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Heavy Quarks (HQ)

Why Heavy Quarks ?

Heavy Quarks ➤ Charm (c) & Bottom (b)
☛ Charm: Mc = 1.27+0.07

−0.09 GeV

☛ Bottom: Mb = 4.19+0.18
−0.06 GeV

Production time: τQ = 1/2MQ ≤ 0.1 fm/c

Thermalisation time (τth):
☛ Successive equlibrium: τgth < τu,dth < τcth < τbth < τ lifeth

[ J. Alam, S. Raha & B. Sinha, PRL 73 (1994) 1895]

☛ Therma. time for HQs τQth ∼
MQ

T
× τu,dth [G. Moore & D. Teaney, PRC 2005]

☛ τu,dth < τQth: no production at QGP and hadronic phase

☛ Produced at very early time interactions in Hard Scattering of partons in

Nucleons. Initial distribution of HQs ➤ frozen

☛ Since g, u, d thermalise early and provide an expanding thermal

background
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Heavy Quarks (HQ)

Why Heavy Quarks ?

Heavy Quarks propagation:

☛ propagates in foreground with gluons & light quarks as an expanding

thermal background for the non-equilibrated HQs ➤ expansion dynamics

☛ interacts with equilibrated degrees of freedom ➤ energy-loss of HQ

☛ requires dynamics ➤ final distrn of HQs (Transport Eq.)

Uniqueness of Heavy Quarks:

☛ distinguishable down to lowest momenta ➤ medium coupling (Hydro)

☛ cleaner energy-loss probe ➤ reflected in leading particle p⊥ spectra, flow

☛ tests understanding of mass dependence

☛ Quarkonia: QGP thermometer
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Heavy Quarks (HQ)

Heavy Quark Production in Heavy-Ion Collisions:

Heavy-Ion Coll.: ALICE: 0809.1062[nucl-ex]

☛ Charm: LHC ∼ 10× RHIC ☛Bottom: LHC ∼ 100× RHIC

Produced in pairs (QQ̄) at early times

QCD provides a framework to compute production x-section and distribution
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Heavy Quarks (HQ)

HQs Production and Initial Distribution

Factorisations allows that an observable can be expressed as a convolution of

short distance (hard scattering of partons) and the long distance contribution

describing the initial hadrons
dσ

dy1 dy2 dp⊥
= x1x2p⊥

∑

ij

f
(1)
i (x1, µ

2
F )f

(2)
j (x2, µ

2
F )σ̂ij(xi, xj , αs(µ

2
F ), µ

2
F )

☛ i, j are partons in hadrons

☛ σij are partonic x-sections ➤ pQCD

☛ fi are parton distrn fn. (PDFs) in

hadron which are nonperturbative

☛ µF is the factorization scale between

hard processes and the non-perturbative

PDFs

☛ µF dependence should cancel in order by

order in pQCD calculation
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Heavy Quarks (HQ)

HQs Production and Initial Distribution

Factorisations:

☛ gg → QQ̄; qq̄ → QQ̄; gg → QQ̄g; qq̄ → QQ̄g [Leading Order (LO), NLO & FONLL]

☛ The short distance contribution describing the matrix elements of
hard processes are free from mass singularities and calculable in pQCD

☛ PDFs obey DGLAP evolution equation ➤ knowing PDFS at one scale can

be calculated at any other scale

☛ In elimentary [ pp and pp̄] collisions an observable is well controlled through

factorization
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Heavy Quarks (HQ)

Heavy-Ion Collisions & Uncertainties

Does factorisation work in A+A ? May or may not! But assumed!

PDFs in nuclei (nPDFs) are different from those in hadrons: geometry,

wavefunction are different, nPDFs require appropriate modifications

Several nPDFS that prametrise the nuclear dependence of incoming parton

distribution functions

☛ “uncertainity in intial state interactions”

The frgmentation function, used to obtain p⊥ spectra, should also be

afftected by the presence of hot and dense QCD medium!

