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Non-Perturbative HQ Transport Approach

1. Introduction:

e Heavy quark probe of hot & dense matter

2. HQ probe: a strongly coupled framework
e Transport coefficient
HQ diffusion in QGP: Langevin + hydro simulation
Hadronization: coalescence vs fragmentation
D-meson diffusion in hadronic phase

3. Heavy ion phenomenology

RHIC: Non-photonic electrons, Ds vs D mesons
LHC: D,B mesons, non-photonic electrons
A new potential & its phenomenological consequences

4. Summary
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HQ evolution in HIC

of _ _a(pf) o7

ot~ op op?
thermaﬁzation rate diffusion coefficient
7 [1Toe P -cosO)f* D =,m,T

* initial cond.
(PP + Ny, * c-quark Brownian
Cronin, diffusion in QGP * ¢+ q(s) — D(Ds)
shadowing) liquid (T-matrix resonance
resonant correlation, recombination: D_-me_son .
No K-factor) : dlffusmn_ |n_
Ds freezeout hadron liquid

--- primordial hard production, pQCD (FONLL/PYTHIA)
Mg >>T, Lambda QCD =»number conserved
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Non-Perturbative HQ Transport: flow chart

Initial distribution

HQ relaxation rate

HQ Langevin diffusion

Hadronization: fragmentation

Medium/hydro -

D/B: hadronic diffusion D/B relaxation rate

D/B: semi-leptonic decay
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HQ thermal relaxation rate: T-matrix

Q

¢ lattice potential: Kaczmarek,2008
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Charm quark relaxation rate: QGP
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i full c+g/g T-matrix pQCD
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N, =e=20T, - 2.0T,

\$

Riek, Huggnis, Rapp, 2010, 2012

4 T-matrix resummation = color
singlet and anti-triplet broad
Feshbach resonances up to ~1.5 T

& this resonance correlation 2
resonance recombination

€ T-matrix relaxation rate: a factor
~4-5 larger than LO pQCD at T=1.2 T,

¢ T-dependence: screening potential;
p-dependence: less contribution from
Feshbach resonance as p increases
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D-meson thermal relaxation rate : HRG

¢ D + pion, K,eta,rho,omega,K*,N,Delta, empirical s-wave cross sections
from effective hadronic theory: Lutz et al., 2004; E.Oset et al. 2007

0.20F - ' - ' - . - 30 — . . .
.—— hadronic resonance gas, empirical amplitudes —D+n (@)
0.18 - hadronic resonance gas, 7/10 mb 05 | D+K ! |
- - pion gas — = D+p i
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_ N |
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He,Fries,Rapp 2011
¢ A~0.1 /fm at T=180 MeV, comparable to the non-perturbative T-matrix
calculation of charm quark thermal relaxation rate in QGP
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Summarizing charm diffusion coeffi.

45 L

# viscosity.: eta/s = (1/5 ~ 1/2)D,T,
Danielewicz&Gyulassy, 1985
€ D_ translates into eta/s = (2-5)/4pi
at T=180 MeV

(- = D-medon, HRG " 0
P c-quark, T-matrix, U-pot.

[——c-guark, [-matrix, F-pat.

P = c-quark, LO pQCD, =04

- c-guark, Torino
= == c-guark, Nantes
E m e 4 cequark, quenched lattice QCD

‘_.-_-Il—l'

| —d@p— He
| —m— N
| —@— Hz0
| @ RHIC
3| —£— acP
| —%7 Meson gas
| O e

—

2w e = gk

€ Ds=T/(mA): T-matrix vs lattice; Minimum around Tc + Quark-hadron duality?!
¢ The charm diffusion: another perspective of looking into the transport
properties of sQGP/dense matter
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Jet guenching g-hat from charm diffusion

16

| " jet quenching g-hat extracted from charm quark diffusion | AU
14 \ coefficient caleulated from full (c+q/g) T-matrix approach _ JET, Wang, 2014
3 .\ p -
12r —p=5GeV 7 i
10 N - = p=15GeV '
\ N =+ =p=30 GeV
8t i
6_ ............. _l
4L TS~~~ T TTTTTT i
o1 ] o | AutAuat RHIC,
] ] ] ] I | _q j eff( - + at LHC,
R A T D e IR o e Y
: : T (GéV) : : : 0 0.1 0.51.’1 (Ge\ﬁ)3 0.4 0.5

