0.76GeV ? hard

O3 p=20GeV/c - b, (=0
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d g = =7 1 j(1=0.11) , 1 J
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Insufficient control on energy loss theory

Non perturbative « corrections » even at large HQ energy
P

In most models: P /

) . As
High-EHQ o < V(@) x
Lattice QCD : ><<\ Static scattering center
1= dv
3 5dV(r) 0 E[GeV/fm]
(.qu(I) = 17 Ir I 10 T~1.1 TC
:; O Kaczmarek & F. Zantow 8' V=F
| &2 @2Q0D), ol _
[ PRD7I00) 114510 KZ PR.D71(2005) V=U
5 4 KZ, PoS LAT2005 (2005) 192
04t 2
‘. optimal p, running ot rffm] | ‘ ‘ ‘ r [fin]
I s 01 0.2 05 1.0

8 G
0.03 0.05 0.1 0.7
Our force 1s close to the one extracted from the free energy as a potential

=> Still allow for some global rescaling of the interactions rates: “K”

fixed on experiment "



| The weak to strong axis for HQ
“Naive” pQCD

(WHDG, ASW,...) So-called “Failure of pQCD approach” aka “the
i~ 1 GeV?/fm non photonic single electron puzzle”

Optimized” pQCD

Collisional model with running a, and optimized gluon
propagator (Peshler GOSSIaUX and Alchelln BAI\/IPS)
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The weak to strong axis for HQ

So-called “Failure of pQCD approach” aka “the
non photonic single electron puzzle”

“Naive” pQCD

(WHDG, ASW,...)
G~ 1 GeV?/fm

Optimized” pQCD

Running o (Peshier, Gossiaux & Aichelin, Uphoff & Greiner)

Distorsion of heavy meson
fragmentation functions due to the
existence of bound mesons in QGP,
R. Sharma, I. Vitev & B-W Zhang 4 e
0904.0032v1 [hep-ph] e E

C  AutAu @\, = 200 GeV

|
o
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| I .
0 1 2 3 4 5 5 7 8 9 10
P; [GeVic]

FIG. 41: (Color online) Rayay in 0-10% centrality class com-
pared with a collisional dissociation model [78] (band) in
Au+Anu collisions.



| The weak to strong axis for HQ
“Naive” pQCD

(WHDG, ASW,...) So-called “Failure of pQCD approach” aka “the
é%’, 1 GeV,zl).fm non photonic single electron puzzle”

Optimized” pQCD

Running o (Peshier, Gossiaux & Aichelin, Uphoff & Greiner)

Distorsion 1 g g Bound states diffusion or non-
fra_gmentat e [ vanHeesetal. () perturbative, lattice potential scattering
1.2 UL —— 3/(2nT) Moore & -
existence c 2l ..III ........ 12/(2xT) Teaney (Ill) l: models (See R. Rapp and H Van Hees
R.Sharma E 0903.1096 [hep-ph] for a review)
0904.0032 o =
04 —
0 e B
O 1
0.15— minimum bias —_
"""""""""""" ST ke

FIG. 40: (Color online) Comparison of Langevin-based mod-
els from [74-76] to the heavy flavor electron Rauau for 0-10%
centrality and vy for minimum-bias collisions.



The weak to strong axis for HQ

So-called “Failure of pQCD approach” aka “the
non photonic single electron puzzle”

“Naive” pQCD

(WHDG, ASW,...)
G~ 1 GeV?/fm

Optimized” pQCD

Running o (Peshier, Gossiaux & Aichelin, Uphoff & Greiner)

Distorsion of heavy meson
fragmentation functions due to the
existence of bound mesons in QGP,

Bound states diffusion or non-
perturbative, lattice potential scattering
models (see R. Rapp and H Van Hees

R. Sharma, |. Vitev & B-W Zhang 8 I a review)
0904.0032v1 [hep-ph] 8L (a) b=3.1fm, c+b->e" 1273
A i
o SR TEHEE | ADSICFT
-6t f—fi#ﬁiﬁ f# akamatsu et al)
“°E = l{rT_ -t
o;. . T LA | I




