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@ Introduction: QCD medium created in HICs
@ Heavy Quarks in AA collisions
© HQ interactions in the QGP

e Glance at small systems (pA)
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Ultrarelativistic Heavy-Ion Collisions

ultra-relativistic collisions of heavy nuclei

creates hot and dense fireball behaving like a strongly coupled medium
early thermalization, starting in QGP phase

rapidly expanding and cooling

(cross-over) transition to hadron-resonance gas (7. ~ 150-160 MeV)
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Hydrodynamical Behavior

@ particle spectra compatible with collective flow (hydrodynamical expansion)
o elliptic flow as signature of pressure
@ (nearly) ideal hydrodynamics n/s ~1-2 x 1/4n
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[Bjoern Schenke, Sangyong Jeon, Charles Gale, Phys. Lett.B]
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Constituent-quark-number scaling of v,
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[M.Krzewicki (ALICE Collaboration) arXiv:1107.0080v1 [nucl-ex]]

@ 1, scales with number of constituent quarks
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@ indicates recombination of quarks in medium around 7,

@ “coalescence” of partonic degrees of freedom!
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Jet Quenching

h*+h * d+Au FTPC-Au 0-20% (a) _|
A d+Au min. bias B
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trigger particle

— p+p min. bias () ]
*  Au+Au central

(1 /Nirigger) dN/d(A¢)

|
/2 ™ Ao (radians)
@ high py: jets going through medium suppressed
o high-density medium = p > Py

@ energy loss due to elastic scattering and gluon bremsstrahlung
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Heavy Quarks as Probes of the Medium

“heavy” quark: mq > Aqcp, Mg > Thedium

production in primordial hard collisions (7, >~ 0.1fm/c)

at low pr dynamics in medium describable as diffusion process
characterized by drag and diffusion coefficients (Fokker-Planck equation)

alfQ :%P '(ﬁAfQ)—I_aPianBifo

(HQ) (light)
° Ttherm ~ Ttherm ) mQ/T
= degree of HQ thermalization < insight in QGP transport properties!
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= degree of HQ thermalization < insight in QGP transport properties!

@ Langevin simulations in realistic fireball descriptions as “background
medium” (hydro, transport)

o challenge: simultaneous description of R4, and v, of open-heavy flavor

@ sensitivity to: bulk-medium evolution, hadronization mechanism
(“recombination” vs. “fragmentation”)
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at low pr dynamics in medium describable as diffusion process
characterized by drag and diffusion coefficients (Fokker-Planck equation)
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(HQ) (light)
° Ttherm ~ Ttherm ’ mQ/T

= degree of HQ thermalization < insight in QGP transport properties!
@ Langevin simulations in realistic fireball descriptions as “background
medium” (hydro, transport)
o challenge: simultaneous description of R4, and v, of open-heavy flavor

@ sensitivity to: bulk-medium evolution, hadronization mechanism
(“recombination” vs. “fragmentation”)

@ high pr: energy loss < elastic vs. gluo-radiative
@ large myg,: “dead-cone effect” for radiative energy loss
@ “mass hierarchy” in jet quenching (b vs. ¢ quarks) at high py

[X. Dong, Y-J. Lee, R. Rapp, Annu. Rev. of Nucl. and Part. Sci. 69, 417 (2019)]

Hendrik van Hees (GU Frankfurt/FIAS) HQ diffusion



HQ interactions in the QGP: pQCD (HTL)

@ leading-order diagrams for elastic scattering
of heavy quarks with gluons and light quarks

et |

@ last two diagrams with 7-channel-gluon exchange most important
@ lead to IR-divergent cross sections in naive perturbation theory!

o in the medium: Debye screening up ~gT
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Hard-thermal loop resummed pQCD interactions

@ more detailed calculation of gluon self-energy at finite temperature
2 2 2
o et wg®—w?) g+ow)
o =i {55+ S n(72) o]}

w +w) .
o= i 2 o{222)-])

@ leads to gluon propagator

0,00 0 + 5;'1‘—671'(7]‘/172
q*+1ly  g*—w2+IIg

Gyv(w, q)=—
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Interactions with running coupling

o with small a; $0.4 + “naive Debye-screening” up ~gT
not enough drag

o ansatz for effective Gluon propagator

G, (t)cc ;2
t—rup
@ determining r such that the HQ energy loss in LO-pQCD matches with result
where for |£| < |¢*| the HTL propgator and for || > |£*| the perturbative
propagator is used
o scale: ¥ €[g?T?, T?)
e in QCD results depends on |¢*| (not for QED)
o solved by IR regulator mass in hard part of gluon-#-channel diagrams such that
dependence on |t*| < T weak
o leadstor ~0.1-0.2
e 7 =0.15 enhances A only by factor of 2
e reason: forward-scattering nature of pQCD (z-channel) scattering