® At high T, consistent with emperical values used in Jet models

® At T~T,, enhanced due to non-perturbative charm diffusion, similar to
CUTJETS3.0 accounting for non-perturbative chromo-EM quasiparticles
Xu, Liao, Gyulassy, 2015
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Medium evolution: hydro RHIC

€ updated ideal 2+1 D hydro based on AZHYDRO Kolb + Heinz, 2003

€ lattice/HRG-PCE EoS + pre-equilibrium flow + compact initial density s(x,y)~
nBC (x,y)=» fast build-up of radial flow + essential saturation of bulk v, around Tc

1k | ' ' 040 —————— —
5 (b) gasl  20-30%,b=7.38 fm (b)
01 - STAR
E 0.30 | K,STAR
0.01L.... . |
3 ' Rl 0.25}
D'._ 1E 3 '_ : i, . _' !
o T UF = STAR$,20-30% = 020f
d qg4l * STARE 20-40% -] > o5l
5 E 4 STAR(Q'+Q)/2,20-40% .I \ -
1E-5 —— ¢,b=7.38 fm R 0.10
- = ,b=8.04 fm . 0.05 k
1E6E... o h=8.04fm, . | | 0!
0 1 2 3 4 5 Y00 20

p,(GeV)

& multistrange hadrons ¢,Z,£2 probably freeze out earlier STAR, PRC79,2009

€ multi-strange particles’ spectra and v, fitted at T, =160 MeV
bulk particles’ spectra and v, fitted at T ;=110 MeV He, Fries,Rapp,2012
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dN/2rpTdpT (a.u.)

HQ diffusion: Langevin equilibrium limit check

® Using an arbitrarily large relaxation rate dx; = %dt
dpj = —T(p)p;dt + V’#Edt D(|p+&dplp;.
101 E | ! | ' I ' I ' I ' I ' I ! I ! I ' I ' I - 0-7 ! I ! I ! I ! | ' [ ! | ! I ! I ! 1 !
10°F e ] c-quark v, at e_c=0.722263, T_c=0.170,b=7.24 |
107 1 067t,=0.13,0,=0.004,k=4.2,m_c=1.7 1
2 F ] L i
10_3 ] | 05 direct hydro calculation
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ot ! Sost o .
o Fc-quark v, at e_c=0.722263, T_c=Q170,b=7.243 I //" ]
18-9 £ 0,=0.13,0,=0.004,x=4.2,m_c=1.7 ] 02¢ .
107° r direct hydro calculation , 0.1 _ , _
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® Fluctuatlon-D|SS|pat|on theorem: pre- vs post-point scheme Heetal 2013
DI|E — I'(p)E(p)T.
Cip) | (D|E{P}| 3D|E[p}|) A(p) [E(P)] (PYE(p)
= — = . 1 o | K
p E[p]l T dFE p IC'(p) = A(p) + Em ['EIIE{p”'
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Langevin + hydro simulation down to Tc=170 MeV

HQ diffusion: Langevin simulation

fluid rest frame updates > boost to lab frame
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€ initial HQ distribution: PYTHIA/FONLL + Glauber nBC
€ quenching: early stage when medium particles’ density is high
€ v, : develops at later stage when the medium particles’ v, is large
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Hadronization: Resonance Recombination

¢ Hadronization = Resonance formation cq — D

- consistent with T-matrix findings of resonance
correlations towards T,

¢ Realized by Boltzmann equation Ravagli & Rapp,2007

p”’a# fM{f. X, ﬁ} = —m Fﬁ-,,f{r. X, ,I_;} + ,Uﬂﬁ{.f. ,ﬁ}

gain term

- - d? p\d- - - -
ﬁu:p}:f P1e P2 JalxX, p1) fg(x, p2) <

(276
X 0 ($)Wrel( P12 P2)8 (P — p1 — f-ﬂ
ﬁ Breit-Wigner L (T )?
>J{S kz (s —m2)+ (I'm)?
e .. Ear( p
¢ Equilibrium limit farlp) = M ‘l P) fd xB(xX, p)

¢ Energy conservation + detailed balance

——

equilibrium mapping between quark & meson distributions

Hard Probes, Wuhan, Sep.22-27, 2016 13



Hadronization: Coalescence(RRM)

® RRM coalescence:

--- 4-mom. conservation, correct thermal equilibrium limit

--- implemented on hydro freezeout hypersurface with full space-mom. correl.