The weak to strong axis for HQ

“Naive” pQCD (WHDG,

ASW,...)
G~ 1 GeV?/fm

Distorsion of heavy meson
fragmentation functions due to the
existence of bound mesons in QGP,
R. Sharma, I. Vitev & B-W Zhang

0904.0032v1 [hep-ph]

1

So-called “Failure of pQCD approach” aka “the
non photonic single electron puzzle”

Optimized” pQCD

Running o (Peshier, Gossiaux & Aichelin, Uphoff & Greiner)

Bound states diffusion or non-
perturbative, lattice potential scattering
models (see R. Rapp and H Van Hees
0903.1096 [hep-ph] for a review)

Non perturbative
equivalent for g+Q ?

0.8 - AdS/CFT

0.6

Y¥{1/fm)

04 -
-

-
- -
- -
—
-

) -
0.2 - ——
— -

. -

{Tparameters are able to reproduce the

Lesson n°1: No radiative !

Several models containing either non
perturbative features or tunable

ADS/CFT
akamatsu et al)

HQ data, but many questions

0 N
0.2 0.25 03

T (GeV)

from Rapp & Van Hees 0903.

1096

remain... and how to reconcile them
all stays a challenge




Elastic D mesons (@ RHIC

(Allow for some global rescaling of the rates: “K” fixed on experiment)

Raa(D)
50l Au—Au @ 200 GeV/c; 0-10%

--------- col, K=2
150 b

1.0}

L ..
L *‘
058" -
L iy -
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""h
-
-----
_____
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| MCeHQ V507
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Elastic D mesons (@ RHIC
Jaroslav BielCik

= ____ for STAR collaboration vy (D)
32 30~ Au+Au 200 GeV ® /v 20-60% min. bias (Au+Au; 200 GeV)
N e X STARD'0-80% || " EL (K=2)
> T caqukion. B ALICE D' 30-50% ssesss )
= om G Quark doesn't flow

A & 000% 0.12f

light hadrons| -
{\Jgh adrons 0.08

0.04

i i . . . MC;@HQ V307 .
S S S—- 0 1 2 3 4 5
p, (GeVic) pr(GeV/c)

Rather little contribution from the light quark in our treatment... but conclusion
may depend on the parameters (m,, wave function)

3
Coalescence according to extended N, = 4Py Py = fq(xQ Pq) (V2T R )
Dover framework QrhY Equg -
(PRC 79 044906) X Fo(po, Pq), 19



Elastic for leptons (@ RHIC

RAA lept
Loy Il Au—-Au; central
Boltzmann—>¢€;,u5 min
it | run. o; (k=0.2)
10 l"mm.k' g ® PHENIX A STAR
Tl
uuuu d coll
o o K=2 o
In principle:
0.5} ¢ s Need for
- . radiative
8o energy loss...
MC@HQ V507 ) _ *
2 4 6
Pr[GeV/c]

Good agreement for NPSE as well

o 20



Induced Energy Loss

Generalized Gunion-Bertsch (NO COHERENCE) for finite HQ mass,
dynamical light partons

——————————————————————————————————————————————————————

Eikonal limit (large k k
E, moderate Q)

dPore N.ay Jdcp | dol? Dominates as small x as one “just” has
Y dodPk, dq? = T2 (I —2) X v dq? to scatter off the virtual gluon k’
2
. Jgen _ kL B kL —qu
with w? ]"ﬁ_ +z2M2 4+ (1 - l?f\jé) (/?L — (TL)Q + 22M?2 + (1 — lz?)mg
Gluon thermal mass ~2T (phenomenological, Quark mass
not in BDMPS) X

Both cures the collinear divergences and influence the
radiation spectra (dead cone effect) 21



Incoherent Induced Energy LoSS

... & finite energy !

