Charm in media (theory) Me too

please

R e &
e G
. (J,Q

b-quark

P.B. Gossiaux

SUBATECH, UMR 6457
IMT Atlantique, Université de Nantes, IN2P3/CNRS

Adopted viewpoint: broad overview. For more specialized viewpoint: recent
plenary talk of Min He at « Strangeness in Quark Matter » or « Heavy-Flavor
Transport in QCD Matter » at ECT* (https://indico.ectstar.eu/event/98/overview)
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Charm (heavy quark) at (T, pg 1,)=(0,0,0)

IDENTIFICATION CARD

Name: charm

Residence : D, J/wy, A,

Mass: 1.272 GeV (constit.: 1.6)
Charge : 2/3

Lifetime : ~ 1012 s

Particle World

* Effective theories (HQET, NRQCD, pNRQCD)

* Cornell potential
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Non-perturbative, string-like

* ... supported by IQCD calculations
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QCD Phase diagram

* Around T, ~ 160 MeV :
0 Strong modification of the Polyakov Loop (order parameter
for deconfinment)
O gradual increase of the effective degrees of freedom
Challenge : understand the properties of charm quark in this
QGP medium (in this talk: mainly at pz=0).
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Temperature T [MeV]

QCD Phase diagram
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Net Baryon Density 0

Challenge : understand the properties of charm quark in this medium
(in this talk: mainly at p;=0).

A first answer <- the analysis of the static Q — Q potential on the
lattice.

Gradual disappearance of the « long range » force, while the r<0.3 fm
« Coulomb-like » core survives at higher temperature.

148 MeV b4 205 MeV i 286 MeV 1of _
164 MeV B 232 MeV

182 MeV el 243 Mev o TTPQ —> OO

| | | 1 1

0.2 0.4 0.6 0.8 1 r[fm]

Grey symbols : free energy



Physical Picture at large Temperature : HTL

Hard thermal loops approximation

Simple expression of the gluon propagator based on the HTL self energy
when external momentum |k| = mp,, = g(T) T<< p~T <> weak coupling
g(T) << 1 and perturbative schemes () (b)

If energy transfer is small (ok is at least one of the quark is heavy ./. mg,,)
=> Interaction reduces to a simple Debye-screened potential

Virw(r,t) = — ¢ e ™mP" S

r
. . . . . (c) |
Light partons acquire thermal mass a gT as well as collisional width (']

(spectral function)
N2-1,, -
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@\ EB) = 3N g N\ 2T T Some nice reviews : lancu & Blaizot (2000), Ghiglieri
| ' " , et al. (2020),...
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Physical Pictu

re at large Temperature : HTL

* Heavy quarks, on the contrary :
reduction of the mass : For static
quark, the dominant effect is the
qguenching of field over distance a
1/mp) ...

e ....and still thermal width a g?T

ReS(M —o0) = —=—

> [ dk /+°° dk® pr (K9, k)
2 ) @r? ) 2r RO

2 50/ (2m)3
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= I'(mg — o) = aoT

Beraudo et al : Nuclear Physics A 846 (2010) 104-142
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Fig. 6. (Color on-line.) Imaginary part (left) and real part (right) of the self-energy X. The horizontal lines, labelled
“static limit”, indicate the values of I"'(M — 00) and Re X (M — 00). With the parameters « = 0.4 and T = 300 MeV,
these are respectively 120 MeV and —143 MeV. Within the gap -y, I is an increasing function of M, while Re X' is
a decreasing function of M. Both functions nearly reach the infinite mass limit when M =45 GeV.
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Physical Picture at large Temperature : HTL

However, lessons from the For values of the T achievable nowadays on ea.rth, adding more
past (EOS) : naive HTL and more terms simply leads to larger theoretical error bands !!!
approach does not P/Py
. 1.4 N ™~
converge uniformly; N g ~_
3T — — ]
Need clever ressumation 1.2 S N
. . — == _————
and interpretation, as well ; I Kraemmer &
as extra prescription for Rebhan (2004)
fixing mp (HTL perturbation
IQCD
theory) —
=> what about remnants of
the confining force ?
Figure 6. Strictly perturbative results for the thermal pressure of pure glue
Answer about the QCD as a function of T'/T, (assuming Tc/z'\m = 1.14). The various gray bands
apphcab'l'ty m|ght also bounded by ciiiferéntly dashed lines‘ show thje perﬁuba_tiwe 1‘esults‘to F:L‘der %}2._
. g3, g*, and ¢°, using a 2-loop running coupling with MS renormalization point
depend on the considered i varied between 7T and 47T. The thick dark-grey line shows the continuum-
tit extrapolated lattice results from reference [154]; the lighter one behind that of a
quantity lattice calculation using an RG-improved action [155].
Usually better suited for < =1 Need for further ressummations (early 2000’s, fi: Blaizot, lancu & Rebhan)

short range description "= Mp



Physical Picture around T

* Several indications that charm is not weakly interacting around T, (screening masses, correlators,...)
Charm baryon to meson pressure

e Quark susceptibilities on the lattice :

BC __ 8m+np(Tnu’B ap'C')
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All susceptibilities nearly equal, as pz and pic
appear jointly in the charmed-baryonic pressure
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Hadronic nature of
charm is confirmed,
provided one considers
extra charmed-baryonic
states from quark
models



Physical Picture around T

* Several indications that charm is not weakly interacting around Tc (screening masses, correlators,...)

e Quark susceptibilities on the lattice : - . [iB .
) Minimalistic model: P~ = P~ (7' cosh(fic + ?) + Py, (T") cosh(fic)
BC o np(T,/,LB,;,Lc)
X = NG PS(T) cosh(jic + fig) +
mn oL Opg, = =0 B ( ) (MC’ NB)
where [ = /T C>1 (small)
fractional contributions of partial pressures (PP)
30 non-int. -* 10T T T T T T T T T T T T T T T T 11 &
N:8 6 quarks i o ® i
[~ _BC, BC i
o5 L X;%/xéé = N 0.8 4 PP drop: hadronic
| X173 @ © i pg/pC 1 41 resonances become
20 i 0.6 oS/pC b ] broad at hlgh T and
i do not contribute
0.4 pr\cf/pc H=H y
1.5 ~ ) -1 Jakovac, PRD88 (2013),
{ Bazavov et al., PLB 737 (2014) 210 - 0.2 S.-Mukherjee etal., PRD93 | gg5015 Birg, Jakovac,
| ' TN (2016) 1, 014502 | PRD(2014)065012
] N l: L1 El L1l i_
T [MeV] Vv
_ R M S 150 170 190 210 230 250 270 290 310 330
140 160 180 200 220 240 260 280 T(MeV)
Gradual transition from hadronic-like -> non Confirms the resonance picture of Ravagli and Rapp

interacting quark values L. Ravagli and R. Rapp, Phys. Lett. B 655 (2007) *



Physical Picture around T

Euclidean correlator G(7,T) = [ p(w

A. Kelly et al, Phys. Rev. D 97(2018), 114509 (2018)
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— 0.24T¢ — 1.09T¢
— 076Tc — 1277 D PS |c