--- taking care of the inhomogeneities of the hypersurface: d\tau/dx,y \=0

100 ] ! I ' 1 ' 1 ' I ' 1 ' 1 ' 1 T r I r T . T . T . T . T . T
B e . a 0.7F -
10_2 ] haa 'y (@) | ——direct hydro calculation (b)
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a 3 e
S 10°f N 04r | _
g 10° r \\ o 03¢ ._
£ 107} M 02} 'd ]
& 10° r \\.‘ 0.1 ,’/ ]
%5 10° | —— direct hydro calculation , T J,/ ]
107" r Langevin+RRM 0.0 _--"’ ]
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0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
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® Diffusion vs coalescence: conceptually consistent

--- same interaction (T-matrix) underlying diffusion + hadronization
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Hadronization: Fragmentation (FONLL)

® Fragmentation: incompatible with thermalization

50 3 ! I ! I ' I ! I ' I ! I ' I ! I ' I ! 1 108 3 T r v . r r . . . . .
45 charm fragmentation function FONLL c-quark spectrum
40F Peterson,e.=0.05 E 10" £ c-->D FONLL fragmentation -
35E * MC Peterson i = N:
a0 —— FONLL,r=0.1 (pseudoscalar) ; ; 107 3
~F « MCFONLL 1 &
OR: 1 > 107
020¢ I g
[ — 4 L =
19F - 10 3
i q i
10k £ 10°F  p+p2.76TeV
05F :
00 E i R TSR SRR SRR MR S T S 102 . ——E—
00 01 02 03 04 05 06 07 08 09 1.0 0 S 10 15

2 p,(GeV)

® Coalescence vs fragmentation:
Recombination dominates at low p; but yields to fragmentation at higher p;

i.e. coal.prob. function P_,,(pt): a dropping function of pt
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Application & Phenomenology ...

Phenomenology at
top RHIC energy

Tuned ideal hydro, FONLL baseline + fragmentation
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18l (a) = PHENIX 2011, mini.bias |
’ ¢ PHENIX 2011, 0-10%
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e+ Spectra @ RHIC

® medium modified D and B mesons:
c¢/b diffusion + coal./frag. + hadronic
diffusion

® semi-leptonic decays c(b) = s(c) + e +

Nnu
D-meson Hadronic Diffusion
0.14 - T - T - | ' T - T
r D-meson at hadronization ( )
0.12 - —— D-meson after hadronic diffusion .
0.10 + i
0.08 -
> 0.06
0.04 +
0.02 -
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0.00 ! . ) ) NNT ! \ A .
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b—2>e/(b>e+c2e)

12| FOMLL (d) |
m—— Haatal Autiu
mmm Hoatal pip
= 1.0=— Unfokd Result [--—--—--—--——--—-—————— -1
l PHENIX,
- 98 arXiv: 1509.04662
“TJ
o 0.6}
@ g4l A slight decrease at
= high p- nicely
- 0.2 ly|<0.35 reproduced!
' AutAu MB /5, =200 GeV
0.0 FPHENIX Run 4 + Run 11

'+ 2 3 4 5 6 7 8 09
pT [GeVic]
® Low p,, c=>e dominates, and charm more suppressed than bottom

=» above the pp curve
® Higher p,, b->e takes over, and bottom significantly suppressed
=» below the pp curve
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Application & Phenomenology ...

Phenomenology at the LHC
Pb-Pb 2.76 TeV

Tuned ideal hydro + FONLL pp baseline + FONLL fragmentations
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Hydro tune for the LHC

10‘. ! I u-12 ! | ! I ! I ! | ! | ! I
: = ALIGE.dwgudhhw.D—E% L Pb + Ph, = 2.76 TaV
10° hyedro, 0-5% 1 o) W
- hydro, 30-50% :
1t:l25.r - Lt :
- 1ﬂ1' 0.08 - * i { .
gm" 2008
E af #‘ I
gim a4l
v 0%} S
i 1 op2f, ' Aucauurgadmumvu}
16°F . _ 3
mﬂ FI:IH FII:I. ‘iINH=I2TEIT!‘JI o § n-ﬂu_ X h)'drn mh
0 1 p: 3 4 5 0 10 20 30 4 5 8 M
pAGeV) centrality (%)