— mg=1.3 GeV
= mg=4.5 GeV

—— [ (exact)

II

(p+=20 GeV)

6

8 10

V3 [GeV]

12

14

Gousset, Gossiaux &
Aichelin, Phys. Rev. D
89, 074018 (2014)

Finite energy lead to strong reduction of the radiative energy
loss at intermediate p+

22




Incoherent Induced Energy LoSS

Probability P of energy loss w per unit length (T,M,...):

o (w) 1) HUGE differences expected
dz
5.000 c—quark
LoodTS P=10 GeV
4 | T=0.4 GeV
0.500F
! \\
0.foo} oo
q,bso ' collis._
! h-\f~._‘__ .
0.010 ARY
/ 0.005 \
4 \
. . e . . . . 4 . . 3 .. . . 3 W [GeV]
) 2 4 6 8

Caveat: no detailed balance implemented yet
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{Radiative + Elastic} vs Elastic for D mesons (@ RHIC

=> Allow for some global rescaling of the rates: “K” fixed on experiment

Raa(D)
20l Au—Au @ 200 GeV/c; 0-10%
: --------- col, K=2
150 Al A col+rad GB, K=1.3
O e col+rad LPM, K=1.3

------- rad LPM, K=3

1.0}

0.5

iy
-
-
iy
-
-
-ﬁ

-u,._h
-
-----
-----

0.0]
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{Radiative + Elastic} vs Elastic for D mesons (@ RHIC

Jaroslav Bieléik
for STAR collaboration

—_— I |
32 30 Au+Au 200 GeV @ J/V20-60%
o = = = M.He 0-80% % STAR D’ 0-80%

=+ ¢ quark flows

== ¢ Quark doesn't flow

A O 0-80%

B ALICE D' 30-50%| |

_ light hadrons

8
P, (GeV/c)

2 (D)
min. bias (Au+Au; 200 GeV)
El (K=2) EL+GB.V3 (K=1.3)
0-12- EEIEEEE D ] D
------ c — ¢

0.08F
0.04F

| : : : MC@HQ V507

0 1 2 3 4 3

pr(GeV/e)

No lack of elliptic flow wrt pure elastic processes

Coalescence according to extended N, =

Dover framework
(PRC 79 044906)

d3pq Py -

X FCD(va pq)a

7 fq(xQ pq (\/_R )3
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{Radiative + Elastic} vs Elastic for leptons (@ RHIC

Raa lept
1.5¢ i Au—Au; central
Boltzmann—>¢€;,,,< min
| run. a; (k=0.2)
1.0 I"Jimhl n e PHENIX A —
. e H .
uu“u L coll radiat + coll (GB)
g LYy K=2 (LPM)
K=1.3 +# I
0.5} Pore
. i
u o Wy | e |
UR. U - L Y
MCa@HQ V507 . . * : J
PrGeV/c]

Good agreement for NPSE as well
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{Radiative + Elastic} vs Elastic for leptons (@ RHIC

vy lept

0.15

0.10¢

0.05¢

0.00

—0.05¢%

rmmmmmm o], rate X 2 Au+Au; 200 GeV; min. bias

mannn coll + rad. GB (x1.3)

Boltzmann—>¢ . (rate @ €
wess coll + rad. LPM (x1.3) trans min ( )

run. a; (k=0.2)

M
M
. - 4' 2‘ 3; | . éPT[GeWc]
B ®: Phenix Run—4
MC@HQ V507 B: Phenix Run—-7

Good agreement for NPSE as well
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Conclusions from RHIC

» Good consistency between NPSE and D mesons (10% difference in K

values)...
» ... within a model with mass hierarchy

> AE radiative < AE elastic

» Present data at RHIC cannot decipher between the 2 local microscopic E-loss
models (elastic, elastic + radiative GB) = Not sensitive to the large-w tail of the
Energy-loss probability (thanks to initial HQ p,-distribution)

dP (w
W 2 1y
dz
. , 5.000}
I‘Eoil:](gr Planck : 1-006‘hadiat.
9 0.500F '~
'l \\\
0.100} ~dd
UtrSOT collis...|
I
A.010
7 0.005

c—quark

—.T1=0.4 GeV

-

7=

w [GeV]

“hard scattering”
regime




QGP properties from HQ probe at RHIC (why do we care ?)

