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At extremely high energy densities, QCD 

predicted formation of a new form of 

matter (QGP), consisting  of deconfined 

(anti)quarks and gluons. 

Heavy quarks (charm and bottom, M>1 GeV) are widely recognized as 

the excellent probes of QGP:

 Heavy quarks can be 

produced only during the early 

stage of collision. No heavy quark 

production 

g

gc, b

c, b

__

Early stage =1/2MQ << 0.1 fm/c

 Due to their large mass, the 

production of heavy quarks is 

small making them special as a 

probe for QGP.
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A heavy quark/antiquark produced at the initial time  of  system evolution 
will pass through the QGP, colliding with quarks and gluons and radiating 
gluons.  Thus  the heavy quark/antiquark will loose energy while passing 

through the QGP.



The centre of mass energy at LHC is more than 25 times than at RHIC 
energy. Such a huge difference in the centre of mass energy of collisions 
throws open an opportunity to compare the energy loss of heavy quarks 

at both the energies. 

The large rapidity window which opens at LHC provides an  
environment varying with the rapidity. Thus in one single experiment, 

dependence on initial temperature of the energy loss formalisms can be 
put to a rigorous test.

The different energy loss mechanisms available in the literature can 
be studied with the same initial conditions to find out the most reliable 
treatment and also to use the correct one  while calculating  the nuclear 

modification factor.

Motivation



To use heavy flavor suppression data as a tool to study 
the properties of QGP, reliable theoretical predictions 

are needed.

High pt suppression is a consequence of the 
energy loss.

Radiative energy loss

Radiative energy loss comes from 

the processes in which there are 

more outgoing than incoming 

particles.

Collisional energy loss

Collisional energy loss comes from the 

processes which have the same 

number of incoming and outgoing 

particles.



The suppression factor, RAA(pT ), electrons from decay of quenched heavy quark (c +
b) jets is compared to PHENIX [A. Adare et al. Phys. Rev. Lett. 98, 172301(2007)] and
STAR [Nucl. Phys. A 774(2006)697] data in central Au + Au reactions at 200A GeV. All
calculations assume initial dNg/dy = 1000.

S. Wicks et. al, Nuclear Physics A 784 (2007) 426

Collisional energy loss 

notably improves the 

agreement with the data.



M. G. Mustafa, Phy. 
Rev. C 72 (2005) 014905 

Collisional energy loss is
according to the
calculation presented by
Braaten and Thoma
where as radiative energy
loss is according to the
calculation presented by
M. Djordjevic and M.
Gyulassy. Results are for
RHIC energy.

The same behaviour is shown for light quarks also.
P. Roy, J. e. Alam, and  A. K. Dutta-Mazumder, J. Phys. G  35 (2008)104047  



Heavy quark jet quenching before fragmentation into mesons for dNg/dy = 1000 
and 3500 are compared to light (u, d) quark and gluon quenching. The resulting 
RAA for π0  is compared to the central 0–10% PHENIX data .

[S.S. Adler, et al., Phys. Rev. Lett. 91, 072301(2003)
A. Adare et al. Phys. Rev. Lett. 101, 232301(2008)
M. Djordjevic, Physics Letters B 632 (2006) 81 ]
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dpdydy

d
ij

2
2

2
j

2
1

ij

1
iT21

T21






         ijij
2

2
2

i
2

1
1
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The Initial distribution of heavy quarks:

The fractional momenta of 
the interacting hadrons  
carried out by the partons
can be expressed as: 

2
T

2
T pMm where

The short-range subprocess
for the heavy-quark 
production is defined as: 
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ût̂MûMt̂M
6

t̂Mŝ
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Flavour excitation process is known to be suppressed when the NLO processes are taken 
into account. 

Z. Lin and M. Gyulassy, Phys. Rev. C 
51(1995) 2177 
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M. L. Mangano et al, Nucl. Phys. B 373, 295 (1992).

Along with our calculation of differential cross section for heavy quarks in pp 
collision at LO in pQCD we also carry out the calculation at NLO using the 

treatment developed by Mangano, Nason, and Ridolfi (MNR-NLO).

Mc (3 GeV) 
=

0.986 GeV

J H Kühn, Acta
Phys. Pol. B
3(2010)171
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We compare the bottom quark 
production cross-section  using 
the LO calculation in pp collision 
with experimental data points.



Collisional energy loss for heavy quarks

 Braaten and Thoma (BT) formulation , 

 The theoretical formalism used by Braaten and Yuan to find the energy loss of a muon

propagating through a plasma to leading order in the QED, is extended by Braaten and

Thoma to obtain the energy loss of a heavy quark propagating through QGP to leading

order.