€ p-spectra of charged hadrons fine
@ v,: integrated elliptic flow a good measure of the bulk momentum anisotropy

€ background medium evolution well constrained
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LHC D mesons

» ALICE, average D meson |
charm quark '
DmesonatT

" PLAPD, aNN=ZTETOV.020% | o[ PoePb gy E.TE'T#.#I' %

1.5

——Dmesonat T

» ALICE, average [ meson

: charm quark
: -ﬂ.ﬂf— DmﬁmatTﬁ
, , ' f ——D'm atT | |
M B 10 s OH :lﬂl"l ' m4 " .
P, (GaY) P (BV)

® R, ,: flow bump at low p+, amplified by coalescence
pr-dependence shape OK; possible missing radiative energy loss at high p+

€ v, c-diffusion only accounts for ~50%
recombination and hadronic phase diffusion essential
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LHC D vs Ds mesons

24 —— 24—
P+ Fb, \spN= 2.76 TeV, 0-7.5% ] - Ph + Pb, \gyp= 2.76 TeV, 30-50%
. = ALICE (prel.), average D mason ! = ALICE {pral.) D" meson, In-plane
sl * ALICE (pral.), D, meson 1 &l  ALICE {prol.) D" meson, cut-of-planal
[ ——Dmesonat T j [ ——D'meson at T, In-plane
D, megon at T, ; ; D meson o T, out-cf-plane|
ﬂ:i 1.4
Mf‘ - ¥ v 1
i) . :
" L L L L L L L L L L L 1 ! 1 ! 1 M [ 1 L L L 1 L L L L 1 N N N N
a B 10 15 ) a B 10 15
P (GaV) P {0V}

€ D vs D, R,, : low p+, coalescence enhances D production in a
strangeness-equilibrated, strongly-coupled QGP medium, relative to pp;
high p1, D & D, tend to the same universal fragmentation

€ D R,, in-plane vs out-of-plane: splitting at low p reflects finite v,
high p splitting underestimated, indicative of missing radiative energy loss
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ALICE: D vs Ds JHEP03(2016)082
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LHC B mesons & non-prompt Jpsi

1ullllI""I""I""I""IIIII n—“ T T T T T T T T T
- Pb + Pb, ‘syy= 2.76 TeV, minl. blas | Pb + Ph, msyN= 2.76 TeV, 20-40%
1.;:_ = CMS (prel) pt#u_: ooa B meson at T, ]
! Bmesonat T, ]
ood -
. h"
] 0.0 -
— - ot e
: M
I L . . .
P (BeV)

0.3 ———— 7T T1—

- - ALICE20-60% 1 & Ry, 1 substantial suppression (~0.5-
=2~ primor. ] 0.6) at p;>10 GeV; consistent with

total, with shadowing

—-—total without shadowing {  CMS non-prompt J/psi data point

o : — 1 &V,:upto~7%, significant yet less
: I 1 collectivity than D mesons =»
o L LHC, Po-Pb, sart(s,,)=2.76 TeV, 20-60%, Jpsi E implications for J/pS| V, (Bé\]/pSH'X)

p, (GeV)

Hard Probes, Wuhan, Sep.22-27, 2016 24



LLHC HF electrons

- 0 ——— e
- Ph+ Pb, syN= 276 TeV, 0-10% ] ; Fb  Pb, gyy= 2.76 TaV, 20-40% |

oAs | ]

= ALICE {prel.), non-photonic elecirons
D and B meson decay slecirans

Tyt

: : [ = ALICE (prel.), non-photonic eldctrons
I y [ D and B meson decay electrons
a0 1 T T TR N R T N B T T T N S T 008 L L L L 1 L L L L 1 L L L L
o ] " 1% F-) a B 10 R .}
B (Gav) R, {Gev)

: "m ALIGE {phel.} heavy flavor electrons E
3 slacirons calculated from FOMLL E

;D and B mason spects 1 & R,, :overpredicted in the D dominant
3 region; fairly good in the B dominant
1 region (elastic e-loss only)

i eV, :marginally hit data, radiative
p+ p, &= 2.78 TeV :
1 e-loss?