☛ “uncertainity in final state interactions”
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Heavy Quarks Dynamics

Heavy Quark Propagation and Final distribution

Produced at early time (τQ < τth); No production at later time

☛ Total no. of HQ gets frozen very early in the history of
collisions

☛ Immediately upon their production they will propagate
through QGP

☛ One is left with the task of determining the HQ distribution

☛ Details of the distribution may reflect the characteristics
and development of QGP
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Heavy Quarks Dynamics

Fokker-Planck Equation

Dynamics of a heavy quark propagation as a foreground particle in a QGP can

be studied using the simplified Boltzmann approach when the background

bulk medium is in thermal equilibrium
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Heavy Quarks Dynamics

Fokker-Planck Equation

Fokker-Planck Eq. ➤ Simplified Boltzmann Eq.

☛ Boltzmann Eq ➤ No external force and isotropic in space

☛ Soft Scatt. ➤ Taylor expan. of Coll. Integral ➤ Landau Eq.

☛ Landau Eq. ➤ an integro-diffl Eq. involving transport coeffs. ➤ describes

collision processes of two particles

☛ Landau Eq. ➤ FP Eq. when distribution of the background particles (QGP)

is thermal whereas foreground particle (HQs) is non-thermal
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Heavy Quarks Dynamics

Propagation of Heavy Quark in QGP

Energy-Loss

☛ Collisional Loss ☛Radiative Loss
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Heavy Quarks Dynamics

Collisional Processes

Feynman Diagram

Q

q

Q Q

q̄ g
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Heavy Quarks Dynamics

Heavy Quark Transport Coefficients from FP Equation

Drag γ(p) and Diffusions B0(p)

Mustafa, Pal & Srivastava, PRC’97

Mustafa PRC’05
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Heavy Quarks Dynamics

Differential Collisional Energy Loss

Drag Coeff.: γ(p) = −1
p
dE
dx

☛ Differnetial Collisional Energy-Loss: dE
dx

[Mustafa, Pal, Srivastava, PRC57 (1998) 889]
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Heavy Quarks Dynamics

HQ Energy-Loss Distribution [Mustafa, PRC72 (2005) 014905]

Collisional Energy-Loss ➤ Transport-coeffs. ➤ Fokker-Planck Eq. ➤

Energy-Loss Distribution
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Heavy Quarks Dynamics

Substantial Collisional E-Loss

Mustafa, PRC72 (2005) 014905

Coll. E-Loss is important Predicted RAA but no data then

For light quarks RAA :

☛ Mustafa et al., PRL100 (2008) 072301; Acta Phys.Hung. A22 (2005)
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HQ Radiative Energy Loss

Radiative Energy Loss

HQ encounters inelastic scattering as it traveses a medium

☛ Emits a gluon

Differential Loss: dE/dx

Very simple but first estimation:

☛ Mustafa, Pal, Srivastava, Thoma, PLB 428 (1998) 234

Improvements in formalism
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HQ Radiative Energy Loss

Radiative Energy Loss

Singnificant Points:

☛ The nature of the medium through which the energetic parton

propagates ➤ thermally equilibrated perturbative medium with a

collection of static scatt. centres with specified density

☛ Kinematic approximations for interation between medium partons

(thermal background) and the projectile parton that is propagating in

the medium

☛ The virtuality and branching/splitting of hard parton to reduce its

off-shellness ➤ multiple splitting may occure in the medium ➤

multigluon final state should include interference of emitted gluons
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HQ Radiative Energy Loss

Suppression due to Mass and Dead Cone

General notion: heavy quark radiates less than light quark
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HQ Radiative Energy Loss

Generalised Dead Cone

RHIC data (PHENIX) ➤ R
HQ
AA ∼ R

LQ
AA ➤ (Heavy quark puzzle)

☛ Abir, Greiner,

Martinez,

Mustafa,

Uphoff, PRD85

(2012) 054012
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HQ Radiative Energy Loss

