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1. Introduction

The nuclear collisions at Relativistic Heavy lon Collid&HIC) and Large Hadron Collider
(LHC) energies are aimed at creating a new state of mattarpepties of which are governed by
thermal quarks and gluons, such a phase of matter is calladk€@aiuon Plasma(QGP). The study
of the properties of QGP is a field of high contemporary irdeamd the heavy quarks (HQ) namely,
charm and bottom quarks play crucial roles in this endeaBecause HQs (i) are produced in the
early stage of the collisions and hence witness the entoligon scenario of the matter, (ii) do
not dictate the bulk properties of the matter (iii) theirrtialization time is larger than light quarks
and gluons and therefore, the propagation of HQs through R @&y be treated as the interactions
between equilibrium and non-equilibrium degrees of freed®he Fokker-Planck equation (FPE)
provides an appropriate framework for such studies. In teegnt work we evaluate the nuclear
suppression factor and elliptic flow of heavy flavours by swthe FPE for the motion of charm
and bottom quarks in QGP and contrast the theoretical sewith the data to extract the properties
of QGP.

2. Formalism

The evolution of HQs momentum distribution function whilopagating through the QGP
can be described by the FPE, which reads [1],

t_a
ot ap;

0
[m(p)wa—m[sij(p)f] 2.1)

where the kernelg; andB;j are given by

A= [ dka(pk
B = / dBkeo( p, K)kik. 2.2)

The functionw(p, k) is given by

d3q i
w(p,k) = gj / ij(q)vi 100 qspkaik (2.3)

whereg; is the statistical degenerachy, is the phase space distribution of the partigle;; is the
relative velocity between the two collision partners andenotes the cross section. Faqr|— 0,
A — ypi andB;j — D& wherey andD stand for drag and diffusion co-efficients respectively.
As mentioned before we include both the collisional andati processes for HQs dissi-
pation in QGP. For the collisional processes [2, 8 — gQ andgQ — gQ andqQ — qQ are
considered in evaluating the dragd) and diffusion D¢ ) coefficients.
For the radiative loss the drag coefficient is defined thrabhgtrelation,

“dx = VradP (2.4)
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and use the Einstein relatidd,;g = TMy 4 to obtain the diffusion coefficient, wheM is the
HQ mass,T is the temperature of the QGP. In the radiative process thd dene and Landau-
Pomerenchuk-Migdal (LPM) effects are included [2]. Altigbuthe collisional and radiative pro-
cesses are not independent from each other, however, irbffemee of any rigorous method, we
add them up to obtain the effective drag coefficiems; = Yrad + Yeoll » @and similarly the effective
diffusion coefficient,Des = Drag + Deoii. This is a good approximation for the present work be-
cause the radiative loss is large compared to the collitiossa. In evaluating the drag co-efficient
we have used temperature dependent strong couin@i]. The Debye mass; g(T)T is also

a temperature dependent quantity used here to shield ttarddfdivergences arising due to the
exchange of massless gluons. The FPE has been solved wathdffective transport coefficients
and the initial momentum distributions of HQs are taken fthmproton-proton (pp) collisions [5]
at RHIC and LHC energies.

The solution of the FPE are convoluted with the fragmentafinmctions [6] of the HQs to
obtain thepr distribution of theD andB mesons. The transverse momentum spectra of the elec-
trons originating from the decayf — Xev andB — Xev have been obtained by using standard
procedures [7].

(2+1) dimensional relativistic hydrodynamics [8] with @baénvariance [9] along the longitu-
dinal direction has been used for the space time descriptidthe of the flowing QGP. We have
taken the Equation of State (EoS) Bs= c2¢, whereP is the pressureg is the energy density
andcs is the velocity of sound in QGP. Variation & with c2 i.e. with EoS will be presented
here. We have assumed the value of the initial temperafute400 MeV and thermalization time
of the QGP,1; = 0.2 fm/c for Au+Au collisions at RHIC. The corresponding vaduer T, and T
for LHC are taken as 700 MeV and 0.08 fm/c respectively. Ixiseeted that the central rapidity
region of the system formed in nuclear collisions at RHIC bR energies is almost net baryon
density free. Therefore, the equation governing the coasien of net baryon number need not be
considered here.

The total amount of energy dissipated by a HQ in the QGP dependthe path length it
traverses. Each parton traverse different path lengthwdiépends on the geometry of the system
and on the point where its is created. The probability tharéop is produced at a poifit, ¢') in
a QGP of ellipsoidal shape depends on the number of binaligioak at that point which can be
taken as:

2 3
P(r,¢f) = % (1— %%) O(R-T) (2.5)
and N = 11 — (2.6)
MR (1_ 2 (1752)2)

whereR is the nuclear radius andis the (spatial) eccentricity of the ellipse. A parton ceebht

(r,¢) inthe transverse plane propagate a distdnee,/R2 — r2sin?¢/ —rcosg’ in the medium. We
use the following equation for the geometric average ofitibegiral which appear in the solution of

the FPE [3] involving drag coefficient:

o _ Jrdrdg/P(r.¢/) /7 dry(r)
a [rdrd@'P(r,¢)

2.7)
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wherev is the velocity of the propagating partons. Similar avargdias been performed for the
diffusion co-efficient.