— 0.84T¢ — 1.52T¢ o
— 0.95T¢ = 1.90T¢

w[GeV]

— 024T¢ — 109Tc  New BR mehod: Y.
— 0.76Tc — 1.27Tc  Byrnier and A. Rothkopf

== 084Tc — 1.52Tc  phys. Rev. Lett. 111, 182003
e 0.95T¢ === 1.90T¢ (2013)

K(t,w,T)dw with K(7,w,T) =

Quite chal

below T,

compared

lenging inversion problem

coshlw(T—1/2T)]

sinh(w/2T)

the D mesons exhibit consistently more pronounced structures,

to their D* cousins.

The BR (inversion) method exhibits remnant peak structures up to T= 1.5 T
“The MEM, on the other hand, shows overall more washed out structures, so

thatatT>T

Gloria Montaia et al, The EPJA56, 294 (2020) ...

LOp

0.8F

pp Wi )+ape(wT)

pc’

D-meson

235

201
T:. =185
176
156
141

one is hard pressed to identify a genuine peak.”

Need further investigation

see also talk at SQM 2021

* Effective hadronic theory;
spectral function based on
GS + continuuum
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Euclidean correlator G

Physical Picture around T

= [ p(w

A. Kelly et al, Phys. Rev. D 97(2018), 114509 (2018)

25
| == 0.24T¢ — 1.09T¢
[
”o , = 076Tc — 127Tc D PS |c
3 | = 0.84T¢ — 1.52T¢
::\1 . | § — 0.85Tc — 1.90Tc
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2 |
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25
— 024T¢ — 109Tc  New BR mehod: Y.
- — 0.76Tc — 1.27Tc  Byrnier and A. Rothkopf
3 — 0.84Tc — 1.52Tc  phys. Rev. Lett. 111, 182003
<y e 0.95T¢ === 1.90T¢ (2013)
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K (r,w,T)dw with K (7,0, T) = “=e= 20

Quite challenging inversion problem

below T, the D mesons exhibit consistently more pronounced structures,
compared to their D* cousins.

The BR (inversion) method exhibits remnant peak structures up to T= 1.5T
“The MEM, on the other hand, shows overall more washed out structures, so

thatat T >T,, one is hard pressed to identify a genuine peak.”
Need further investigation

Gloria Montaia et al, The EPJA56, 294 (2020) ... see also talk at SQM 2021
1.05 —————r———————————

[ 235 * Effective hadronic theory;
spectral function based on
201 GS + continuuum
l.=1% "« Good agreement for low
temperature, but large
(expected) deviations for
T>T,.. (higher states, but
also deviation from BW
shape).
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AA collisions as a playground for testing charm in media

P e OB Heavy flavor Produced early (t~ 1/m)

-~ 10'° frd g O => No further c-cbar generation in ensuing QGP
: | O Initial production well controled (advantage of my>> Aqp)
O But early phase might not be so innocent (magnetic field,

free | Weak decays CGC-glasma,...)
streaming e =>experience the full deconfined phase + hadronic phase
H O probes « deeper » than most of the other hadronic
— > observables while not fully thermalized (t,,, o mq/T?)
concadt . Interaction w. O accumulates several effects => need to compare different
BRI P hadrons systems to better differentiate them

* Produced over a wide range of rapidities and p;

O increased richness in scrutinizing the interaction of HQ with
medium...
but also sets more challenges (interactions for p;<<m_, p;=m,,
pr >>m_, appropriate transport theory ?).

Hadronization\ S -8 . Hadronization

" Jgséo%m'c ' Interaction w. 0
0 ic ;
S QGP

T~1fm/c 5 .: : i . o .
Initial energy | BRLSEEUAN - —> Several models have emerged that aim at describing OHF

density 3 i lasma & B . . .
o e © production in AA collisions

oot | Hard
ynami : o . . . .
oroduction All together, a comprehensive understanding of the microscopic

(M>>Aqcp) properties will only stem from combining deep theory & AA
phenomenology.

12



Yield per spin d.o.f.

QGP in AA from c-quark perspective... opaque or transparent ?

Historical (< 2000) claims of weakly coupled QGP — HQ (suppression of elastic energy loss, small radiative Eloss).
Most agnostic approach to HF production in AA collisions : Statistical Hadronization Model

:l L LI I L T I T T ] T UL I T LI I T L I L T . . . . . .
10° ;r.::* Pb-Pb \(S,=2.76 TeV e Based on simple (not simplistic !) generic hypothesis: all
™ d - correlations lost in QGP, production at freeze out according to
o2k ™ s central collisions » P g
Tt om . e .
1 o P A statistical weights
0F .,.:' = * Core — corona decomposition of the domain
1 ¢ ho qQ e Charm quarks number is fixed at t=0 and conserved
10k el Jy * Predictive power for a large number of hadrons and resonances
: - +
10+ 3 i
jo0L Data(yi<05) ALICE .
= e particles “3He 3
-4 — o _A
107F = antiparticles sa
{1 :— Statistical Hadronization (T=156.5 MeV) : i 3
10°° - total (+decays; +initial charm) He
F mnemean primordial (thermal) F
10—7 i 11 L1 | 1 1Ll 1 I 11 | J Ll 11 I 1 11 1 I 1 L 11 I 11 1 1 I 11 1 1
0 05 1 15 2 25 3 35 4

Vislavicius, SQM 2021 Mass (GeV)
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QGP in AA from c-quark perspective... opaque or transparent ?

* Historical (< 2000) claims of weakly coupled QGP — HQ (suppression of elastic energy loss, small radiative Eloss).
* Most agnostic approach to HF production in AA collisions : Statistical Hadronization Model

L 111

Pb-Pb, |5 = 5.02 TeV, 0-10%

E 1 D% y|<05 » Based on simple (not simplistic !) generic hypothesis: all
= ' correlations lost in QGP, production at freeze out according to
=107 statistical weights

* Core — corona decomposition of the domain

* Charm quarks number is fixed at t=0 and conserved

Predictive power for a large number of hadrons and resonances
* For p;spectra:

| IHIIII‘ 1 HIIIH| 1 \IIHHL

m ALICE data

%

1074 OSHMc + FastReso + corona
R | I I o full thermalization in core, differential production according
= 1 Pb-Pb, {5\ = 5.02 TeV, 0-10% = to Cooper-Frye with QGP distributed according to blastwave
S 10 Ao ly|<0.5 E model + resonance decay.
Q 1072 . O Treated as in pp in corona
© E
3 107 =
~ ]
< 10* 3

10_5 e b e e Lo e b b b b Ly |§i

2 4 6 8 10 12 14 16

Anton Andronic et al. , arXiv: 2104.12754 pT (GeV)
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QGP in AA from c-quark perspective... opaque or transparent ?