 Both the mass MQ and momentum p of the heavy quarks are assumed to be much

larger than the temperature of the plasma.

The maximum momentum transfer is the energy of the heavy quarks: qmax = E.

The soft contribution from Qg and Qq scattering is obtained from the QED case where (i)

QED coupling constant is replaced by QCD coupling constant , (ii) multiplication of a color

factor of 4/3 and (iii) thermal photon mass is replaced by thermal qluon mass.

 Results can be obtained in two energy regimes, E<<M2/T and E>>M2/T. The crossover

energy is taken as Ecross =1.8* M2 /T.
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E. Braaten and M. H. Thoma, Phys. Rev. D 44 (1991)2625
M. G. Mustafa, D. Pal, D. K. Srivastava, M. Thoma , PLB, 428(1998)234

For  E<<M2/T,

For  E>>M2/T,

B(v) is a smooth function of velocity v, changing from 
B(0)=0.604, B(0.88)=0.731, B(1)=0.629
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Peigne and Peshier (PP) formulation 

 In BT formalism, it was assumed that the momentum exchange q<<E. PP pointed out 
that this is not reliable in the energy regime E>>M2 /T , and corrected it in the QED case 
while calculating the collisional energy loss of a muon in the QED plasma. This work in 
QED is then used to calculate the collisional energy loss of a heavy quark through QGP. 
 A fixed coupling approximation is used.

 Bjorken formulation

 Bjorken estimated the energy loss of quarks in light of the ionization of charged
particles in ordinary matter. The formalism of Bjorken is extended by BT for heavy quark
energy loss through QGP matter.
Modified heavy quark energy loss by Bjorken :
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Radiative energy loss for heavy quarks:

Djordjevic, Gyulassy, Levai, and Vitev  (DGLV) formulation 

 For massless case Gyulassy, Levai and Vitev (GLV) computed the induced radiation to

an arbitrary order in opacity χn (χ=L/λ) of the plasma .

 DGLV generalize the GLV opacity expansion method to compute the first order

induced energy loss including the kinematic effect due to heavy quark mass.

 The Ter-Mikayelian effect (plasma modifies the gluon self energy) reduces the

induced energy loss.

Dead-cone effect (reducing the induced radiation inside the cone q < M/E) is also

considered.

Wicks et al. present a simplified form of the DGLV formalism for the average radiative

energy loss of heavy quarks. S. Wicks et.al, Nuclear Physics A 784(2007)426
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 Armesto, Salagado, and Wiedemann  (ASW) formulation 
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PRD 69, 114003 
(2004)

 Path integral formalism for medium-induced gluon radiation is computed.
 This formalism provides the analysis of the double differential medium-induced
gluon distribution (first order in opacity) as a function of transverse momentum
and gluon density.
 The medium-induced radiation of massive quarks is suppressed compared to the
massless limit if the M/E ratio is sufficiently large.
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Gluon energy wc, transverse momentum K and quark mass M are 
expressed in rescaled dimensionless quantities as: 



 Xiang, Ding, Zhou, and Rohrich (XDZR) formulation
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Rohrich, EPJA  25, 75 

(2005)

Assumptions:

 Static Debye screened scattering centers and all the centers are independent.

 The energy of the partons are high enough.
Light cone-path integral method is used to deal with the gluon emission and thus
obtain an analytical formula for the heavy quark radiative energy loss.
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Here, g= 1 fm was assumed but as g is varying with temperature, at central
rapidity at LHC, g=1.15 fm and at RHIC g=1.27 fm. The value increases at forward
rapidity resulting in a decrease in E.

 This expression is derived by using an expression for the Bessel function, which is
Valid for not too large mass of the quarks. We use this formalism only for the charm

quarks.
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At RHIC (Au+Au@200 GeV), <L>=5.78 fm (R=6.38 fm)
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<>  <L> eff/2

L

vT =pT /mT,  L = <L>/vT .

If c ≥ L, the heavy quark would be
inside QGP during the entire period 0 to

L.
If c < L, the heavy quark would be
inside QGP only while covering the
distance vT × c.

 = <L>eff / 2, where
<L>eff =min [<L>, vT × c ].
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S. Wicks et.al, Nuclear Physics A 
784(2007)426

 At LHC  ≈ 4 and at RHIC  ≈ 3 

D. Kharzeev, E. Levin, and M. Nardi, Nuclear Physics A 
747 (2005)609.

I. G. Bearden et al., Phys. Rev. Lett. 88 (2002) 202301.

S. Gavin et al. Phy. Rev. C 54(1996) 2606



The initial conditions for the energy loss calculations are:

 Number of flavours Nf = 3,

 Color factor C f = 4/3,

Mass of charm quark = 1.5 GeV,

 Running coupling constant αs = 0.3,

 The central particle rapidity density at LHC (dNg/dy)0 ≈ 3300,

 The central particle rapidity density at RHIC (dNg/dy)0 ≈ 900,

 The critical temperature Tc for existence of QGP is taken as 160

MeV.