[A. Peshier, arXiv: 0801.0595 [hep-ph]; P. B. Gossiaux, J. Aichelin, PRC 78, 014904 (2008)]
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Interactions with running coupling

@ self-consistent determination of mp,

e start from running a;:

-1 2
Q) = 4an {L forQ*<0

E 1/2—n'arctan(L,/7t) for Q>>0,
with B, =11—2N;/3, L.=In(xQ*/A?

e gluon propagator in ¢-channel diagrams

o regulator mass i’ €[1/2,2]{% determined by same matching procedure as for
r-parameter approach
e Debye-screening mass determined self-consistently

N, N,
i = (?ﬂ n ?f)mw(—ﬂf))ﬂ

[S. Peigné, A. Peshier, PRD 77, 114017 (2008); A. Peshier, arXiv: 0801.0595 [hep-ph]; P. B. Gossiaux, J. Aichelin, PRC 78, 014904 (2008)]

Hendrik van Hees (GU Frankfur ) HQ diffusion March 03, 2020 12 /26



Interactions with running coupling

A(GeV/fm)
3 -

10 15 20
p(GeV/o)
as s line form figure color
A 0.3 m3 dotted thin black
B ag(2nT) m? dashed thin black
C as(27T) 0.15 x m% full thin black
D | running (Eq. (29)) m dashed bold red
E | running (Eq. (29)) 0.2 x m3, full bold red
F | running (Eq. (29)) | 0.11 x 67 aeg(t) T2 | dashed dotted bold purple

[P. B. Gossiaux, J. Aichelin, PRC 78, 014904 (2008)]
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Interactions with running coupling
@ Boltzmann-transport model and running-coupling model
@ checked also with Fokker-Planck approach = good agreement!

Raatept
1.5

Ratept
Au—Au min. bias; = €yansmin 15
a(2aT); k=1; K=12

e PHENIX

Au—Au min. bias; —€rans min
ery(t); k=0.2; K=1.5-2
® PHENIX

eeBK=2)  ,k=15)

0.5

E ¢<DK=2)aik=2)

0 2 4 6 8 10 0 2 4 6 8 10
) pr(GeV/c) i pr(GeV/o)
v, lept v, lept
— K=12 Au+Au min. bias ——— € min Au+Au min. bias
012k §=ig @2nT); k=1 0.12F= —€irmax @err(t); k=0.2
- n
0.08F 0.08
0.04F 0.04
B
0 2 3 0 LR} 2 3]
o004 pr(GeVio) o Phenix Hun-4 Y b prGeVie g Phenix Run—4
= W: Phenix Run-7 o W: Phenix Run-7

[P. B. Gossiaux, J. Aichelin, PRC 78, 014904 (2008)]
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Resonance-scattering model

@ width of D/B-like resonances via one-loop self energy
@ heavy-light-quark scattering with same coupling

q q c
D, D', Dy D,D', D, I
s it w, D, D', D,
k k
c ¢ q
22— L T T ]
F - 1 SOF" — — - charm, pQCD -
10F reso s-channel 1 r —— charm, reso (I'=0.4 GeV) + pQCD
F — - reso u-channel P bottom, pQCD ]
sk —-- pQCD qc scatt. - 60 L - — - - bottom, reso (I'=0.4 GeV) + pQCD i
= I — pQCD gc scatt. ot 1
E 6f £ [
o I S 40F ]
4 e e
2 R ]
(): L | 1 T B
1. 02 025 0.3 035 04

[HvH, R. Rapp, PRC 71, 034907 (2005)]
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Microscopic model: Static potentials from lattice QCD

V[MeV] %
1500 | 1qcD e +
Kaczmarek et al wa
W*’ ,‘f:\’ ‘ |
1000 | pott

(Frpd0000p u1_09TC L
rmess™ 1.13T,

1.19T, —u—
12970 o

500 |

r [fm] 1.89T, —e
1 1.5 2

@ color-singlet free energy from lattice

@ use internal energy

JF(r,T)
oTr '’

W(r, T)=Ui(r, T) = Uj(r — 00, T)

Ul(r, T)=F(r, T)-T

o Casimir scaling for other color channels akumura etalos; Doring ecal 071

V-—lV Vs = 1V V= 1V
3T =TV =T

[HvH, M. Mannarelli, V. Greco, R. Rapp, PRL 100, 192301 (2008); HvH, M. Mannarelli, R. Rapp, EJC 61, 799 (2009)]
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T-matrix

@ Brueckner many-body approach for elastic Qq, Qg scattering

¢.q

C

-»@-»— = ->—->— —+ T

@ reduction scheme: 4D Bethe-Salpeter — 3D Lipmann-Schwinger

@ S-and P waves
@ same scheme for light quarks (self consistent!)
@ Relation to invariant matrix elements

D) 0 D da (1T 120(5) 431 T 11 (5)P €08 Oerm)
q

[HvH, M. Mannarelli, V. Greco, R. Rapp, PRL 100, 192301 (2008); HvH, M. Mannarelli, R. Rapp, EJC 61, 799 (2009)]
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T-matrix

Im T (GeV?)

