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Non-Perturbative HQ Transport Approach

1. Introduction:

e Heavy quark probe for hot & dense matter

2. HQ probe: a strongly coupled framework

e Transport coefficient

e HOQ diffusion in QGP: Langevin + hydro simulation
e Hadronization: coalescence vs fragmentation

e D-meson diffusion in hadronic phase

3. Heavy ion phenomenology

e RHIC: Non-photonic electrons, Ds vs D mesons
e LHC: D,B mesons, non-photonic electrons

4. Summary
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HQ evolution in HIC

YA @ primordial hard production, pQCD (FONLL/PYTHIA)
= :-;-'\. mo >> T, Lambda_ocp »number conserved

€ HOQ diffusion in QGP: elastic scatterings with medium
Brownian motion

of _ _a(pf) L o°f

ot . op fapz

thermalization rate diffusion coefficient
. .“TQq I (1—cos@)f ¢ D=,m,T

€ hadronization into D,B mesons via
recombination + fragmentation

~ 4 semi-leptonic decays: non-photonic electrons

&

| T
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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

Q

®lattice potential: Kaczmarek,2008
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=2 Resummation & Unitarization

¢ O0Open/hidden HF: vacuum spectroscopy reproduced; high energy pQCD recovered
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Charm guark relaxation rate: QGP
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4 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

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

& this resonance correlation 2
resonance recombination

€ T-matrix calculation of HQ-gluon scattering [Huggins,Rapp]=» ~25%
enhancement of the full relaxation rate at low momentum
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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

020F ' - ' - . - 30 — . . .
.—— hadronic resonance gas, empirical amplitudes —D+n (@)
0.18 - hadronic resonance gas, 7/10 mb 05 | D+K ! |
- - pion gas — = D+p I
016 | — =— hadronic resonance gas, RHIC "',/?D ;{2460]
0141 20 D5(2308) 1 . 1
_o12f ] | \ I | 'E
g 0101 2 151 - ] : .
<008 e /7 N\d |
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0.06 o ae _ \
L . T - I'I.I Il".
ﬂ.m -—- . ™ f_ﬂ-ﬂ"'f) = 5 .;"'-' x.'\-\ H_“h. -
0.02} T - S~ el
0.00 T'_-_-TT-_-_-_-_- n I ! 0 I ! ! I
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T(MeV) _ 5" (MeV)
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
CCNU, Asian Young Scientists School, Sep.22-26,2014 7



50

45

Summarizing charm diffusion coeffi.

= = c-quark, QGP, pQCD (« =0.4) ]

_'—D-ﬁesbn,HRG-chenH.elquil'_ T T T T T ¢ viscosity.: eta/s = (1/5 ~ 1/2)DT,
L= - = c-quark, QGP, T-matrix (U)

| Danielewicz&Gyulassy, 1985
- c-quark, QGP, T-matrix (F) { ® gsttTra—l?l.sslgtl\ellseilnto eta/s = (2-5)/4pi

. = |[attice Ding et al. 4 a .
. . I —#— He ® +
¢ |[attice Banerjee et al. - - . [ N ®
- - - | —@— HzO0 : |¢
B e n | @ RruIC 4 ®
3 | & acp |
| —%7 Meson gas ,
= — | O . *
_ 1.2
=
;
B 7T o
|
I L I i i I 1 L
-1.0 0.5 0.0 0.5 1.0
06 08 2.2 o

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

Medium evolution: hydro RHIC

€ 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 v2 around Tc

dN/2rp_dp dy

1 N T T T T T 040 . : . : . : : .
5 (b) gasl  20-30%,b=7.38 fm (b)
0.1 = STAR
030 « KSTAR
0.01k..... |
- R 0.25}
1E-3 | o '
= STAR$,20-30% '=. D201
1E4[ © STARE 20-40% . =] o5k
F 4 STAR(Q'+Q)2,20-40% " \ |
1E-5 —— ¢,b=7.38 fm R 010+
-~ -=,b=8.04 fm e 0.05
1E-CE... o b=8.04fm, . ool
0 1 2 3 4 5 ~0.0 3.0
p(GeV)

& multistrange hadrons #,Z,Q probably freeze out earlier STAR, PRC79,2009

€ multi-strange particles’ spectra and v2 fitted at Tch =160 MeV
bulk particles’ spectra and v2 fitted at Tkin=110 MeV He, Fries,Rapp,2012
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HQ diffusion: Langevin simulation

Langevin + hydro simulation down to Tc=170 MeV

fluid rest frame updates > boost to lab frame

1.6
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dp = —T'(p)pdt + \/2D(p + dp) dtp