* Historical (< 2000) claims of weakly coupled QGP — HQ (suppression of elastic energy loss, small radiative Eloss).
* Most agnostic approach to HF production in AA collisions : Statistical Hadronization Model

L 111

Pb-Pb, {5y = 5.02 TeV, 0-10%
D% ly|<05

| IHIIII‘ 1 HIIIH| 1 \IIHHL

m ALICE data

|

1074 OSHMc + FastReso + corona
,'_/-\ 1 L L (I A ; L T LU B _E[
> Pb-Pb, |5,y =5.02 TeV, 0-10% =
G 107 Ae Iy | <05 E
-, o i
3 10
3 107 E
i 3
< 10+ 3
10_5 PR Y SR IS T Y I SN N T TN TR TN N TN S W NN ST T N Y SO S (T .ai

2 4 6 8 10 12 14 16

Anton Andronic et al. , arXiv: 2104.12754 pT (GeV)

Based on simple (not simplistic !) generic hypothesis: all
correlations lost in QGP, production at freeze out according to
statistical weights

Core — corona decomposition of the domain

Charm gquarks number is fixed at t=0 and conserved

Predictive power for a large number of hadrons and resonances
For p; spectra :

o0 full thermalization in core, differential production according
to Cooper-Frye with QGP distributed according to blastwave
model + resonance decay.

O Treated as in pp in corona

Agreement with experiment at low p; for open charm hadrons
demonstrates that the hadronization of open and hidden charm
takes place at or close to the QCD phase boundary.

15



QGP in AA from c-quark perspective... opaque or transparent ?

Pb-Pb, \sNN—s 02 TeV, 0-10%
D% ly|<0.5

(GeV)

1
p—y
o

fIHIIId IHIIIH| I\IIHHF \II\IH-

-
5
(€8]

&N / dy dp
S

M 11

» ALICE data \
|:|SHIVIc+ FastReso + corons

’ NG
Pb-Pb, 5, = 5.02 TeM

—
=
N

[\..

—h

S E
D 4 .
9 10 A Iy | <0.5 E
Q. 1672 .
%‘ 107 -
iy ]
< 10* =
“o 7
10_5 e b e e Lo e b b b b Ly |§
2 4 6 8 10 12 14 16
Anton Andronic et al. , arXiv: 2104.12754 pT (GeV)

Historical (< 2000) claims of weakly coupled QGP — HQ (suppression of elastic energy loss, small radiative Eloss).
Most agnostic approach to HF production in AA collisions : Statistical Hadronization Model

Based on simple (not simplistic !) generic hypothesis: all
correlations lost in QGP, production at freeze out according to
statistical weights

Core — corona decomposition of the domain

Charm gquarks number is fixed at t=0 and conserved

Predictive power for a large number of hadrons and resonances
For p; spectra :

0 full thermalization in core, differential production according
to Cooper-Frye with QGP distributed according to blastwave
model + resonance decay.

O Treated as in pp in corona

Agreement with experiment at low p; for open charm hadrons
demonstrates that the hadronization of open and hidden charm
takes place at or close to the QCD phase boundary

Disagreement at intermediate p; leaves the room open for
incomplete thermalization during evolution (t,,,, o my/T?) =>
indeed probing QGP properties

relax

(own interpretation!) " .16



Various approaches to HQ transport

Bottom-up schemes (microscopic -> mesoscopic):

* Assume (effective) degrees of freedom and (effective) interactions
* Take insights and constrains from the fundamental QCD theory, but often + background from fluid
inhold some free parameter dynamics :T(x),u(x), or
* Rely on more or less sophisticated realizations of the transport theory from transport equations
in the light sector

Boltzmann Main Ingredient:
Equation cross section,

Classical approx .
masses of particles

Grazing approx (small
momentum transfer)

4 )

Main Ingredient:

Kramers Moyal [FP coefficients / ]

expansion (valid transport coefficients
for large mass) \_ v,

Minimalistic ingredients /
quantities to be inferred
from the medium.

17




Transport coefficients

QPM (Queen’s Police
Medail)

D 0~

HQ in hot medium...
... interacting with various objects

Quasi random process =>

<ﬁ> ( ) — 1D (p T) XP 1D [fm_l: . Relaxation rate

%(ﬁT,z’ﬁT,j) — KT(ﬁ, T)(S@-,j /{T[GeVQfm_1: . Transverse diffusion coef. (p
space); |§ = 2r7 = 4B

9 —15 T : :
Similar in longitudinal direction RL [GeV fm ] :  Longitudinal diffusion coef.

In general, no relation between these coefficients except kK7 = K, for p=0.
18



Transport coefficients and inelastic proce

SSesS

—_ '~.‘,_"'_-_._
p" QPM (qQueen’s Police
Medail) )
HQ in hot medium... X
... interacting with various objects...
... and emitting some objects g ‘
A(p) = AP, T) X L + (Ap)rad <dP> | .
\ J ¢ quarks _erad.-GB . *
! 8 T=400MeV -+ K=l$-TdLPM
e contribution from « radiated » part 6 --'ﬁ.';"d'i;:;['
o ok . - af oottt K08
In most of existing schemes: (Ap),.q = f‘(?’m, KT, KL, Dy L) .0 Ty

Seeked ransport coeff.
111 In this case, the relaxation rate < (<<) n,

20 25

19



Transport coefficients at low momentum p~m

=== lim
t—roo t

Langevin regime => Einstein relation: k = 21'F () — x(O))?2
gevin regi instei | QD 5 _( 1 (x() -~ x(0) >)
For historical reasons, physics displayed as a function of 2nT x the spatial diffusion coefficient

(QWT)DS = 4nT” = 2n " B Trelax — 77D (QWT)D X
|

| K Eonp 27 T2
|
. | [ 1 AdS/CFT NLO 1 Ding 2012
Gauge for the coupling strength 30 LT & Baneriee 2012 denmBrambila 2010
- ._..' Francis 2015 ¢  Brambilla 2020
IQCD results - 20 - i?f?lh sQm 2021 ~[ | Ding2021(b) 4 Altenkort 2021
The sole direct rigorous calculation of the M~ Commme -
transport coeff to my knowledge Cti jomemem T S
~— 101 !
Trelax(1e) = mg|GeV] x (3 £1.5) fm "ﬁ + ‘#L %L ________________ _.
. . I. .-.-.-I_—.-:['b.l_.':..:.. .._._.[Ih ____________ .m.—-\.
Still not conclusive 01t e =
1.0 1.5 2.0 2.5 3.0

T/T,
2 possible methods : direct current — current correlator (diffusion peak) or field-field benefitting from large mg. Tension
between the two approaches ? 20



Transport coefficients at low momentum p~mg

Langevin regime => Einstein relation: x = 21'"Egnp

1
D, = (: — lim

t—oo

t

((x(t) — X(O))2>)

For historical reasons, physics displayed as a function of 2nT x the spatial diffusion coefficient

(27T) Dy = AnT® _ 2nT”
\

| ~  FEgnp

|

Gauge for the coupling strength... should be
independent of the mass in the large mass limit.