L M L M M 1 L M
a B L[] 15

P, GV
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LLHC bottom electrons: first data

F?Pbe

2.5

|||||||||||||||||T1_;_||||||||i1_f_||i||||||||

J_II|IIII|IIII|IIIIIIIIIIIIIIIIIIIlIIIIlIIII

b(—c)—e | v

| < 0.8 ALICE |
CMs

s 0-20% Pb—Pb, 5, =276 TeV
B FONLL + EPSO9NLO shad.
semm MICEsHO+EPOS2, Coll+Rad(LFPM)
EEEm BAMF’S, k=10
— BAMPS, =02
] wHDG

TAML

wemn POWLANG-HQCD (T ,..=155 MeV)
— POWLANG-HTL (7 ..=155 MeV)

IIII:I'I'IIlIIIIlIIIIlIIIIlII

O 1

2

3

4 5 6 7 8 9 10
pT(GeVIr::)

ALICE: 1609.03898

bottom: a better &
cleaner lab for Langevin
& elastic e-loss only

No shadowing, flow
bump at low pt; high pt
suppression
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Application & Phenomenology ...

Phenomenology at the LHC
Pb-Pb 5.02 TeV

Tuned ideal hydro + FONLL pp baseline + FONLL fragmentations
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>*<dN_ /dn>
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2/<N

Hydro tune Pb+Pb 5.02 TeV

1 A

(oY)
1>
v

12 . . . .

10} . o ' ]

d L :
_ '
= ’

6_{* _
j - ALICE, Pb+Pb 5.02 TeV _
L * optical Glauber, E =25.0, 1,=0.4 fm/c]

T sE 02, + X, ] x=037 )
0 100 200 300 400

N

part

0.10

0.08
0.06

0.04

0.02

0.00

- :r ] N
i ¥ -
R
*
i : Pb+Pb 2.76 TeV |
x ALICE, charged hadrong v, {4}
. . ¢ hydro results i
Pb+Pb 5.02 TeV
i v ALICE, charged hadrong v, {4}
* hydroresults, E0=25.0, x=0.37
0 10 20 30 40 50 60 70 80

centrality (%)

4 centrality cut: dN/deta vs N, nicely reproduced by Glauber

@ v,: integrated elliptic flow a good measure of the bulk momentum anisotropy

€ background medium evolution well constrained
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D mesons

2.0

] Ph + Pb. 5.02 TeV

Pb + Pb, s\= 5.02 TeV 1 o ]

i D-meson at Tkin ]
15k —0-10% 4 ol
[ 10-30% 1 [

—30-50%

0.05

0.00

F = = -c-quark 0-10%, ——D-meson at T_ 0-18%
[ = =« c-quark 10-30%, == D-meson at T. 10£30%
010 F c-quark 30-50%, D-mesonatT, 36150%
o 2+ 5 s
P, (GeY) P (GeV)
€ R, ,: charm shadowing & flow bump at low p+; suppression at high p, a
hierachy patten vs centralities

-0.05

& v,: different peak locations due to different radial flows in different centrality
different coalescence contribution added on top of charm quark v,
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2.0

B mesons

15 F

05|

0.0

[ Pb+Pb, yspN=2.76 TeV, 0-10%

| intermediate p,pushed toward a bit higher p_at 5.02 TeV
I .d.ue. to Ilarlge:r fagliql flo:«vl | 1

= CMS non-prompt J/y (0-20%), 1
p,-rescaled by mg/m .

—— B meson at Tyin

Pb+Pb 5.02 TeV, 0-10%
B-meson at Tkin

0

5 10 15 20 25 30
P, (GeV)

20

00 L

Mini.bias B-meson R, from averaging

over several centrality bins

——Pb+Pb 2.76 TeV
——Pb+Pb 5.02 TeV

p, (GeV)

€ R, ,: high p; --- Similar suppression at as in 2.76 TeV

low p+ --- shift toward a bit higher pT due to stronger radial flow
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HF muons at forward-y

20

0-10%
—20-40%
—60-80%

- Pb+ Pb, syN=5.02TeV -
| HF muons from D+B decays at forward-rapidity

00 1 1 1 1 | 1 1 1 1

10

p, (GeV)

15

20

-muons

RAA

2'0 1 I

[ Pb+Pb, 0-10%, HF muons |
151 2.76 TeV .

——5.02TeV

1.0 I
0.5 k ____.——__;
00 L~ L

0 10 15 20

P (GeV)

€ R, ,: charm shadowing & flow bump at low p+; suppression at high p, a
hierachy patten vs centralities

€ 5.02 vs 2.76 TeV: a bit more charm shadowing manifest in R,, at low p+
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Step Forward ...