Gathering all rescaled models (coll. and radiative) compatible with RHIC R ,4:
<dP;>/dt

Similar
diffusion

coefficient at s

15}

10}

¢ quarks, T=300MeV

low p

K=1.3

L]
'i
a®
‘i
*

El.+rad LPM

-
+"

We extract it
from data

(starting from
SQM 2008)

We compare
with recent
lattice results

................ MCEHO V507 1 Ge)

10 15 20 25

| == EL(K=1)
: Of EL (K=1.5)
8-_ El + radiat LPM (K=0.8)
6
4’.
2,
| Banerjee et al., PRD 85 (2012)

1.0 1.5 2.0
T/Tc

30

: ' L T MCelnQ Vsos|
= El. + radiat LM (K=1) 1

. Ding et al,, PRD 86, (2012}

2.5

3.0

the drag coefficient reflects the
average momentum loss (per unit
time) => large weight on x ~ 1

> Present RHIC experiments
cannot resolve between

those various trends

Hope that LHC can do !!!

Main message

It is possible to
reveal some
fundamental
property of QGP
using HQ probes

29



Going LHC: EPOS + Hydro as a background for MC@sHQ

EPOS + Hydro : state of the art framework that encompass pp, pA and AA
collisions

EPOS (initial conditions): ———
« Model based on Gribov-Regge multiple pomeron N W
Interactions W e o W

e Particle production in cut (semi-hard) pomerons,
seen as partons ladder fﬁ___a___f_*ﬁb_b_h

o Soft particles form a flux tube (string, with its own —
dynamics, incl. string breaking)... lots of them in
A-A N, gy DODlinear

 Slow string segments, far from the surface, are i
mapped to fluid dynamic fields (-> hydro) owx

e Hard partiCIGS -> jetS partolm “va R R

- flux tube

Ref: K. Werner, lu. Karpenko, M. Bleicher, T. Pierog, and S.
Porteboeuf-Houssais Phys. Rev. C 85 (2012), 064907
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Going LHC: EPOS as a background for MC@sHQ

EPOS: state of the art framework that encompass pp, pA and AA collisions

Initial energy density

160
30 10 140
25
20 ; 120
15
100
;o U ., Beware: # color scales
¢
60
-5
40
0 20
0
-10 -5 0 5 10

yin fm

Kolb Heinz (used previously) EPOS

-
(=]

x in fm
xinfm

o & A O o N B O o™

A
o

-fo 8 6 4 -2 0 2 4 6 8 10
y in fm

More realistic hydro and initial conditions => original HQ studies such as:

1) fluctuations in HQ observables (some HQ might « leak » through the « holes » in
the QGP)

2) correlations between HF and light hadrons
31



Large differences in the EOS !

e/T*)
20 = 12 =
| © 10 —
15 -~ -
' T 8
i - -
10} o 8 —
I 4
51 e -
Z 2
- _I-I-|||||||||||||||||||||||||||||
0oL GV " 100 150 200 250 300 350 400
T (MeV)
Kolb Heinz: bag model EPOS2: fitted on the lattice
(1rst order transition data from the Wuppertal-
btwn hadronic phase Budapest collaboration:
and massless partons) Cross-over
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Coupling EPOS and MC@sHQ

Two main (physical) issues: X

o o - <—— Soft
1) Generating initial HQ X, evolution

consistently with the multi-
partonic approach in EPOS
(done 1n EPOS3; B. Guiot)

«—— Hard evolution

<«— Born process

. 2
Increasing Q

=12 =

Z{IO ;

N 2) Dealing properly with the

" — 1s  underlying degrees of freedom in a
Hadr crossover evolution btwn hadronic
z S phase and QGP.