- charm quark ' ' ' b)
bottom quark
-« «+ pQCD relaxation rate for charm quark
/-2 KU+ Au, sqrt(s,,)=200 GeV, b=7.24 fri
0 1 2 3 4 5
p(GeV)

€ initial HQ distribution: PYTHIA pp + Glauber nBC
€ quenching: early stage when medium particles’ density is high
€ v2: develops at later stage when the medium particles’ v2 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}

L dgpldgpz o o gain term
B(x, p) = f T falx. P1) fa(x, p2) <
X 0 ($)Wrel(P1, P2)8° (P — P1 — f-ﬂ
Breit-Wigner o(s) — (T )?
> kz (s —m2)y 4+ (I'm)?
e . EMf )
¢ Equilibrium limit farlp) = ‘l fd xB(xX, p)

¢ Energy conservation + detailed balance

——

equilibrium mapping between quark & meson distributions

CCNU, Asian Young Scientists School, Sep.22-26,2014 11



Hadronization: coal. vs frag.

® RRM coalescence:

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

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

100= T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

e — 07} I m
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; 107 F S :
o] E ,
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£ 10°f Iy S 03F el ]
E 107} . 02} 'd -
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10™ A S S S S 01 [ ]
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® Diffusion vs coalescence: conceptually consistent
--- same interaction (T-matrix) underlying diffusion + hadronization
® Fragmentation: incompatible with thermalization

--- recombination (P_coal(pt)) dominates at low pT but yields to frag. at higher pT
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Application & Phenomenology ...

Phenomenology at
top RHIC energy

He, Fries, Rapp, Phys.Rev. C86,014903 (2012)
He, Fries, Rapp, Phys. Rev. Lett. 110, 112301 (2013)
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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 +

nu
D-meson Hadronic Diffusion
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€ pronounced D/Ds flow-bump?!
RRM = an extra interaction, driving D-
meson closer to equilibrium
€ Ds Raa~1.5-1.8at pT~2 GeV
strong coupling c-QGP + coalescence
+ strangeness enhancement
(unique valence quark content csbar)

& Ds freezeout at Tc, D at Tkin

D vs Ds v2: quantitative measure of
charm interaction in hadronic phase

3a unique pattern of Raa and v2 of
Ds vs D mesons emerges

CCNU, Asian Young Scientists School, Sep.22-26,2014
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Application & Phenomenology ...

Phenomenology at the LHC
Pb-Pb 2.76 TeV

He, Fries, Rapp, Phys.Lett.B735,445 (2014)

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% :
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@ 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

Ph+Pb NN 276 ToV,020% | o[ Pb+Pb, Gyy=276TeVB050% ¢
= ALICE, average D meson | : ]
charm quark ' E
DmesonatT

1.5

——Dmesonat T

» ALICE, average [ meson

: charm quark
: -ﬂ.ﬂf— DmﬁmatTﬁ
, , 1 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 pT

& Vv2: 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
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¢ Dvs D, R, : low p, coalescence enhances D, production in a
strangeness-equilibrated, strongly-coupled QGP medium;
high p, 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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LHC B mesons & non-prompt Jpsi

0.0

LHC, Pb-Pb, sqrt(s,, )=2.76 TeV, 20-60%, Jpsi
M 1 L 1 M [l M 1 L 1 M 1 L M

P+ Fb, eyn=2.76 ToV, mini.blas | | Pb+ Pb, eyN= 2.76 ToV, 20.40%
[ = CMS (prel.) nonprompt Jy | ose | B meson at T, .
Bmesonat T, ]
z i Lo
l;l I'1IIIIIII"IIEI 0 !:E | mu
Py (G0}
""""" - wetmes 1 # Raasubstantial suppression (~0.5-
B o, -1 0.6) at p>10 GeV; consistent with
Tt wihout shedowng | CMS non-prompt J/psi data point
T . 1 & Vv2:up to~7%, significant yet less
1 collectivity than D mesons =»
1 implications for J/psi v2 (B> J/psi+X)

1

2

3

4

5
p, (GeV)

6 7 8 9 10
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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 : : , 1 [ D and B meson decay electrons
M 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 _nm 1 1 1 1 1 1 1 1 1 1 1 1 1 1
o ] " 1% F-) a B 10 11
B (Gav) R, {Gev)

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

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

i &V, :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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Application & Phenomenology ...