Radiation Spectrum [Abir,Greiner,Martinez,Mustafa,Uphoff,

PRD85 (2012)054012]

Qq → Qqg and Qq̄ → Qq̄g; Replace Q → Q̄

dng

dη dk2⊥

∣

∣

∣

∣

Qq→Qqg

=
CAαs

π

1

k2⊥
D

Qg → Qgg and Replace Q → Q̄

dng

dη dk2⊥

∣

∣

∣

∣

Qg→Qgg

=
CA

CF

dng
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HQ Radiative Energy Loss

Radiative E-Loss [Abir,Jamil,Mustafa, Srivastava, PLB715 (2012) 183]

Differential Radiative E-Loss

−
dE

dx
=

〈ω〉

〈λ〉

〈ω〉 = Mean energy of the emitted gluon

〈λ〉 = Mean free path of the heavy quark
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HQ Radiative Energy Loss

Radiative E-Loss [Abir,Jamil,Mustafa,Sivastava, PLB715 (2012) 183]
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HQ Radiative Energy Loss

Radiative E-Loss [Abir,Jamil,Mustafa,Sivastava, PLB715 (2012) 183]
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HQ Radiative Energy Loss

Comparison with Parton Cascade Model [Younus et al,

Phys.Rev. C91 (2015) 024912 ]
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jet quenching

Jet Quenching

Jets are produced back to back

☛ Awayside will pass through medium

☛ Interact with the medium

☛ Lose energy and quenched

☛ Results in suppression of hadronic
yields in AA than NN

Nuclear Suppression Factor: RAA =
(Yield)

AA

Ncoll (Yield)
NN

Quenching depends on amount of energy-loss suffered in the
medium
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jet quenching

D-Meson @ LHC 2.76ATeV
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☛ DATA:CMS Collaboration , CMS-PAS-HIN-16-011.

☛ Theory: Abir, Jamil, Mustafa, Srivastava, PLB715 (2012) 183

☛ Saraswat, Shukla, Singh, NPA961(2017)169
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jet quenching

D-Meson @ LHC 5.02ATeV
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☛ Data:CMS Collaboration, CMS-PAS-HIN-16-001.

☛ Theory: Abir, Jamil, Mustafa, Srivastava, PLB715 (2012) 183

☛ Saraswat, Shukla, Singh, NPA961(2017)169
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Chromoelectric Field Fluctuations

Collisional Energy

Assumed that collisional energy lost by the particle per unit time is
small compared to the energy of the particle itself

☛ the change in the velocity of the particle during the motion may be
neglected, i.e, the particle moves in a straight line trajectory.

The energy loss of a particle is determined by the work done per unit
time by the retarding chromo electric forces acting on the particle in
the plasma while moving:

☛
dE
dt

∣

∣

coll
= Qa~v · ~Ea

∣

∣

∣

~r=~vt

The collisional energy loss does not take into account :

☛ the field fluctuation in the plasma

☛ the particle recoil in collisions

One needs to take in to account both : How??
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Chromoelectric Field Fluctuations

Collisional Energy Gain [Chakraborty, Mustafa, Thoma, PRC75 (2007) 064908]

The work done per unit time reads as

☛
dE
dt

∣

∣

fluc
=

〈

Qa~v(t) · ~Ea
t (~r(t), t)

〉

☛ The electric field Ea
t consists of the induced field and a spontaneously

generated microscopic field, the latter being a random function of
position and time

☛ The stochastic time dependence comes because of explicit fluctuations
of field in time due to change of the motion of the particle from one
field point to another

☛ Both ~r(t) and ~v(t) can be obtained from EOM:

d~p
dt

= Qa [Ea
t (~r(t), t) + ~v × Ba

t (~r(t), t)]

☛ The magnetic field Ba
t consists of an induced and a microscopic part as

in the case of Ea
t
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Chromoelectric Field Fluctuations

Collisional Energy Gain [Chakraborty, Mustafa, Thoma, PRC75 (2007) 064908]