100 150 200 250 300 350 400
T (MeV)

(&N
UNDER

CONSTRUCTION)
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Going LHC: EPOS2 as a background for MC@sHQ

Raa

U2

1.4
1.2

1
0.8
0.6
0.4
0.2

0.6
0.5
0.4

0.3

0 SHADOWING coll. K — 1.5

rad, K = 1.8 = === _|
coll+rad, K = 0.8
av. D mesons ALICE (prel.) —e—

LHC, central 0 — 7.5%

coll, K =1.5 ——
rad, K =1.8 = = - -
coll4+rad, K = 0.8 weceeieene
av. D mesons ALICE +—&—

LHC, 30 — 50% I

Same microscopic ingredients as for
RHIC (AE o L);

N.B.:

K values: slightly smaller then what

obtained from RHIC

<dP;>/dt
10F

EXC'“d&H\.:
n:al:'l.G g

K=1.§# “rad. LPM
K=1.8

]
- '.I‘l‘
.t

% .+ " "EL4rad LPM
ITEh K=0.8

¢ quarks
- T=400MeV ’

Data at large p; seems to favor
« Collisional only »- like average
momentum loss
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Further comparison with model calculations at LHC

Sapore Gravis report (arxiv 1506.03981)
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Moving forward...

Central question (to better understand the probe):

How to distinguish between

Typical - Collisional

/

X

Large cross-section,

moderate E-loss per collision
large angular deflection

Mass comes as a scale in a log

Typical - Radiative

]
—
-~.

Small cross-section,
large E-loss per collision
small angular deflection

Mass regularizes collinear divergence
=> stronger mass-influence
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Distinguishing btwn the models: mass dependence

R (NP Jhy)
1.5¢

CMS preliminary for non prompt J/ur
: PbPb @ 2.76 TeV
. 0—100% centrality
1.0
El., K=1.5
‘e El. + Rad LPM, K=0.8
I kLT
0-5_ t-i." Tr,avun s LA
ly|<2.4
20
Collisional, K=1.5
02l ALICE LI )
- EPOS2+MC@HQY508 . L .
100 200 300 400
(Npart weighted by Neop)

LOF™ Ratio of {p)-loss
Sost R
S
<] 06 / T=400MeV_____|
S 0.4 éf{f """"""" E I+d
= L g rad.
], -ﬁ—‘ - =200 MeV
< 02 MM ] PM
0ol Interm. Mass hierarchy
i 10 20 30 40 50
p (GeV/ce)
1.0—
: Coll. + Rad LM, K=0.8
08 . ONIFT--...
L L] o
ol otefal -B Jhy
02 ALICE EfD """ il
-EPOS2+MC@HQY508 . - .
100 - 200 300 400
(Npart weighted by Neop) 37




Distinguishing btwn the models: mass dependence

Predictions:

(moderate but finite
difference... to be seen)

Rua(B&D)

L.5

1.0

0.5

Au—Au 200GeV; central
Boltzmann—>€,4ys min

run. a (k=0.2)

coll (K=2)
coll + radiat
(LPM; K=1.3)

g

D mesons
MC@HQ V507

]
-"_-r———__-l

2 4 6 8

v2(D,B,NP J/i)
0.20;
Pb+Pb; 2.76 TeV; 20%—-60%; |y|<1
0.15} ',f" ‘.\\D MESONS  glastic: K=1.5
/7 TTts..__ El+RadLPM
0.10r If RS K=0.8
- i B mesons "elnmeeeees -~
i '5’ ,,’a-—' ------------------ "-,,“.‘--.. Sel
0.05] & - ooyt
] == Non-prompt J/y
0,00 [EAZZCEQVS TR0 May 20T ——~——"
0 5 10 15
v2 (B)
min. bias (Au+Au; 200 GeV)
EL (K=2) EL+LPM.V3 (K=1.3)
0.12F""B —
----- b b
0.08f