Phenomenology at RHIC
Au-Au 62.4 GeV

He, Fries, Rapp, arXiv:1409.4539 [nucl-th]

Tuned ideal hydro + FONLL pp baseline + FONLL fragmentations
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3.5

HF electrons Raa & Rcp
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_,ﬁ_,.ff ______________________________________________________________________________________________________________
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3-5 T T T T T T T T T

- electrons, 0-20%/40-60% 1
3.0F T E
2.5}

2.0F

o 1.5

0.5F
C Au+hu, 62 AGe

OU C L 1 \ 1 \ 1 L 1 .- \ ]
0 1 2 3 4 5 5]
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¢ Significant CNM effect: Cronin enhan-
cement even at high pr bottom dominant
region

¢ Rcp enhancement at pr=1-3 GeV nicely
reproduced, due to recombination flow
bump through RRM
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HF electrons v2

035 T T T [ T T e S S—
. [ electrons, 0-60%
0.30 .
0.25F ; 010 ]
0.20 electrons, 20-40% B .
0.15 | - 1 . 005f | -
r 1 > - f’/‘_—\_
0.10 f | 1 ] : ; j// :
L | ] i 1
0.05 | T . 0.00 it
: I : ]
0.00 F-- ! : ;
- Au+Au, 62.4 AGeV: I Au+Au, 62.4 AGeV
-0.05 : : : : : ' : L : -0.05 - L - L - L -
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+ No discrepancies can be made out, albeit within rather large
error bars in data

¢ 0-60% centrality v2: from a Ncoll-weighted average of v2’s of
the 0-20%, 20-40% and 40-60% centrality bins

CCNU, Asian Young Scientists School, Sep.22-26,2014 24



sSummary

e Iinitial cond.

(PP + Ny e c-quark diffusion

Cronin, in QGP liquid * ¢ +q(s) — D(Ds)
shadowing) (T-matrix, resonance « D-meson
No K-factor) recombination; diffusion in
Ds freezeout hadron liquid

® 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 features emerge
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Backup: space-time evolution of HIC

oL e . s fi Id tected
Relativistic Heavy-Ion Collisions bl

Kinetic

Hadronization

}

Initial energy
density

pre-. ~
£qdiibrium iscous hydrodynamics
| _dynamics yincop Yy yhanmie free streaming

— e e e—— ~
2 ‘ —

collision evolution
t~0fm/c T ~1fm/c T ~ 10 fm/c T ~ 1015 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 = ~ ==z, =67, = zo0-

= Heavy quarks make a direct probe of
Otlf—?d"cﬁ?fﬁ':%n In QGP: elastic scatterings with medium

Brownian motion:
Fokker-Planck Equation

[ f
0 ~0°/2m, << |q|

éf . a( pf ) D o° T
op~©
¢ quark r 'é : f
. -l 4
D! v thermalization rate dlffusmn coefficient
Momentum Kicks y: I|TQq F(1-cosg)ft D=jymgT

28 CCNU, Asian Young Scientists School, Sep.22-
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Hydro tune for the Au-Au 62.4 GeV

T T T T T T E 030_ T T .

= STAR,',20-40% ] + = STAR, 7, 0-80%

e STAR,p,20-40% 1 025F * STAR p,0-80% 1
hydro, n’ : : hydro, = :
hydro, p 1 020f hydro, p ;

E [ . L] 1
] 0.15F .
a o
. E =>
. : 0.10 F ]
3 0.05 [ 1
10° Au+Au, 62.4 AGeV Au+Au. 62.4 AGeV
10'? L 1 L 1 L 1 L 1 L ] OOU- L ! L ' L
0 1 2 3 4 5 0 1 2 3
p,(GeV) p,(GeV)

@ p-spectra of pi, p well described, Tkin=130 MeV, initial radial flow tanh(0.035r)
@ v,: differential flow over-predicted a bit. No viscosity. And tau_0=0.9 fm/c.

€ background medium evolution well constrained
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b-->e/(b-->e + c-->e)
o o o =
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b/c Au-Au 62.4 GeV,; Compare Rcr by Duke

b/c=1.9E-3 from FONLL 62.4 GeV,

: —in pp

in Au + Au, 20-40%

VS b/c=9E-3 from FONLL 200 GeV
VS b/c=5E-2 from FONLL 2.76 TeV
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Q
C
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23— A0-R07;
N
. ] i
5= 62.4 GeV ] C
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FIG. 19: (color online) Heavy flavor electron Rep between
centrality 0%-20% and 40%-60% in Au+Au collisions at
VSyy =624 GeV. The curves are calculated using a model
based on energy loss [48].
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dN/Z2rpTdpT (2.U.)
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Backup 2: D-meson RRM equilibrium
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