☛ The spectrum of the chromo-electromagnetic fields follows from the
fluctuation-dissipation theorem

〈Ea
i E

b
j 〉β;ω,k = δab 〈EiEj〉β;ω,k

〈EiEj〉 =
8π

eβω − 1






PL
ij

Im εL

|εL|
2 + PT

ij

Im εT
∣

∣

∣
εT − ω2

k2

∣

∣

∣

2







☛ This is completely determined by the dielectric functions of the medium

☛ This leads to energy gain as

dE

dx

∣

∣

∣

∣

fluc

=
CFαs

16π3E

∫

d3k

[

∂

∂ω
〈w~E2

L〉+ 〈~E2
T 〉

]

ω=~k·~v

= 2πCFα
2
s

(

1 +
Nf

6

)

T 3

Ev2
ln

1 + v

1− v
ln
kmax
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Chromoelectric Field Fluctuations

Collisional Energy Gain

The field fluctuations lead to energy gain:
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☛ Chakraborty, Mustafa, Thoma, PRC75 (2007) 064908
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Chromoelectric Field Fluctuations

Fractional Energy Gain of Charm Quark

Coll. Gain/Energy= ∆E
E

A Ikbal, Z Ahamed, M G Mustafa, : arXiv:1902.06989

Ikbal, Ahamed, Shukla, Mustafa, Phys .Rev. C98 (2018) 034915
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Chromoelectric Field Fluctuations

Diffusion Coefficient of Charm Quark

Langevin Dynamics
A Ikbal, Z Ahamed, M G Mustafa, : arXiv:1902.06989

Ikbal, Ahamed, Shukla, Mustafa, PRC98 (2018) 034915
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☛ Banerjee, Datta, Gavai and Majumdar, PRD 85 014510 (2012)

☛ Drag : γ = −1
p
dE
dx

☛ FD Theorem:

Mom. Diff.: D = 2γET

☛ Einstein Relation:

Ds
=

p→0
T
γM

= 2T 2

D
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Chromoelectric Field Fluctuations

Open Charm and Field Fluctuation

Nuclear Modification factor (RAA) for D Meson at 2.76 TeV

Ikbal, Ahamed, Shukla, Mustafa, Phys .Rev. C98 (2018) 034915
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☛ DATA:CMS Collaboration , CMS-PAS-HIN-16-011

☛ ALICE Collaboration, JHEP 1603 (2016) 081, 2016
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Chromoelectric Field Fluctuations

Open Charm/Beauty and Field Fluctuation

Nuclear Modification factor (RAA) for D & B-Meson at 5.02 TeV

Ikbal, Ahamed, Shukla, Mustafa, Phys .Rev. C98 (2018) 034915
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☛ DATA:CMS Collaboration , CMS-PAS-HIN-16-011
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Chromoelectric Field Fluctuations

Hidden Charm and Field Fluctuation

Nuclear Modification factor (RAA) for J/ψ at 2.76 TeV

A Ikbal, Z Ahamed, M G Mustafa, : arXiv:1902.06989
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☛ ALICE Collaboration, J. High Energy Phys. 07, 051 (2015)

☛ CMS Collaboration, Eur. Phys. J. C 77, 252 (2017)
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Conclusion:

Discussed why are heavy quarks important

Heavy quark production in high energy HIC: X-section in pQCD

Collisional E-Loss & E-Gain

☛ Relation to Transport Coeffs: Drag and Diffusion

☛ Coll. E-Loss Distr. & importance of Coll. E-Loss

Radiative E-Loss

☛ Generalised Dead Cone and radiative E-Loss

☛ Light and heavy quark lose energy in a similar fashion

Importance Chromoelectric Field Fluctuations & Energy Gain

Nuclear suppression RAA for various heavy quarked meson

☛ Both D and B Meson RAA @ LHC for 2.76ATeV and 5.02ATeV in Pb+Pb

☛ J/Ψ RAA @ LHC for 2.76ATeV in Pb+Pb without regeneration
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THANK YOU
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