Study of Catania group (with a quasi particle model)
shows that this is still not realized for cham mass
(30% - 40% difference wrt bottom).

= Trelax — 77D

= (27T) Dy X

2T2

Spatial diffusion coefficient of bottom quark

(2nT)D,

o
2L o 1QCD
L v

A

_ === (QPM (Catania) Bottom

|||||||

T

1QCD [Banerjee et al.]
Kaczmarek (2014)]
1QCD [Francis (2015)]
N 1QCD [Brambilla (2019)]
- 4 1QCD [Brambilla (2020)]
- = (QPM (Catania) Charm

—_————

T, =0.155 GeV |

ML Sambataro, SQM 2021
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Transport coefficients at low momentum p~m

= — lim
t—roo t

Langevin regime => Einstein relation: x = 21'"Egnp b, ( 1 {(x(t) — x(0))?)

For historical reasons, physics displayed as a function of 2nT x the spatial diffusion coefficient

T 3 - 2 _ E
‘(QWT)DL{'; — 4 ,;T — éQz;D B Trelax — 77D1 — (QWT)DS X 271.%

|

Brambilla et al, PRDD 102, 074503 (2020)

Gauge for the coupling strength

* Large corrections observed from LO -> NLO il WLg  S.Caron-Huotand G. D. Maore, LEP.
, T Ourresult 02 (2008) 081.
calculation of ¥
* NLO calculation appears to be nearly i
compatible with IQCD calculations =
« The T dependence appears to be in quite

w

o
~
—~—

Neg

o

)

good agreement and even serves to design
optimal fits

10 10*
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pQCD inspired models (f.i. Nantes)

dE

Colisional component - [GeV/fm]
« One-gluon exchange model: reduced IR regulator A m?, 100
in the hard propagator, fixed on HTL Energy loss at 20
intermediate p; i~
* Running coupling a (t) and self consistent Debye mass 5
2
mp (T) = (1+0/6) dmog(mpge) T2 L oy
Radiative component S0 om0 om0
k k
P %q P P %q P
R— L O — O

: (b) (c)
» Extention of Gunion-Bertsch approximation beyond mid-rapidity and to finite mass
Mg ) distribution of induced gluon radiation per collision (AE,4 o E L):

2
3a, 1 —x k| ki —q,
2 € ki + ;[;m,g2 (kJ_ — qJ_)Q + .’ITT'H,?J

Pg(xaklaqiﬂmQ) =
» LPM effect for moderate gluon energy

Implemented in MC@HQ + EPOS2(3) through Boltzmann dynamics

But also BAMPS, LBL-CCNU, Duke,...

23



Quasi particle models (f.i DQPM)

Non perturbative effects near Tc are captured by o (T), leading to thermal

masses/widths, determined from fits to IQCD EoS.
A. Peshier et al. PLB 337 (1994), PRD 70 (2004); M. Bluhm et al. EPJC 49 (2007); W. Cassing et al. NPA 795

than the ones from TAMU

H. Berrehrah et al, PHYSICAL REVIEW C 90, 064906 (2014)

T. Song et al. PRC 92 (2015), PRC 93 (2016)

2.5 T
| ® 10CD (N,=0)
2.0R — DOQPM (Ny=0)

- - = DQPM (V;=3)

—— R&R.max
-+ R&R,min

e M&T
= P&P

— HIL-GA, a=03
—— HIL-GA, o ran

—— IEHTL
DpQCD

I =03 GeV

M |
10°

10?

|
10°

P (GeVyic)

(2007)
Relaxation rates larger then in pQCD for all T relevant for QGP, slightly smaller

But also CATANIA

Implemented for HF dynamics in e.g. PHSD (full off-shell, off-equilirium transport).

||||||||| T T T T T T
on vs off —Shell HTL-GA: Mp=1.5 GeV, =0
IEHTL — a=03,0=1
102+ DpQCD —  wrun, k=02 3
© 1QCD, Ding et al —— R&Rmax ---- R&R min ]
. @ 1QCD, Banerjeeetat 7 M&T
o
a
101_
l“ll R T
1.0

b
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Potential models (TAMU)

D. Cabrera, R. Rapp PRD 76 (2007); H. van Hees, M. Mannarelli, V. Greco, R. Rapp PRL 100 (2008)

« Comprehensive sQGP approach for the EoS, light quark & gluon spectral functions, quarkonium

correlators and HQ diffusion (many body theory).

F. Riek, R. Rapp PRC 82 (2010); S. Liu, R. Rapp arxiv:1612.09138

« Resonance correlations in the T-matrix naturally lead to recombination (resonance recombination
model) near T, from the same underlying interactions => amplifies HQ-coupling with QGP

M. He, R. Fries, R. Rapp PRC 82 (2010), PRC 86 (2012)

|~ ee0GeV  Light Quark
pelGeV  Ta194MeV

— peldGaV

3} —— pa3Gev

£, (1GeV)

w(GeV)

No good g-particle at low p

| — =l

el
1Ge!

| — pez0ev
G

W Light Quark
W T=400MeV

PYOL
— pe0GaY
=

— PG

— pedGEY

Gheon

T=400Ma"

INT
1
E T 2 3 T 5

w(GeV)

0.35 ———

—1.2T¢ 12Ty

- - 15T, 15T,

N ]
o 0T
N 2207 2073

L L B AL
full c+g/g T-matrix pQCD

Large coupling at small pq
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Models & Effective Theories