Pr
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Large cross-section, Small cross-section,
moderate E-loss per collision large E-loss per collision
large angular deflection, small angular deflection,
! " coll, K =15, T MeV
81 (a) collvad K =08 T = 400 Mey .
Transverse plane ER St o
< 6
= 4 _
Sk ]
> o L ¢ quarks
L s g
0 - ! ! |
0 5 10 15 20 25
GeV]

Initial correlation ; back to pin |
back at leading order

coll,

- (b) coll+rad,
_ coll,
B coll+rad,

S
1
o~ O
QOO 0o O

d{p?)/dt [GeV? /fm)]
S KW e O Sy =] 00 WO
l l I
| \

Dbar

Nahrgang et al Phys. Rev. C 90, 024907 (2014) 39



Heavy quarks azimuthal correlations: Back-to-back

Pb-Pb at LHC, HQ initialized back-to-back, no background from uncorrelated pairs, eff.deg=1;
decoupling at T=155 MeV

charm quarks bottom quarks
O oLk Tis T 0 GeV'=——="- el S T AR W K e -
| L coll4+rad, K =0.7 [4,10] GeV === 1 1 L coll+rad, K =0.7 4,10] GeV ===
- [10,20] GeV == == 1 - 110,20] GeV s=== A
T —— e ——— -1 L .- _ ]
0 : O bb, 00— 20% .
a4 q2L | P ] a4 02 L ]
- W07 F 2 0-20% 7 %\ i = W0 —
g - J AN . = s Ao Y .
= 1078 | AT - = 1078 AR RN -
Ee B e, L \\\ . — - _,.--’/ / o 1] \ \‘\ =
{ \
1[]——'1 __ / f ! fr "l ! \\\ _- J_E]——l _— ~ f :Il‘r ‘:1 1\ ™~ —_
B / f L | { LY ] C ~ f ir Y \‘ e ]
| ;J}' I L \ — | I / i 1 \ R
1077 C o~ ') VW YA V= T 107° £ / ) \\ AN =
10-6 AL L e Ly REAY: 10-6 L o d L b LN T
0 1 2 3 1 5 6 0 1 2 3 4 5 6
Ad Ad

» Stronger broadening in a purely collisional than in a collisional+radiative interaction mechanim

» At low pT, initial correlations are almost washed out. Some collectivity seen in the purely collisional
scenario

» Variances in the intermediate pT range (4 GeV-10 GeV): 0.18 vs 0.094 (charm) and 0.28 vs 0.12
(bottom)

» At higher pT, initial correlations survive the propagation in the medium
Nahrgang et al Phys. Rev. C 90, 024907 (2014) 40



Next-to-leading order QCD matrix elements coupled
to parton shower (HERWIG) evolution: MC@NLO

S. Frixione and B. R. Webber, JHEP 0206 (2002)
S. Frixione, P. Nason and B. R. Webber, JHEP 0308 (2003)

» Gluon splitting processes lead to an initial
enhancement of the correlations at A¢ = 0.

» For intermediate pT : increase of the variances from
0.43 (initial NLO) to 0.51 (= 20%) for the purely
collisional mechanisms and to 0.47 (= 10%) for the
interaction including radiative corrections (no
additivity with initial width).

» At larger pT, the deviations from back to back
correlations are mostly due to initial NLO
corrections.

» Different NLO+parton shower approaches agree on
bottom quark production, differences remain for
charm quark production!

Nahrgang et al Phys. Rev. C 90, 024907 (2014)

dN;/dA¢

dNy; /dAg

dN; /dAG

1072

10*

... and with Realistic initial distributions: MC@NLO

T
i initial ———— 7
L _ - coll, K =1.5 i
| T E [1—4] GeV coll4rad, K = 0.7 4
L ’//,\-.\\- B
\\ /// \\\ //
Lo~ s \--.._..J’/
| | | | | |
1 2 3 4 5 6
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T T
initial ———-—
coll, K =1.5

pr € [4—10] GeV

coll4+rad, K =0.7

Ag

FPr € [10 — 20] G':'\"colH—rad, K =07
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Consequences on the observables: p,(c)-p(cbar)

correlations

D Toy study: back to back c-cbar (LO). Pb-Pb @ 2.76 TeV; 40-60%.

