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Outline

Heavy Quark in the Hot QGP

% Problematic relation between R,, and v,:

= T - dependence of the interaction (Drag)
= Boltzmann vs Langevin (Fokker-Planck)

= Hadronization: Coalescence vs Fragmentation

¢ Boltzmann vs Fokker-Planck -> cc angular correlation



Heavy Quark & QGP

Hoggsvagam g Heavy because:
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< M >> Aqcp (particle physics)
< M>> T (plasma physics)
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Adapted from zhu et al.

BEFORE RHIC:
mqy>>m, HQ not dragged by the expanding medium:

- spectra close to the pp one-> large R,
- small elliptic flow v,




Problems with idea 1

Strong suppression Large elliptic Flow
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N. Armesto et al., PLBG37 (2006)362

S. Wicks et al. (QMO06)

> Radiative energy loss not sufficient “.j?._'

» Charm seems to flow like light quarks

Heavy Quark strongly dragged by interaction with light quarks

pQCD does not work may be the real cross section is a K factor larger?




Charm dynamics with upscaled pQCD cross section

Diffusion coefficient
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It’ s not just a matter of pumping up pQCD elastic cross section:
too low R,, or too low v,




Raaand v, correlation

No interaction means R,,=1 and v,=0. More interaction decrease R,, and increase v,

R,acan be “generated” faster than v,

18 e e
t=1 fm - ] t=1 fm ——
16 L ] =2 fi 1 - creso (I'=400 MeV) =2 fm
¢ reso (=400 MeV) t=3 fm —— g | Au-Auvs=200 GeV (b=7 fm) =3 fm ——
14 t=4 fm —— ' =4 fm ——
12 L t=5fm —— I i
: - B
1 G F
) 1 N mix ;5 _
<08 f S
4 L
0.6 f '
04 f 5 |
02 f .
0 Au-Au vs=200 GeV (central) ) s
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5

The relation between R,, and time is not trivial and depend on
how one interacts and loose energy with time.

This is general, seen also for light quarks, Scardina, Di Toro, Greco, PRC82(2010)



T- dependence of the Drag Coefficient

Drag Coefficient , _
pQCD (Combridge cross-section)

A
111n,(2nTA-1)

= AdS/CFT
= pQCD - K factor

— QPM
ogey(T), M, =0

, mp= 4natocp(T)T

Apoep =

AdS/CFT

T2
Y AdS/CFT = kﬁ

Akamatsu-Hatsuda-Hirnao, PRC79 (09) 054907

Quasi-Particle-Model (fit to IQCD ¢,P)
(11N, — 2N;) In [A (%- 5—)]2

OLQEM(T) 1 I g=0

we mean simply the coupling of the QPM,
but with a bulk of massless g and g



Impact of T-dependence of the Drag

Au+Au@200AGeV, b=8 fm
“f \U‘vv SO V; O il

ot qpm(T)
— QPM — QPM

—— AdS/CFT — pPQCD - K factor
o oo™ _ — AdS/CFT

—— pQCD - K factor

“ R.(pr) well reproduced whatever is the T-dependence

< v = T2 AdS/CFT like, correct R,,(p) but does not lead to significant v,
% At fixed Ry,(p7) -> V,(p7) quite larger if T -> T,



25 | Impact of T-dependence of the Drag

x  D-ALICE (0-20%) ' e D’ ALICE (30-50%)

AdS/CFT ® D' ALICE (30-50%)
I QPM . 0"S_me(-r)
— pQCD - K factor — QPM
— pQCD - Kresc.
AdS/CFT

% Similar trends as for RHIC case
% v = T?2 and p-indepedent like in AdS/CFT fails also the p; dependence at LHC



What can be khe physics

of larger interaction as T->T.?



T-matrix approach: scattering under V(r,T)

q\\\ “’D” // q
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“Im T” dominated by meson
and diquark channel

= AdS/CFT .
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Impact of hadronization mechanism

0-10% central = theory Uncertainties:
® PHENIX

o STAR v extraction of V(r) - (U vs F)

- frag. only

vV, of the bulk and hypersurface

Impact of hadronization

Coalescence increase
both R,, and v,
reverse the correlation
toward agreement with data
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Hees-Mannarelli-Greco-Rapp, PRL100 (2008)
d3ND,B
d’P

= CD,Bffc,b ®f¢7 X, +ffc,b ®Dc,b—>D,B
> >

add quark momenta



Is the charm reatij Heavv
and iks scabtering soft ?