3. Results

In this section we contrast the theoretical results with ékperimental data available for
Au+Au collisions at RHIC energies and also present themaktesults for LHC energy.

3.1 The Nuclear Suppression

The transverse momentum distribution of electrons fromhibavy flavours produced in p-p
collisions can be estimated from the charm and beauty quisksbutions which provides initial
condition to the FPE. The solution of FPE for the HQ transver®mentum distribution contains
the effects of drag (quenching) on the HQ whereas the irdi@tibutions of HQ does not contain
any such effects, therefore the ratio of these two quastitiee nuclear suppression fact®aa
acts as a marker for the momentum degradation in the meditichvis observed experimentally
through,Raa( pr) defined as:

dne AutAu

@prd
Raa(pr) = P 5TE (3.1)
coll X dprdy

The experimental data from both the PHENIX and STAR collations [10, 11] shows substantial
suppressionRaa < 1) for pr > 2 GeV indicating significant dissipation of HQ energy in th&é &
The theoretical results describe the data reasonablyXHigft panel). In the right panel we display
the results for LHC for two values @f. We have taken an equation of state with velocity of sound
lower than the value corresponding to the Stefan-Boltzmemnih Lower value ofcs [12], which

is reasonable for strongly interacting QGP, makes the esiparof the plasma slower enabling the
propagating heavy quarks to spend more time to interaceimiidium and hence lose more energy
before exiting from the plasma.

3.2 Elliptic Flow

The elliptic flow, )" is defined as:

J g ssly=0c0s(20)

g dN
J AP gprag ly=0

T

V5" (pr) = (cos(2¢)) = (3.2)

In the left panel of Fig. 2 we contrast the experimental ddtmioed by the PHENIX [11]
collaborations for Au + Au minimum bias collisions gfsyn = 200 GeV with theoretical results
obtain in the present work. It is observed that & first increases and reaches a maximum of
about 8% then saturates fpr > 2 GeV. We also find that the data can be reproduced well by
including both radiative and collisional loss witg = 1/+/4. In the right panel we display the
variation of Vi'F with pr for LHC energies withcs = 1/v/4. The wider difference between the
theoretical results and the experimental data indicataesvieaker coupling of the highr HQs
with the QGP may required to be included in the calculations.
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Figure 1: Left panel: variation oRaa With pt obtained from the present work compared with the experi-
mental data measured by STAR and PHENIX collaboratiopsiy = 200 GeV. The experimental data of
STAR and PHENIX collaborations are taken from [10] and [Egpectively. Right panel: variation Bia
with pr for LHC.

0.2 0.15
015 - e PHENIX Minimum bias | I

1 2 3 4 5
p; (GeV) p; (GeV)

Figure 2: Left panel: variation of4'F with pr at the highest RHIC energy. Experimental data is taken
from [11]. The value of the “effective” impact parameter- 10.2 fm/c for minimum bias Au+Au collision
at,/Sun = 200 GeV. Right panel: variation '™ with pr for LHC.

4. Summary and discussions

In summary, we have simultaneously reproduced the measudelar suppression and elliptic
flow of heavy flavours at RHIC energies within the frameworkpQfCD interactions of the non-
equilibrated HQ with flowing QGP. We observe that the inauasof the collisional and radiative
processes of dissipation and use of non-ideal EoS are tHateys for the successful reproduction
of the data. Our analysis admits the formation of QGP in Autallisions at centre of mass energy,
VSun = 200 GeV with initial temperature- 400 MeV.

Some comments on tHéxa vis-a-visvgF are in order here. ThBaa contains the ratio opr
distribution of the electrons resulting from Au+Au to p+glsions, while the numerator contains
the interaction of the HQs with the flowing QGP, such intdoagt are absent in the denomina-
tor. Whereas fory'" both the numerator and the denominator contain the interectvith the
medium, resulting in some sort of cancellation. Theref&rdéactor which is sometimes used for
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the reproduction of the data may not be sameRigx andvi'™.

Several theoretical attempts have been made to exBlgirandv,, where the role of hadronic
matter has been ignored. However, to make the characierizat QGP reliable the role of the
hadronic phase should be taken into consideration andritsilbotion must be subtracted out from
the observables. Recently the drag and diffusion coeffigief hot hadronic medium consist-
ing of pions, kaons and eta using open charm and beauty masoagrobe have been evalu-
ated [13, 14, 15, 16, 17]. Itis observed that the magnitudeotti the transport coefficients are
significant, indicating substantial interactions of th@hemesons with hot hadrons, which may
have significant consequencesRah andvi'™.
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