Transport coefficient TAMU

based (LV,...)
POWLANG HTL

Catania LV

Cross section (or|M|?) AMPT

based (Boltzmann,...)
MC@sHQ el

URQMD
PHSD
Catania BM

Red: Transport models

Duke, TAMU w rad. ADS/CFT
POWLANG IQCD
DABMOD
S. Li et al, arxiv:1803.01508

DREENA SCET
MC@sHQ el + rad '
BAMPS

CUJET3

HYDJET++

Abir and Mustafa

LBL-CCNU

VNI/BMS

LIDO

Disclaimer : If your model does not appear here, please forgive me and contact me for completion 26



Observable 1: Nuclear modification factor

o = dNX
Nuclear modification Raa(X) drr | 4a
PT AA — X
Charged hadrons p; spectra factor Neon G -
l?_,_‘ 109_-”, . 2 - ————r T 2 T T T T T T T ] T
g 107 L* .... ............ ALICE. Pb-Pb — c ALICE, charged particles, Pb-Pb
a @ ., Viw=2.76TeV,[n | <038 \$\u=276TeV,|n|<0.8
0]

b : -

- N 1 ]
Beam ‘ 1 *
axis . i *

9 = N 3 | . §§ g } * !

z . N, |\ ! ¢

3 $ L S ) -~ '

d — — ALICE Preliminary Lo o, % i

e a 105 "'\\— H i‘

8 o7f *05% (xi09 o \‘h 0s?
ag? = ®20-40% (x107) =

= 9 b
3 107°F 4 40-80% (x1) i ®0-5% L ]
el | ...pp - reference (scaled by <N >) 020-40%

= ™ — ALICE Preliminary
101® — ©40-80%
1 | 41 L | 1
pr|GeV] 20 30 40

Equivalent number of pp

collisions in the overlap: N,

50
pPr [Ge\/’;
o7



Basic Consequences of HQ interaction with QGP for the R,,

The pattern seen in the data The acknowledged effects

Raa(D/B) shadowing Flow bump: due to
1 | A * (radial) flow of the medium and coupling at small p;

* recombination with light quarks

energy loss
shadowing: due to initial state nuclear effects
Quenching & energy loss: due to
— * elastic and inelastic scatterings
flow * opacity of the medium

Italic: extrinsinc to the HF coupling with QGP AKA « energy loss model»

fpli'?WO(mQ Pr

* Dominated by elastic interactions
* mg>>T=>needs « many » collisions to equilibrate
* Physics close to « Langevin »



Basic Consequences of HQ interaction with QGP for the R,,

The pattern seen in the data The acknowledged effects
Raa(D/B) shadowing Flow bump: due to
1 1 A * (radial) flow of the medium and coupling at small p;
* recombination with light quarks
energy loss
shadowing: due to initial state nuclear effects
Quenching & energy loss: due to
—  elastic and inelastic scatterings
flow * opacity of the medium

N\
high _ mg Pt
Dp X - f

« Dominated by radiative energy loss (with important coherence effects: AE;.q o< CaGL*)

* Eikonal regime (propagation along straight lines)

* 1 single transport coefficient dominates the whole physics: § X K

* HQdo not equilibrate with the medium

* mgbecomes a subscale of the physics (mg << py) 50



Basic Consequences of HQ interaction with QGP for the R,,

>
1 plow X M high meQ !
T Q@ «intermediate » Pp— X 4.
Interplay between elastic and radiative interactions... 10 —— s
... whose dominance depends on the path length —— || e 2>2

Ly

—
[5=]
1

= = = charm: 2 -> 24n LB L_CC N U )
beauty: 2 -> 2+n -
. -
. / -

Emi( =30 GeV e
L T =300 MeV »° -

Fluctuations need to be taken properly into account
Elastic component: Not clear that Langevin regime still applies (harder and

harder collisions)
3 transport coefficients in momentum space (n,x,, k;) are « only » constrained by

Fluc. Dissip. Th.
Radiative component acquires NLO in mq/p and starts being sensitive to ¢and ¢,
0 2 3 4
l t (fm)

S. Cao et al, Phys. Rev. C 94, 014909 (2016)

< AE > (GeV)
o0
\

(f:\vg 8} 1 1 4 5 2

— .y el (il . 7l ] _

dydl®dr 7 Ply) 1% (1+\> s (‘U*(l“!l)(l_._\) ) . .

o . Abir and Majumder, Phys. Rev. C 94, 054902 (2016)

1 Y 1!/2.@1 I 111 .
8 {( _3)_\+( _5)\}(1+F\( X7 et x| T ) @

See as well Aichelin, Gossiaux & Gousset, PRD {2(/12)
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Observable 2: azimuthal flows

Initial stage of the collisions seen in the transverse plane: Non
spherical initial spatial distribution due to eccentricity + fluctuations

pPrT

Beam axis
(Oz)

... later on converted in anisotropies
due to the fluid dynamics evolution.

¥

X anisotropies in the final hadrons
azimuthal distributions (Fourier series)

]‘"L.’l L"."

—a S8 .07 M.A’

’

collision
overiap zone

— % (1 4 2v5 cos[2(¢p — Yrp)| + -+ +)
vy = (cos|2(¢ — ¢rp)])
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Basic Consequences of HQ interaction with QGP for the v,

v,(D/B)

Small pT: height of v2 at low p; sensitive to:
intermediate Pt * Bulk anisotropy, mostly at the late times
* The drag force acting locally on HF

high p; non-0 v, is due to anisotropic Eloss (same ingredients as for
the RAA + geometrical anisotropy of initial distribution of matter)

P:sk;frlclzm w intermediate p; : onset and offset of many competing effects.
the bu

>

3 Important remarks:

* Any energy loss model, even the crudest one, will generate these typical structures in the R,, and the v,.
Getting a correct quantitative agreement is much more involved.

* Quantitative predictions also depends on some « extra ingredients » (bulk, hadronisation,...)

* While R,, develops early, v, is sensitive to later stages of the evolution => quite sensitive to physical
mechanisms near Tc.