Standard Description of HQ propagation in the QGP

HQ scattering in QGP
afc,b a(pfc,b)

2
J fc,b T<<mQ
2

=y +D
ot op op
From 3 Jll ° Elastic pQCD
yp = |d"kM(k,p)| p .
scattering lf 3 ‘ ‘2 7 e T-matrix V(r)-1QCD
Brownian Motion? matrix | M|? D=§fd QIACIINE . Soft gluon radiation
e QPM

/ Now what we are doing : \

- study the validity of the Brownian motion assumption, is it really

small momentum transfer dynamics?
< Ry, is as small as for light mesons
< If resonant scattering is important can it be that the

\\ momentum transfer per collisions is not small /




Relativistic Boltzmann Equation

Molnar’'05, Ko’06,Greiner ‘08

u F AW D _
{P au +m J"m au}fHQ(X’p) - C292 Gossiaux ‘09, Bass ‘12 ...

Free streaming  Field Interaction

fo(x,p) is @ one-body distribution function for HQ in our case

f, ¢S integrated out as bulk dynamics in the Coll. integral
The relativistic collision integral can be re-written in terms of transferred momentum k=p-p’

Gain Defining the probability
w for HQ to be scattered
AWl 0SS fromp->p+k

3
w(p+k, k) faq(e,p+ k) = w(p, k) f(x,p w(p. k) = %fg(w.p)urezd”-"f’%”
1 0? M

0
+k —(wj) + Skik; w,
dp 2 OpiOp; j



Relativistic Boltzmann Equation

{p”&M +m 0"m" 9y, }fHQ x,p)=C,_.,

Free streaming  Field Interaction

fo(x,p) is @ one-body distribution function for HQ in our case

f, ¢S integrated out as bulk dynamics in the Coll. integral

Expansion for small Momentum transfer
D+ k., k c,p+k)=wpk)f(e,p
(i RECKS: ) ’ 2) fte.p) Defining the probability
+A—)(wf) n 1A k; J (wf) w for HQ to be scattered
dp 2 ()plc)pj o from p -> p+k

A, = dsk(u(p, k)k, — Drag
B, = [d’ka(p, Kk, k; [ Ty

Drag:<p> Diffusion:<Ap2>



Common Origin -> two approaches: LV and BM

“M scattering matrix of the collision process

LLangevin approach

d3p'
7 M
., (2 )2E y. E‘ ‘

Diffusion coefficient -> <Ap2> P 11

B, = %<<(p -).(p' - p),->>




Differential Cross section and
momentum transfer: Charm

* Changing m, simulates different angular dependencies of scatterings
do

* my=gT =0.83 GeV for a,=0.35 (Combridge cross section)

Angular dependence of o Momentum transfer

_ mD=O.4 [GeV] = charm mD:O.4

— my=0.83 [GeV]
— my=1.6 [GeV]

— Charm mD=O.83

= Ccharm mD:I .6

S.K. Das et al., PRC90(2014)

O more isotropic -> Larger average momentum transfer

* For Charm isotropic cross section can lead K> M_



Boltzmann vs Langevin (Charm)

Time evolution of the p-spectra

dN Langevin dN Bolezmann
3
d’p

3
d-p mp=1.6 GeV

— t=0 fm
—=-t=2fm
t=4 fm

3 4
P [GeV]

— chamm 083 , The smaller <k> the better Langevin
charm m,= 1.6

approximation works

= Att=4-6 fm/c difference can be quite
large for my > 0.8 GeV (K=M_ =3T)

S.K. Das et al.,arXiv:1312.6857 — PRC90 (2014)



Bottom R,,: Boltzmann = Langevin

Calculation in a Box

T=400 MeV T=400 MeV
mp=0.83 GeV mp=0.4 GeV

In bottom case Langevin approximation = Boltzmann
But Larger M, /T (= 10) the better Langevin approximation works



— e PHENIX Minimum Bias -
—— D+B (BM) — D+B (BM)
——- D+B(LV)40% 0.12— __ psBLV)

v" Fixed same R,,(p;) [reduce y by 40%] = v,(p;) 35% higher (m,=1.6 GeV)
- dependence on the specfic scattering matrix (isotropic case -> larger effect)

Hadronization by coalescence not included




Raa & V, Boltzmann vs Langevin

Impact of the Boltzmann dynamics for Qlqpy(T) case

- Pb+Pb@2.76ATeV

(X)
|

Au+Au@200AGeV, b=

— o opy(T) (BM)

oty gpm(T)

—— QPM

_ i - % qpml
pQCD - K factor . QPM

— = AdS/CFT . pQCD - K resc.
« AdS/CFT

)

No coalescence included, only fragmentation



Summary on the build-up of v, at fixed R, ,

—_—
Varylng v (T)

PHENIX data
QPM

AdS/CFT
pQCD -K factor

% qpml(T)
O [O%.qpu(T) - BM

0.02

R,, and V, are correlated but still one can have
R,, about the same while V, can change up to a factor 3:
v(T) + Boltzmann dynamics+ hadronization



One step further into the details of

Ehe dvmamias (selection tn py, pu and Ag=(,—0,):

- Ehergy loss of a single HQ

- Angular correlation between ¢ and c-bar

D meson

ies and

side
04’ Associated

hadrons




Momentum evolution of a single Charm

Langevin dN

=§(p—10GeV) — Boltzmann
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S.K. Das et al., PRC90 (14) 044901
e Kinematics of collisions (Boltzmann) can throw

particles at very low p soon.