pi(cbar) [GeV]

dP (w)
W] —
7
5.000}
ol Tadiat Syt
. F N Addl—~_T=04 GeV
0_59'0 LN,
I -
0.f00 "
0bs50F collis...._
! R
Holo MR
/ 0.005 \
! 1
2 2 4 6 wlGev]

|

10 15 20

pe(c) [GeV]

Background at small p,

'\

pi(cbar) [GeV]

30

25|

20}

El. + LPM (T=0)

15 20

pi(c) [GeV]

25 30

\
Tagging on 1 high p; Qbar:

Residual correlation after evolution through QGP
(similar path length for most of HQ produced in the core of the reaction)
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Consequences on the observables: p,-p,bar correlations

dN

dp,
6.x 1077

5.% 1077}
4.x1077}
3.x1077f
2.x1077}

1.x107}

Toy study: back to back c-cbar (LO). Pb-Pb @ 2.76 TeV; 40-60%.

Significant residual correlation for the

case of Elastic energy loss (or LPM
radiative + gluon damping)

p:(cbar)e[20,22]

No significant residual correlation for
the case of radiative GB or LPM
radiative

- - S - GeV
10 20 30 40 so'pic)[ V]

Background at
small p;
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More recent observables: Higher HQ flow components

Fluctuations in the Initial energy-density profile => odd components of the flow:
V3, Ve, ... (Seen indeed in the light particle spectra)

energy density in GeV/im®

. 8

g ; )
il . ‘ . 6
3L 4
' r — _.“‘. 2
0 1% £o
L 2
R -- ’ H % 4 ' 4
-6
sketch 8

-8 -6 -4 -2 0 2 4 6 8

X in fm

300

250

200

fm

150

yin

100

EPOS initial conditions

As heavy quarks couple to the expending QGP, same trend should be observed
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More recent observables: Higher HQ flow components

RHIC

< 0.1

0.3

Nahrgang et al, Phys. Rev. C 91 (2015), 014904

I T T T T T
coll, K=1.5 ====
coll+rad, K=0.8 ===

10-30%

—— e

v, ALICED |

30-50%

10 12 2 4 6 8 10 12
pr [GeV] pr [GeV]
I I I I I I
Vo —— coll, K=1.8 =——==
I ’ _ RHIC D
Vg ==== coll+rad, K=1.0 ==== 20-40%

0-10%

10-20%

pr [GeV]

Indeed finite v3 observed at all centralities, both at RHIC and LHC
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More recent observables: Higher HQ flow components

In 1"t approximation: v,, a. excentricity ¢, => look at the ratio forless LHC

trivial effects
1 I I I

Vv 2/ €o ""“'3"|Ir €3
—
— ————g __* *__ T
: ~ ) _::__::% ----—:.——*.‘_'__'_'_f_':_‘_?.ﬁ——h-_,_h_ .
py L o il ""---______ —
= O1F e . N

light charged hadrons *
D mesons e
B mesons ¢
UD-I | | | | | | | | | |

0 10 20 30 40 50 0 10 20 30 40 50 60
centrality [%)] centrality [%)]

More detailed analysis reveals that HQ benefit less and less from the flow of the
bulk at large centrality, especially for higher harmonics.
Possible inertia effect: HQ need a longer time to develop their flow => earlier
freeze out at larger centrality prevents the v, to develop fully.
This may offer a different perspective on the probing of the system
evolution
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HQ collectivity in “small” systems: the pp case at

_HC.

e .-'/
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medium / vacuum

Vogel et al. Phys. Rev. Lett. 107 (2011),

032302

Even in p-p collisions: several (v) pomerons

exchange, up to v =10

dN,
dy

[ dN/dpr, 5 M
_ R, p— NH M
i / Hﬂff/Lﬂff dN/d]JT,LJ\J
(obs) Nrm
1]

0 5

| (not obs)

Similar to Cu-Cu

RHIC
3 (RHIC)

29

y=0

Test whether HQ quenching
In p-p

Some (10%) quenching seen
indeed in the model
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HQ collectivity in “small” systems: the pp case at LHC.