Il Alternative pointed out recently within transport model (AMPT & MPC) study: so-called « escape mechanim » @
characterized by a large v, component stemming from N_, =1 L. He et al, Physics Letters B753 (2016) 506
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Models vs DATA at LHC (Sapore Gravis Report compilation)

Purely elastic scatterings

0o 2 4

10

—
>

16 18

- A AV AN

20

=lie

ra

4

w

10

12 16

1
o (2AVAY

Despite various prescriptions for Energy loss, a lot of models can cope with the data

é 1-8_I LI | I LI | LI I LENLIL I LI A | LI | | L | I LI | LI 1 | LI | I_ é 1-8-_|l'| L} | LI ] I LB | I LI I LI B | | LI B ) l L L l LI I LI B | | LI |‘_‘
and B — —a— ALICE D mesons (y|<05) | 1 i —_ —a— ALICE D mesons (|y|<0.5) .
16F- 1 PoPbat{sy=276Tev | =T Tl = 161  PbPbat (s =276Tev smsis m
— ‘.'-‘_‘ Cantrality: 0-20% =« POWLANG (HTL) vac.frag. 7 — ‘. Centrality: 0-20% | """ MC @sHO+EPOS2+rad.+LPM T —
14— 5 T e POWLANG (HTL) — 14— ; =imimis BAMPS rad.+el. —4 Q)
e - winins MC@sHQ+EPOS2 - - Vitev et al. 14U
1.2_‘3&/ '-\ =i=i=is BAMPS el. =] 1.2— : ------------- Djordjevic et al. = g.
1 [ \ — — UrQMD . - =miem Duke 160
(AL o isimsmssinidlmmm s e L5 T TR ONSRSINO v oremormemeerme= £
= [ 10
] L —
] 0.8— o g S
= L J =
= 06— « *N| " - =+
e By ol 10
LR 1 T S-St A 04_, ﬁ . —_— q
...-: i r Zl 5.
"""""""""" ] - TR e LTSSl =
= 0‘2__ i L RSB e VYA y S8l ey _m
| L1l I Ll 1 | 1 Ll [ Ll 1 | L1l | l Ll |I| L Ilﬁ- Il—r|_l !q O_I 11 | 1 1 1 I 1 1 1 | 1 11 I 1 1 1 | 11 1 I 11 1 l L1 1 I 11 1 | 11 |_ m
2 4 6 8 10 12 14 16 18 20 2 4 6 10 12 14 16 18 20+
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o O-B_I LI | l T LI | | LI | I LENRL | I L I | L | | L | I LI | 1 LI | | LI | I_ o O.B T | T | T I T | T T | o | T | T | T B
C — —=— ALICE D mesons (y|<05) | > B ]
0 5:_ PbPb at ‘tsNN=2'76 TeV S AL = B PbPb at ‘('S_NN=2_?6 TeV e ALICE D mesons (jy|<0.5) = Q
i o _— — . POWLANG (HTL) vactrag. | 0.5 . WHDG e~
C Centrality: 30-50% | . POWLANG (HTL) . - Centrality: 30-50% sosssv oG EPstouan: || = Q
0.4 sisin MC@SHO+EPOS2 - - ' =
S BAMPS el. B 0.4 BAMPS rad +el 1 e
C —— = UrQMD . E =++mes= Duke E m
0.3 = 03— =
- ] E 1M
0.2— = 0.2:— _: :
- S z 1 M
0.1F- - 01 ] - o9
E RN = =" 2%
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Eur. Phys. J. C
(2016) 76
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Tension between R,, and v, (at low p;): the Catania Cocktail

ss [= £ D'me&on HRG Prino and Rapp (2016)
P c-quark, T-matrix, U-pot.

E c-quark, T-matrix, F-pot.

45 p=+=c-quark, LO pQCD, 0. =0.4

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

Np & T: pQCD (running o)

D e quark, Nanios
Q =k N, & T°: QPM, DQPM, U potential (TAMU)

S AN Tuned to reproduce R,, => Larger
of coupling with the bulk near T, (when
Z | the hydro v, has fully developped) =>
°° Larger v,
Trelax — Tlp

e 'nD'OL Tg(BM)
0.12f Npa T (LV)
S.K. Das et al, Physics Letters B747

(2015) 260 ook

0.04

oy (GeV) pr[GeV] Y



Tension between R,, and v, (at low p;): the Catania Cocktail

0.8—r—"—"—r—T—T—"—7—T—7

0 ' 1 i n 1 L 1 1

A l A A
0.35 0.4

0.2 0.25 0.3
T [GeV]
| T
0.12F -
0.08 _ ]
> — /\
0.04 ¥ -
! | 1 | L | L |
% 1 2 3 4
Py [GeV]

S.K. Das et al, Physics Letters B747 (2015) 260

Extra increase from LV => Boltzmann dynamics

Should be seen as a decrease passing from Boltzmann =>LV

In models considering y a T° like QPM, DQPM, TAMU: microscopic do/dO generate
more diffusion at large angles

=> Encoding the physics into Langevin scheme, we do not describe properly the

fluctuations at large momentum (as seen f.i. in the Tsallis like asymtotic distribution).

feq(E)

=> For dynamical evolution, one needs to cranck down the 4

interaction and the FP coefficients in order to reproduced w
a « given » Ry, B-J

v

=> Smaller « extracted » coefficients (~ -20%) & smaller v,
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Raa(Py)

Tension between R,, and v, (at low p;): the Catania Cocktail

— 1 T 1 ' 1 T T T T 1
16 P=15 GeV —
' Nice guideline but need:
Varying 0 (T') gy * To consider extra ingredients (bulk, initial v,,..)
1.21- — -
_ = = [ - ill { ' 4 * To assess the uncertainties on « Coal » and « HR »
0.8~ Coal. HR —| * ..before one can think of ruling out other trends for 1.
@ PHENIX 7
0.4 B mnp=const-LV —
B np=T
— O mNp~T? V Greco, QM 2017
0 | I I | ] | | | 1 | 1
0 0.02 0.04 0.06 0.08 0.1 0.12
V,(Py)

Np o T2 pQCD (fixed o), AdS/CFT
Np o T: pQCD (running o)

Np @ T%: QPM, DQPM, U potential (TAMU)
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Model summary on 2nTD, extraction

Np @ T%: pQCD (fixed a), AdS/CFT

X. Dong et al. Annual Review of
Nuclear and Particle Science
69:417-445 (2019)

. -
Lattice QCD O

s
A Lk

.....
--------------
...........

..'._ ® Banerjee et al.

Np & T: pQCD (running o)
Np @ T°: QPM, DQPM, U potential (TAMU)

__ 2nT*
(QWT)DS = m

Mild linear increase of 2nD(T... &
physics beyond pQCD (fixed o).

* Most of the values extracted from model comparison with the data are compatible with IQCD calculations !!!
* All together (IQCD, Bayesian analysis and most recent models) make a strong case for physics beyond « weak pQCD LO »

around T_» and at «low» p;
 However, the question whether one needs to include strong non-perturbative features is still debated ... needs to be

further addressed in the future. 37



Model summary on 2nTD, extraction

. 95 W— p—— Np @ T2: pQCD (fixed a), AdS/CFT
cl? - — PHSD ]
8, [N SR 1 mpoa T:pQCD (running o)
» o |- Duke | )
— ! o TO: , , U potentia
E TAMU Np o T%: QPM, DQPM, U potential (TAMU)
ﬁ - Catania :
X. Dong et al. Annual Review of 15 = —LBT / 1 27TT2
Nuclear and Particle Science - ----Nantes i (ZWT) DS — E.—
69:417-445 (2019) - Nanites el. 1 QND
10 SSE'DMOD n Mild linear increase of 2nDT... <
Latest update : il physics beyond pQCD (fixed o).
https://indico.ectstar.eu/ev 5|
ent/98/contributions/1927/ ) - e
(HF Transport, ECT* 2021) i S
, | y | ! L |
00 0.2 0.4 0.6

Most of the values extracted from model comparison with the data are compatible with IQCD calculations !!!