 The motion of single HQ does not appear to be of Brownian
type, on the other hand M_/T=3 -> M_/<p,,> =1

side
/Associated
Q hadrons Larger momentum spread -> large spread in the angular distributions

-> back to back Charm-antiCharm angular correlation



Momentum evolution of a single Bottom

Langevin df\/ _5(p—-10Ger) Boltzmann
initial

T=400 MeV

——

34 5 6 7 8 9 10 1 > 3 4 5 6 7 8 9 10 11 12 13 14 15
p (GeV) p (GeV)

e For Bottom one start to see a peak moving with a width
even if it is more reminiscent of Poisson distribution

More close to Brownian motion, on the other hand M, /T=10



Langevin vs Boltzmann p-evolution
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Striking difference also at A¢ =0:

- The evolution of the yield from 2 to 5 GeV
is about 10? times different

- Boltzmann much more efficient toward
full thermalization




Summary

%* R,,- v, of charm seems to indicate:

- Drag about constant in T = = v, exper. (effect of confinement)
- Boltzmann dynamics more efficient for v, even at fixed R,

- Hadronization of coalescence of heavy quarks: modify R,,-v, corr.

¢ Boltzmann vs Langevin:

- If interested to simultaneous R,,, v,, dN_/dA¢

we can realize that charm in hot QGP is not that heavy
and the motion not really Brownian.

- Very similar dynamics for Bottom at least for R, and V,



= D-ALICE (0-20%)
- = AdS/CFT
-— QPM : % qpm
- = pQCD - K factor . QPM
(T) - pQCD - K resc.
- AdS/CFT
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C-barC angular correlation

Langevin Boltzmann
Langevin Boltzmann
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Momentum evolution for charm vs temperature

Boltzman v _ S(p-10GeV) Boltzmann

d’ p
T=400 MeV

initial

Charm Charm
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e At 200 MeV Mc/T= 6.5-> start to see a peak with a width

Such large spread of momentum implicates a large spread in the
Side N . . .
ssociated angular distributions that could be experimentally observed studying
hadrons the back to back Charm-antiCharm angular correlation




Baryon contamination due to coalescence ... !?
P. Soresen, nucl-ex/0701048, PRC (07)

G. Martinez-Garcia et al., hep-ph/0702035 PLB(08)

- * PHENIX data :
1.4 — AJD enhancement factor of 5
C ---- A /D enhancement factor of 12 3

0,41 —

A /D

02+ > =

01 -

P, (GeV/c)

Apparent reduction if A./D ~1 » Explanation for large v, : Vo.c > Vop
due to different branching ratio

- Effect at pt-2-4 GeV region were it is =~ S0me coalescence model predict
a much larger enhancement...

possibility to reveal diquark correlations®

more apparent the coalescence effect)

Heavy-Flavor and jet quenching- Workshop, Padova 29-9-2005



Impact of hadronic rescattering on A_/D ratio
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Jet quenching for light q and g

GLV radiation formula

Simple modeling: jets going straight and radiate energy

Elliptic flow only from path length

Scardina, Di Toro, Greco, PRC82(2010)
Liao, Shuryak PRL 102 (2009)

Time dependence of E Elliptic Flow
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We consider as initial distribution in p-space a
d(p-1.1GeV) for both C and B with px=(1/3)p
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Various Models at Work for LHC

JHEP 1209 (2012) 112
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v Models fails to get both, some hope for TAMU elastic (if radiative added)

v’ Pure radiative jet quenching gets the lower v, (LPM helps...)

v" Apart from BAMPS & Aichelin Fokker-Planck is used for HQ dynamics.
v" Those getting close have heavy-quark coalescence V. Greco et al., PLB595(04)202




Implication for observable, R,,?

o——050% of LV at (=4 e Once R,, is fixed the main point is
- == t=4 fm (BM)

=4 fmLV) if v, and angular correlation
are the same?

- Realistic simulation of A+A

However one can mock the differences of the microscopic evolution and
reproduce the same R,, of Boltzmann equation just changing the diffusion
coefficient by about a 15-30-50 %