Energy loss of a charm quark at 
rapidities y=0, 1, 2 at RHIC 

energy.



Energy loss of a charm quark at 
rapidities y=0, 2 , 4 at LHC 

energy.



R. Conceicao et. al, EPJC 
61 (2009)391 

Net-baryon rapidity 
for central Pb+Pb

collision at √s=5.5 TeV

Particle rapidity density at y=4 at LHC is 
~2000, so
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Particle rapidity density at y=2 at 
RHIC(200 GeV) is ~750, so



Energy loss suffered by a 
bottom quark at rapidities 

y=0, 1 , 2 at RHIC.



Energy loss suffered by a 
bottom quark at rapidities 

y=0, 2, 4 at LHC.



Introducing the energy loss mechanisms along with the nuclear 
shadowing effect to the heavy quark distributions at LHC and RHIC 
energy we study the suppression in the nuclear modification factor.

 
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dypddN
bR

T
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AA

T
AA

AA 
The nuclear modification factor at  
impact parameter b is:

Suppression
=

Final momentum distribution of heavy quarks/Initial momentum distribution of 

heavy quarks

TAA ≈ 290 fm-2 for 5.5A TeV Pb+Pb collision at LHC for b=0.
TAA ≈ 280 fm-2 for 200A GeV Au+Au collision at RHIC fb=0.

We perform the calculations in the frame in which the rapidity of the heavy 
quark is the same as the fluid rapidity.

So, energy of the heavy quark

After loosing energy ∆E, the heavy quark new energy:

2
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2
QT pMmE 

2
T

2
Q
pM  Tm  E -E E

We calculate the average change in the transverse momentum spectra of heavy
quarks for nucleus-nucleus collisions using a Monte Carlo calculation and get
RAA as a function of pT for different rapidities.

We use the CTEQ4M set of structure function for nucleon.  
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The nuclear shadowing effect 

The x dependence of the 

shadowing function introduces 

interesting structures in the 

nuclear modification factor as a 

function of pT , y, and the incident 

energy.



Nuclear suppression factor  due to charm quark
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Nuclear suppression factor  due to bottom quark



The nuclear modification factor RAA changes substantially in going from RHIC 
to LHC.

We have noted that our findings would support the suppression of single
electrons seen at RHIC.

We used (1+1) dimensional Bjorken hydrodynamics and assumed it to apply at
all y. We are looking at the possibility of using a full fledged (3+1) dimensional
hydrodynamics calculations, also at b 0.

The description for energy loss for one quark mass at one single rapidity for a
particular incident energy may not be sufficient to identify the most reliable
energy loss treatment for either collisional or radiative energy loss.

As the energy loss at LHC energy is more compared to RHIC energy, it will also
effect the correlated charm decay. Extension of this work for correlated charm is
underway.

Summary
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Glauber model of Nucleus-Nucleus collision

Glauber model of multiple collision  processes provides a 
quantitative  consideration of the geometrical configuration of the 

nuclei when they collide.

The nuclear thickness function of a nucleus A at impact parameter b (number
of nucleons in the nucleus per unit area along a direction z separated from the
center of the nucleus by an impact parameter b) :

    )z,b(dzbT AA

The nuclear density rA (b, z) is parametrized by Woods-Saxon distribution:
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The nuclear overlap function of the nuclei A and B separated by impact parameter b,
over the overlapping area d2s where s(x, y):
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The inclusive inelastic cross section for a collision od nuclei A and B is given in the 
multiple scattering Glauber approximation by:

The function TAB (b) is normalized as: AB)b(Tbd AB
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This is the general expression for the total inelastic cross section. For hard scattering
processes, the corresponding cross section is small and one can expand the above
expression in orders of :

AB
hard
NN T

To first approximation:   )b(Tbd AB
hard
NN

2hard
AB



Minimum biased cross section for a given hard process in A+B collision relative to the 
corresponding NN cross section:

  hard
NNMB

hard
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Minimum biased multiplicity yield for a given hard process in A+B collision relative to 
the corresponding NN cross section:
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For a given b, the average hard scattering yield can be obtained by multiplying each
nucleon in nucleus A against the density it sees along the z-direction in nucleus B, then
integrated over all the nucleus A resulting:

)b(T.)b(N AB
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