As a function of “centrality ALICE (arxiv 1505.00664)
R(z) _ dN /dpr(Nen) Nug ~ Aaaaans - ALIGE e M -
dN /dpr(M B N Q 25— —
/ PT( ) pr>10GeV ch E B pp Vs=7 TeV, |y|<0.5 _
1.05 o - 0 _ ) -
B ~ - ¢ D" meson, 8<p_<12 GeVlc -
a e Nz 20 & D' meson, 8<p <12 GeV/c —
L o _ & D" meson, 8«:5;:12 GeV/c i
095 - J.-T_ 15:_ _:
| 0 5 - .
=, B o — _
0o [- 0 O 10~ @ - R(Z) o 1—
= - o]
| < f Vo
08 I N N B R : ﬁil_,-*""’-’---- +6%/-3% nomalization une. not shown :
’ 1 ? ? ) : ;;-ﬁ -I- -#I- . | I L1 1 | | | |i | EII:!'l:I1 '.-I"-H::.Iﬂ:-I Il:'::Illr."lJlllj;'rli:I l|lI IIIIijl.lll:j'rlII Irll:l:',t|S|I-.,I:)I""‘IlrI I_
2 = dNen /(dN hy B (Se_lf'_ € 04F B fraction hypothesis: x 112 (2) at low (high) multiplicity 3
dy dy normalizing) s 025 =
| . 3 '
Opposite trend seen in data... £,

: ia- o 1 2 3 4 5 6 7 8 9
(Working hypothe3|s. N, a v, but (dN_Jdn) / (dN /dn)

hydro created in pp leads to a strong <

reduction.) (b) D meson with 8 < pr < 12 GeV/c

48



2015: HQ collectivity in p-Pb at LHC.
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2015: HQ collectivity in p-Pb at LHC.
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Conclusion

Despite all progresses made in the field of URHIC probing the “quark gluon
soup” with heavy flavour and assessing unambiguously its physical
properties is still a delicate task.

This is partially due to the abundance of models and the lack of constrains

from the fundamental theory.
' >1 fluctuations
, ;>/d’[
o quarks : 41?.11(}‘ ’d‘L‘PM
NT=400MeV ¢ ¥7¢ rad. LPY

local

ﬁlocal

_ SPSAETTLL El+rad LPM
1 9 . "‘ “““ K=0.8

i PP

[ EL; K=1.5
sl

Lo ';"‘ 1 1 1 1 1 1

; 5 10 15 20 25
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Conclusion: Antique view of QGP probing with HQ

The blind —

— The paralytic

... but they go forward together !
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Elastic Eloss (@ RHIC

We “explain” it all provided we allow for a multiplication of

our pQCD (inspired) cross section by a factor 2...

—————— - o I I
oo b 1% Deur et al. (PLB 2008)
277 o f
Oeff 0.0 [}
Our choice - 1
04+ A JLab CLAS \
1. > ;
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Running o : some Energy-Loss values

T(MeV) \p(GeV/c) 10 20 ~ 10 % of HQ
dE,, (c/b) 200 1/0.65 | 1.2/0.9 energy
ax 400 21/1.4 | 2412
Drag coefficient (inverse relax. time) Transport Coefficient
&(Geﬁ‘l"z,t‘fm)
] mmme —(quark model E, k=0.2
| =
D 2-__.__—;-_;_..——""—;-—-——-—-T::]-.3:;ev
Nailve 2 5 10 20 50 100
pQCD p/mg
e (Svetitsky) ... Of expected magnitude to reproduce
L , the data (we “explain” the transp. coeff.
Loe e s s in a rather parameter free approach). ¢,

po (GeV/c)