12 3 . : ;
s wave ¥:%% ¥
1 : A =1.
10 R color triplet T=13T
8 19 2t
%
6 1 €
H
4 1 B 17y
2 4
0 0
4 0 1 2 3 4
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resonance formation at lower temperatures T ~ T
melting of resonances at higher T! = sQGP
P wave smaller

resonances near T,: natural connection to quark coalescence

(Ravagli, Rapp 07; Ravagl, HvH, Rapp 03]
model-independent assessment of elastic Qg, Qg scattering
problems: uncertainties in extracting potential from |QCD
in-medium potential U vs. F?
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Transport coefficients

¥ (1/fm)

0.15 T T —
F==~. T-matrix: 1. 50
N T " T T T T
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S pQCD: 1. — c-quark, QGP, pQCD with o,=0.4
o1 L S pQCD: 1. 1 35 ® c-quark, lattice Ding et al
oPmeeall S~ pQCD: 1. ol ® c-quark, lattice Banerjee etal. . _.—.—-="
E 25
[
" 20

p (GeV)
[ M. He, R. . Fries, and R. Rapp, Phys. Rev. Lett. 110, 112301 (2013)]

@ from non-pert. interactions reach A,on_per; =~ 1/(7 fm/c)~4A,qcp
@ A decreases with higher temperature
o higher density (over)compensated by melting of resonances!

@ spatial diffusion coefficient
T

Dy=—
mA
increases (decreases) with temperature above (below) T,
o typical behavior of transport coefficients: minimum at phase transitions!
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Non-photonic electrons at RHIC

@ same model for bottom

@ quark coalescence+fragmentation - D/B — e+ X
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0.5+
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PQCD. =04 0155 minimum bias e PHENIX 7
Au-Au Vs=200 GeV [ e PHENIX QM08
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0.05F ——
oF P N
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@ coalescence crucial for description of data
@ increases both, Ry, and v, < “momentum kick” from light quarks!
@ “resonance formation” towards T, = coalescence natural iravagi, rapp o7
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Model comparison to recent LHC data

27.4 pb™ (5.02 TeV pp) + 530 pb™ (5.02 TeV PbPb) (5.02 TeV PbPb, Centrality 0-10%)
L Lo Y
1.6 II' cMsyl <1 - [ Djordjevic etal. CUJET 30 A
N ) C [ Vitev etal. (g=1.9-2.0) —— LBT 1
[ DY+ D [ JAuceli<o0s E — PHSD wi shadowing AJSICET HH D = const]
14 [ -+ PHSD wlo shadowing AdSICFTHHD(p)
[ CcMST. andlumi.  L® ] STAR2014 £ Average DY, D', D, y| < 0.5 ]
1.2 uncgné??]ty - BAMPS el.+rad. POWLANG HTL
C F BAMPS el.  eeeees TAMU 4
Pl E NC@sHQ:EPOS2.._]
X osf x o E
0.6H 0.6 E
0.41 0. 4
r N ]
02 Cent. 0-10% 0.2 E
oL | il oboul P s S

1 10 10% 1 10 10°

P, (GeVic) P, (GeVlic)

[X. Dong, Y-J. Lee, R. Rapp, Annu. Rev. of Nucl. and Part. Sci. 69, 417 (2019)]

o remarkable: LHC and RHIC data similar!

@ low pr: pronounced flow bump = significant collectivity of
c-quarks/D-mesons

@ sensitive also to details of bulk evolution
(and cold-nuclear-matter effects: shadowing)

@ high p;: radiative energy loss; running coupling
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Hadrochemistry (HF mesons)

@ D,/D° ratio enhanced in pA and AA collisions

@ compatible with statistical hadronization model
(commmon chemical freezeout Te, ~ 155 MeV)
@ kinetic recombination models: consistent for pr < 4-5GeV; too low at high pr