A New HQ potential +
phenomenological consequence

Liu, He, Rapp et.al, in preparation

Tuned ideal (hardphoton) hydro + FONLL pp baseline + FONLL fragmentations

Hard Probes, Wuhan, Sep.22-27, 2016 32



A new HQ potential from T-matrix

L0-

05- 05F

1.5T

C

2.0T

C

! | ! ! ! L ! ! ! ! | ! ! L L L | L ! !
L5 20 0.5 L5 0

| -‘ Cr[fm] r [fm]
Liu, Rapp 2015
+ new potential V/(r): larger slope than U at medium r & T~1.2T,

=» larger remnant confining force in medium range r ~ 1fm

o
05

r 1['Ofm]

& phenomenological ly: charm quarks couple to more medium particles,
relative to short-range force from U/F
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Charm thermal relaxation rate

0.50 — T T T T T T T T T T T T T T 0.50 F oot e P e e e T T
L ] ! charm full T-matrix, new V-potential 3
0.45 |\ —T=1.2T, 1 045¢ :
040} T=15T, ] 040f
035pk. + \. —.=T=20T, 1 035 :
0300 \ thin- U | 0.30F —p=0 :

ool W\ thick: V 1 E025¢ Eigg gzx

< e N thin+box: F 1Z 3 TR

b 0.20_— . \ 1< 0.20 F p=10.0 GeV _1
015+ T NN ) 4 0.13F ]
0.10 ke = 010
0.05} S e Q5T T T T T T T T E
000 [ . ] . | . ] . | . ] . | ) ] ) N 000 M IR [T T N ST SUNT N T R 1

0 1 2 3 4 5 6 7 8 12 14 16 18 20 22 24 26 28 30
p(GeV) T

®p<2.5 GeV & low T<1.5Tc, V results overtake U results due to longer
range remnant confining force; high p: tends to pQCD results

€ unique T-dependence: reversed relative to U/F
low p: increasing as T > T, , help develop large v,
high p: increasing with T, pQCD
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RAA

1.5

0.0

Phenomenology: Charm quark v, and R,

0.5

! ' ! ' ! ' ! ' 0.08 T T T T T T T T T LI
c-quark Langevin only c-quarl‘_: Langevin only
Liu_U Liu_U
—Liu_V : Liu_v
L . —=Liu_F . 0.06 =-=Liu_F §
0.04 '
>
0.02 -
\
] . /i ’
N L S 0.00 L2 - - - - 3
0 2 4 6 8 10 0 1 2 3 4 5 6
p,(GeV) P; (GeV)

Liu, He, Rapp in preparation
+ new potential V/(r): larger v, ( which is most efficiently built up near T,
when the background medium v, large) = v,%(p;=2GeV) probes
transport coeffi. via intermediate-range confining force

& At high p : less suppression, calling for radiative energy loss ?!
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Summary & Outlook

------ Summary: nonperturbative open HF interaction & transport
® Conceptual Consistency

--- diffusion < hadronization:

based on the same resonant interaction from T-matrix
--- diffusion < bulk medium:
both based on strongly coupled QGP, non-perturbative
® Application: RHIC & LHC
--- dynamical charm flow emerges; successful for low & intermediate p+

® New HQ potential

--- role of the remnant confining force enphasied

--- phenomenologically larger charm v, at p~2 GeV
® Elastic vs radiative energy loss

--- 2=>3 radiative T-matrix calculation is going on
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Backup: space-time evolution of HIC

Relativistic Heavy-Ion Collisions

}

Initial energy

final detecfed

Kinetic

Hadronization

pre-.
equilibrium
| _dynamics

viscous hydrodynamics free streaming

t~0fm/c T~1fm/c

— e e O ~
= ‘ —

collision evolution
t ~ 10 fm/c T ~ 1013 fm/c
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Backup: Heavy quarks

Heavy flavor in BAMPS

adronic phas

No interactions taken
account
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Backup: HQ probes

€ primordial hard production + number conserved

m

& thermalization delayed = ~ =27, ~6+7z, = zer

= Heavy quarks make a direct probe of
Otlﬁdn(ﬁ?fﬁ's%n In QGP: elastic scatterings with medium