All together (IQCD, Bayesian analysis and most recent models) make a strong case for physics beyond « weak pQCD LO »
around T_ » and at «low» p; (<2 GeV/c)

However, the question whether one needs to include strong non-perturbative features is still debated ... needs to be

further addressed in the future. ag



Model summary on 2nTD, extraction

0.4 Torino

TAMU vls Torlino clha rrﬁ qualrk rellaxatilon réte

T=200 MeV

~———T=300 MeV-
— T=400 MeV

p(GeV)

Prino and Rapp, J.Phys. G43 (2016), 093002

Further thoughts...

— 05

T=0.20 GeV
— PHSD

Charm

Catania
~~~~ Nantes
DAB-MOD

10

20 30

p (GeV/c)

HF Transport, ECT* 2021

40

Charm

Catania
""" Nantes
DAB-MOD

10

20 30

p (GeVre)

https://indico.ectstar.eu/event/98/contributions/1927/

* D, (p=0) does not represent the full physics (different momentum dependences of 1) ... Ry, mostly sensitive
to energy loss at finite momentum (equilibration at low py)

* This momentum dependence is the direct footprint of physical dof and interactions => should be better

constrained in the future
* Non trivial role of « extra ingredients » (bulk, hadronisation,...)
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Collective investigation: Consequences from the bulk choice (and partly transport)

Question: What is the role of the different medium evolution models, and how do
different predictions for the bulk cooling and expansion temperature in the current

models manifest themselves in HF observables ?
Method: adopt a common a,=0.4-pQCD x 5 cross section for thermal light partons
acting on c-quarks (or associated FP coefficients for models based on FP) in all

frameworks. One Interaction for all of them; not aimed at

R. Rapp et al, Nucl. Phys.A 979 (2018) 21-86

dN/dp_ (GeV™)

Pb-Pb, |'s,,=2.76 TeV, proton
0-10%

20

— UrQMD

— TAMU

== Nantes

== Catania
CUJET

— O8SU hydro

- POWLANG
PHSD

15

10

2.5 3

o 05 1 15 2

No feed down !

llllllllllllllllllllll

(2nT)D

reproducing the data !!!

1.5

0.5

Pb-Pb, {s,=2.76 TeV, c quark ]
- o/ — UrQMD n
0-10%  — rawu ]
Common — Nanles :
L — Catania
«— description  _1g.conu ]
of the fall off CUJET —
- Duke Langevin |
= POWLANG -
PHSD 7

%

> 4 6 8 10 12 14 16 18 20

Some correlation between dN(p) and R,,(c) but not systematic iS5

' ' O ' lQCD [Kaczmarek (2014)]

© 1QCD [Banerjee et al.]
AdS/CFT

» w== : D-meson[Ozvenchuk etal] -
» + D-meson [TAMU]

100

L s QPM (Catania) - BM

’\ QPM (Catania) - LV

. LO pQCD —_——

» \' - -n-\: o CD X 5
1 \5‘)000' s pQ

= \-,

[ \

1, =6 fm/icY -

0.4

This allows to probe the effect of the bulk
with a mechanism that has a D roughly
similar to the one extracted from IQCD

For most bulks:

RAA(C, 10 GeV) ~0.3—-04

For 30%-50%:
Raa (C, 10 GeV) ~0.4—-0.6
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Collective investigation : Consequences from the bulk choice

R. Rapp et al, Nucl.Phys.A 979 (2018) 21-86

] 15 : —UrQMD -
04F V5 30%-50% / i Vz Off equil. effects _T;\MU 1  N.B.: LBL-CCNU could not implement
i — Nantes { scattering on thermal- massive partons
o5 No feed down ! I / — Catania ; i
' 0.1 CUJET ]
i — weLcenu ] Formost bulks:
0.2 — POWLANG - _ ~
! PHSD - va(c,pr =4GeV) =~ 0.4 — 0.6
0.1 I Max v, reached between 2 and 4 GeV/c
=z : 30%50% YN L
0o 05 1 15 2 25 3 O%~2"23"6 8 10 12 14 16 18 20
P, (GeV) P, (GeV)

Some correlation between v,(p) and v,(c) but not systematic

30%-50%

* Some correlation between R,,(c) and v,(c) from various bulks, but
rather large residuals => Non « scalable » bulkS

* Adopting a (limited number of) common bulk(s) would permit to
shrink the residuals in the « extraction » of the optimal transport

< coefficients.

Oi3 Dj4 OjS 0.6 |
Raa(p=10 GeV) 41



HQ - Hadronization

Acknowledged:
» towards the end of QGP, hadronization of (of equilibrium) HQ can proceed through a dual mechanism:

Low Pt o T I— ;-> zulnf had.ron High .
[ — — b -> any hadron| ] 8 pT )
The quark partner(s) are already —— b->anyh:

: : ) 0.6 ;oo ¢zDmeson 11 e The quark partner(s) needed to
present in the hot cooling medium create the HE-hadron have to be
New specific recombination _ Recombination probabiity from i H
mechanism: no obvious calibration = [\ the Duke & LBL-CCNU models 7 . generalte ; rom t tegacuurr‘b ted
The footprint of reconfinment (?!) .\ S. Cao et al, Phys. Rev. € 94, | « usual » fragmentation caliorate
Crucial to explain the flow bump in 02F. 5. 014909 (2016) on p+p and e*+e~ data (Petersen,...)
BAA(D) and sizable v,(D) => large ol — — 6- :é.\,f.,,ﬁ;,_z__li But also energy density
Impact. Pyq (GeV) ) “ dependent (PHSD) !!!

Uncertain (and not disputed enough):
e Genuine physical recombination process:
* Instantaneous Parton Coalescence with local (x,p) correlations (Greco, Ko & Levai 2003), Xor in momentum space (Oh et
al 2009): known violation of energy-momentum conservation, advocated to have small effects at finite p;
* Resonance Recombination Model (Ravagli and Rapp, 2009): kinetic c+gbar -> D; spirit of dynamical recombination
around T_ (P,ocomp = AT X I',(p); @ way to solve the energy-momentum conservation issue
* In medium Fragmentation (Beraudo et al., 2015) : string from HQ + thermal light
» Differences in the « technical implementations » , e.g. normalisation
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é HQ - Recombination

Acknowledgcg

* towards the enu 4 )@3, hadronization of (of equilibrium) HQ can proceed through a dual mechanism:

Low Pr: /. T I— c >aully hadron ngh Pt -
* The quark partner(s) are already Of == b>ayhadron/ | ™ T y e
rceninhe ot contnp im0 LT e nestents
* New specific recombinati . @S nation probabiity from i H
mechanism; no obvious caImrah’c’?a heS ~BL CCNU models generated from the vacuum
«  The footprint of reconfinment (?!) e S S [Des o revcos | © ¢ usual » fragmentation calibrated
+ Crucial to explain the flow bump in 2 S‘/ l/ 04909 (2016) - on p+p and e*+e~ data (Petersen,...)
Raa(D) and sizable v,(D) => large ool @A’_jv . 4 _O But also energy density
Impact. e dfe‘ ndent (PHSD) !!!
Uncertain (and not disputed enough): f/ 6
e Genuine physical recombination process:

* Instantaneous Parton Coalescence with local (x,p) correlations (Greco, K€N¥=vz4003), Xor In @ o ntum space (Oh et
al 2009): known violation of energy-momentum conservation, advocated toﬁe small effects at @ h -
* Resonance Recombination Model (Ravagli and Rapp, 2009): kinetic c+gbar -> D; spirit of dynamical recom#&igation

around T_ (P,ocomp = AT X I',(p); @ way to solve the energy-momentum conservation issue
* In medium Fragmentation (Beraudo et al., 2015) : string from HQ + thermal light

. . . . ] . . See Min He, SQM 2021
» Differences in the « technical implementations » , e.g. normalisation

Jinjoo SEO, charm 2021 .43



Collective investigation : Consequences from various Hadronization Mechanisms

We define and display the H,, quantity

dN
de

ch final
de

Hpp =

..Which exhibits at best the specific
effects of hadronization :

Significant uncertainties !

=> Yes, one can for sure put more
constrains with D, and A_, but probably
one has also to converge on more
robust schemes for « basic » D mesons
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Same interaction for all of them !!!
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S.Cao et al,

Collective investigation : Study in a QGP brick  pmwsreucss019)

5, 054907

The goal wasto : « 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 2) Compare them !
5 Y T Y Y T 60 v T
L5 — T T T T T T L !
— Duke — .
l‘ — Duke . | === LBL.CCNU | Elli’:}fiCCNU T=250 MeV
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(tune 2) Catania pQCD (=9 , “ -
[ — — TAMU ¢ [|Z = IAMU — — TAMU -
— — Frankfurt PHSD 2 ,|— — Frankfurt PHSD 40 = = Frankfurt PHSD["

0.9} le urt FHSM = 3R Nantes col.+rad. L Nantes col.+rad. i i
. antes col. +rad. s Nanfs ool o Nomes col Larger discrepancies
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R \ E ___-—"'" } = ,’
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Main result: Nice structuration of the transport coefficients in different classes. For each class, the work illustrates

the maximal accuracy reachable once all other ingredients are either fixed or chosen commonly IS
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Recent progresses and future directions

(Selected) Recent trends :

* Generalization of the treatment of (thermal) QGP constituents in the calculation of the transport
coefficient :

O Thermal mass (caIibrated on the EOS): QLBT: https://indico.cern.ch/event/792436/contributions/3548981/, MC@HQ:
Nahrgang et al Phys.Rev.C 93 (2016) 4, 044909

0 Off shell effects (re)considered by the use of spectral function more faithfull to the quantum
treatment): TAMU: Shuai Y.F. Liu et al, Phys. Rev. C 99, 055201 (2019), CATANIA: ML Sambataro et al. Eur. Phys. J. C 80 (2020) 1140

* Inclusion of radiative energy l0ss: TAMU: shuai Y.F. Liu & R. Rapp JHEP 08 (2020) 168

» Effect of initial stages on HF evolution (glasma, B field, vorticity): s. chatterjee and P. Bozek. PRL120(2018)192301; Y. Sun et
al. PLB768(2017) 260-264. PLB 816 (2021) 136271; S. Chen et al Phys.Rev.C 103 (2021) 3; L031902, M. Kurian et al., PRD 101,094024 (2020)

See as well recent plenary talk of Min He at « Strangeness in Quark Matter » or « Heavy-Flavor Transport in QCD Matter »
at ECT* (https://indico.ectstar.eu/event/98/overview)
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Recent progresses and future directions

Deeper rooting with theory : TAMU strategy: S-Y.F-LiuandR. Rapp, PRC97 (2018) 034918

Hamiltonian formulation of a non relativistic effective theory based on a 2-body potential
Included in the Luttinger-Ward-Baym formalism -> description of the equation of state (EoS)

EOS is not enough => evaluation of the free energy (./. introduction of Q-Qbar pair) + quarkonium

O
O
O

VIUIF (GeV)

correlators ...

Allows to self-consistently derive 2 optimal solutions for the potential by calibration on the equivalent
|QCD quantities (one « weak » close to the free energy and one « strong » with remnants of the long
range forces... non spectral light quarks and spectral densities
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Further comparison with diffusion coefficient favors the

« strong » potential
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Recent progresses and future directions

Future directions :

TAMU approach in making the contact with QCD thanks to IQCD calculation and solving of many body
theory is a strong incentive for other models to perform an equivalent rooting.

Calibration on the EOS is a good starting point but other quantities more directly connected to HQ physics
should be considered as well (correlators, imaginary potential,...)

Models based on one (effective) gluon exchange should consider ladder ressummation

Efforts should be maintained from IQCD community to evaluate quantities as close possible to the Fokker-
Planck coefficients at finite momentum (easier contact with phenomenology)

Need for a better connection between hadronisation of heavy quark at the end of the QGP phase,
dynamical models, modern understanding of confinment.

Need for a systematic reduction of the systematic « errors » affecting the predictions => link with precision
data, new observables (correlations)
Application of the methods to small systems
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Conclusions

* Existing models offer the possibility to
describe most of the OHF experimental AA
pQCD data while being compatible with existing
theory constrains...

HF in QGP

T . .
* ... however with unequal precision and no
5 consensus on the physical NP content
O * Improvements and quantitative
8 understanding is on their way, but it will
8 — still take some time and a lot of efforts =>
g O need for ressources, bright (young) people
o 4 and collective work.
NP physics « Open Heavy Flavors are maybe not an

ideal probe of QGP yet, but they are quite
fascinating and offer bright future for the
| | D field, with multiple interconnections (see

(O, Tc) ~10Gev  (?) next slide). E“ig




Visual summary
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