@ better understanding of close-to-equilibrium vs. fragmentation region

o T T ; T ; T -1 1
Qo8- @ STAR AU+AU@200GeV, 10-40% | 28 pb™ (pp) + 351 ub™ (PbPb) 5.02 Tev
+& [ -6~ ALICE Pb+Pb@5.02TeV, 30-50% | 7ECMS B0 .
a [ -@ ALICE p+p@7Tev 1 [ * R/ RiA
| — PYTHIAS @7Tev ] 6Flyl<2.4
0.6 ] 3 — TAMU
L - - | 5
I o ] 'mn:§ b — CUJET3.0
0.4 o i [ S
I ® | ws |
L = u 1 o 3F
L ] 2; —~v\\N—+—
1
I 1 £ Cent. 0-100%
0 | | | | | GT\\\\\\\www\wwww\wwww\wwww\wwww
2 4 6 8 10 0 10 20 30 40 50 60
Transverse Momentum p_(GeV/c) p, (Gevic)

[X. Dong, Y-J. Lee, R. Rapp, Annu. Rev. of Nucl. and Part. Sci. 69, 417 (2019)]
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Hadrochemistry (HF baryons)

o A./D° ratio > PYTHIA baseline already in pp/pA

@ in AA coalescence model only qualitative agreement with data
(including diquark substructure in wavefunction)

@ total charm cross section @RHIC only compatible with N;, scaling of pp
when enhanced A./D° taken into account

o more measurement of charmed baryons + mesons necessary (A at low pr!)

3 T T T T T T L E
?9 STAR @RHIC ALICE @LHC
OD | -® Au+AU@200GeV --- Greco: 20-50% -8~ Pb+Pb@5.02TeV ---- Greco: frag+coal
E -~ Ko: di-quark 0-5% -6~ p+Pb@5.02TeV  ---- Shao: R,,=0.425
|<U == Ko: 3-quark 0-5% -8~ p+p@7TeV -+ = Shao: Ry, ~1.2
+ -- PYTHIAG -+ == PYTHIA(CR)
’ : === PYTHIA

N
N
T
[—e—1]

Transverse Momentum (GeV/c)

[X. Dong, Y-J. Lee, R. Rapp, Annu. Rev. of Nucl. and Part. Sci. 69, 417 (2019)]
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HF in pA collisions

pA measurements important as baseline for AA: cold-nuclear-matter effects
nuclear PDFs; nuclear broadening via parton energy loss

HF mesons show only moderate modifications (min bias)

some suppression at low pr = nuclear shadowing

can be described by both models assuming initial-state or final-state effects
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Collectivity in high-multiplicity events in pA?!?

@ high-multiplicity events in pA (and even in pp!) seem to indicate some radial
and elliptic flow of light hadrons

@ “hot-medium effects”?
o for D-mesons: R, not significantly suppressed but some v,
@ more data in “ultra-central” pp and pA collisions desirable

£ 1.8, T T T T T T CMS pPb 8.16TeV
m“1 6 ALICE Preliminary  p-Pb, sy, =5.02 TeV 1 T T T o T L
“OF * Prompt D mesons, -0.96<y,, <0.04 : W Prompt J/(:p O Ks 185 < Nf,':'me <250 :
- [ ® PomptD’ O A ]
e}
0.2 o o B ,
L B ]
: >N r o a LI O % b
0.8 2L 000" 0l do .* ° 0 i
0 6’] yd messured pp rference at 5 - 02 ToV B S Y + + ) jl
B e ] o o1® 8
04/  Tpumeme : e i 1
b —iev= Viov ot L. power com. + , brosd + CNM Eloss : ro ]
L E e -
L oopoweted 5 M 2\ - “\1 N B é -
0 5 10 15 20 25 30 3 GeV
P, (GeVic) p. (GeV)
[R. Vertesi (ALICE Collab.), arXiv:1904.06180 [nucl-ex]] [X. Dong, Y-J. Lee, R. Rapp, Annu. Rev. of Nucl. and Part. Sci. 69, 417 (2019)]
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Conclusions

@ heavy quarks in AA
e transport properties of the medium (QGP/hadron-resonance gas) created in AA
collisions
e non-perturbative properties of strong interaction (color screening, resonance
formation around T,
o collisional vs. radiative energy loss
o hadronization mechanisms in pp, pA, AA: coalescence/kinetic recombination,
fragmentation
@ heavy quarks in pA
o important baseline for AA (cold-nuclear matter effects)
e puzzle: R, close to 1 but significant v,
e “collectivity” in high-multiplicity events in pA?!?
@ observables
® Ryu/Ry,, v, & sensitive to
transport properties/hadronization mechanisms, bulk-medium evolution
o “hadro-chemistry”: HQ mesons and baryons over all p;
e enhancement of D,/D° in pA and AA
e enhancement of A./D already in pp
(color reconnection/ropes, statistical hadronization?!?)
o total charm cross section?!?
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