Brownian motion:
Fokker-Planck Equation

qo~q2/2m << |q|

6f . a( pf ) D o°f
op~©
¢ quark r f
. -' 1
v, thermalization rate dlffusmn coefficient

Momentum Kicks yU I|TQq F(1-cosg)ft D=jymgT
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CF

Au-Au 62.4 GeV Compare Rcr by Duke

3.9

3.0¢

0.0°

25¢
20f

1.5}

0.5¢

electrons, 0-20%/40-60%

8 35r
o[
I -

- Au+Au, s, = 62 GeV
L o AL ]
257 10-60%

) en
T

I -

4 — 5 —
P [GeVic]

0

r1u. 19: (color online) Heavy flavor electron Rep between
centrality 0%-20% and 40%-60% in Au+Au collisions at
VExy = 62.4 GeV. The curves are calculated using a model
based on energy loss [48].
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Au-AuU 62.4 GeV HF electrons v2

0.35F I T 0.15 - . - . - .
- [ electrons, 0-60%
0.30 £ ;
025 ; 0.10| -
0.20 electrons, 20-40% 1 ' :
0.15 - 1 005t | -
r ] = i f’”‘___\_
0.10 £ | 1 . [ * j
; i1 ; B j/j/
0.05 | T { k : 0.00 _“"f""ir
[ [ | T ] - :|:
0.00 f-- J-mt : - ;
- Au+Au, 62.4 AGeV: I B Au+Au, 62.4 AGeV
-0.05 . : L . ' ' L : _0.05 . . . ! : ! .
0 1 2 3 4 5] 0 1 2 3 4
p, (GeV) p’ (GeV)

+ No discrepancies can be made out, albeit within rather large
error bars in data

& 0-60% centrality v,: from a N_,,-weighted average of v,’s of
the 0-20%, 20-40% and 40-60% centrality bins
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Charm/bottom quark coal.prob.

| LHC.2.76 TeV
1.0 = | _
I \ elfconsistent P_coal_restframe
' -->R_coal_labframe vs p
08} \ t
\u
_06F \
R
D- L]
04} \
\1
02F N |
H"-..
0.0 : : : ' : | : I : '-‘-.—-I'_"-_"I""
o 2 4 6 8 10 12 14
Pt (GeV)
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Charm quark FONLL vs Peterson frag.

50 L ' | ' 1 ' 1 ' I ' 1 v 1 ' 1 ' 1 ' |
4.5 F charm fragmentation function —
40E Peterson,e;=0.05 3

35F = MC Peterson
- —— FONLL,r=0.1 (pseudoscalar)

30F . MCFONLL
N 29F
D 20¢
15
1.0F

05 ~

0.0¢F
0.0 0.1

02 03 04 05 06 0.7 08 09 10
Y
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Bottom quark FONLL vs Peterson frag.

D(z)

15

10

bottom fragmentation function
—_—— Petersnn,sc=0.005

m  MC Peterson
FONLL,alpha=29.1

= MC FONLL
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Energy-momentum tensor anisotropy
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dN/2rpTdpT (a.u.)

DACKUpP 1. Chall’ guark Larigevir arimrusiori

equilibrium
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dN/2rpTdpT (a.u.)

Backup 2: D-meson RRM equilibrium
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DACKUP o. D-TNES0r Nadaronic priase Larigeviri
diffuison equilibrium
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R, (electron)

RHIC b/B =2¢e vs

16 — 0.10 . . —
14} central ] mini.bias
—D->e 0.08} —D->e .
1.2} B->e . B->e
1.0 __ 006}
L c
08 &
| 9 004
0.6 o
04l ” 0.02+
0.2} 1 ool |
00 f\u + Au, slqrt(sNN)=2|00 GeV, p=2.30 frmy ' /Iﬁ\u + Au, slqrt(sNN)=2l00 GeV, t|)=7.24 fm
0 1 2 3 4 5 0 1 2 3 4 5
p, (GeV) p; (GeV)
® Bottom less suppression, less collectivity than charm: mass effect
® Now HFT@STAR able to disentangle charm vs bottom lectrons,
time to compare the prediction with data
49

Hard Probes, Wuhan, Sep.22-27, 2016



Backup 4: fully thermalized D mesons@LHC
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Jet quenching g-hat from charm diffusion

Hard Probes, Wuhan, Sep.22-27, 2016
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