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Heavy Quarks as QGP Signature

QGP Signatures
a) static properties
b) dynamic quantities.

Heavy Quarks

large mass compared to T ,

external to the bulk medium.

generated at the early stage

experience drags & random kicks

Theoretical inputs : momentum
diffusion coefficient

}
Less contamination

→ More information

→ Langevin equations

→ Momentum
broadening, Energy loss
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Static and Dynamic limit of HQ

HQ momentum evolution according to the Langevin equations

dpi
dt

= ξi(t)− ηDpi,

Static limit (M � T )

〈ξi(t)ξj(t′)〉 = κ δijδ(t− t′)

Dynamic limit (M ≥ p� T )

〈ξi(t)ξj(t′)〉 = κij(p)δ(t− t′)
κij(p) = κL(p)p̂ip̂j + κT (p)(δij − p̂ip̂j)

We have worked within the static limit. Dynamic limit
calculation is under progress.
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Static and Dynamic limit of HQ

HQ momentum evolution according to the Langevin equations
within static limit

dpi
dt

= ξi(t)− ηDpi,

〈ξi(t)ξj(t′)〉 = κδijδ(t− t′),
〈xi(t)xj(t)〉 = 2Dstδij ,

Ds =
T

MηD
=

2T 2

κ
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Heavy quark scattering within Hard Thermal Loop

2↔ 2 scattering : qH → qH (left) and gH → gH (right)
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Both the processes dominated by t-channel gluon exchange.

In the static limit, Compton scattering is suppressed by factor
Q2/PK ≈ T/M .

|M|2 ∝ Lµν(P )Mαβ(K,K
′)Gµα(Q)Gνβ(Q)

Static limit, small energy transfer : G(Q)→ 1/(q2 +m2
D)

|M|2qH ∝M2k2
0

1+cos θkk′
(q2+m2

D)2 ; |M|2gH ∝M2k2
0

1+cos2 θkk′
(q2+m2

D)2
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Heavy quark scattering within Hard Thermal Loop

2↔ 2 scattering : qH → qH (left) and gH → gH (right)
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3κ =
1

16M2

∫
d3k

(2π)4kk′

∫
q2dq

1∫
−1

d cos θkq

[
q2δ(k′ − k)

{
|M|2qH nF (k)[1− nF (k′)] + |M|2gH nB(k)[1 + nB(k

′)]
}]

k′=k+q
.
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LO results

Moore & Teaney, PRC 71, 064904 (2005)
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compared for pure glue, i.e. Nf = 0.
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NLO results

Caron-Huot & Moore, PRL 100, 052301 (2008)
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NLO results
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NLO results

Caron-Huot & Moore, PRL 100, 052301 (2008)
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NLO results

Caron-Huot & Moore, PRL 100, 052301 (2008)
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Need for alternative results

Even though NLO HTLpt result matches with the lattice
QCD, the correction to LO is huge! → Indication of the poor
convergence.

Improvement is needed near Tc and for pure glue results.

Gribov-Zwanziger framework showed improvements over
3-loop HTLpt for gluon thermodynamics, specifically near Tc.

[K Fukushima, N Su, PRD 88, 076008 (2013)]

Gribov prescription can be a promising setup to go forward!
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Gribov-Zwanziger (GZ) framework

The presence of a long-range force is required in QCD that
confines colored objects.

But the massless gluons that are supposed to transmit this
force are absent from the physical spectrum.

Apparent contradictory statements → Confinement Paradox
→ How does QCD incorporate confinement?

addressed by Gribov and modified by Zwanziger → GZ
framework.
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Gribov-Zwanziger (GZ) framework

Gribov demonstrated for the first time in 1978 that the gauge
condition proposed by Faddeev and Popov is not ideal.

Gribov showed that for certain scenarios, multiple copies of a
gauge field can obey Landau gauge condition.

If Aa
′
µ = Aaµ +Dabµ ωb, a vanishing ∂µDabµ ωb generates Gribov

copies → problem of overcounting.

Faddeev-Popov operator :
has no zero modes → first Gribov region.
has its first zero mode → Gribov horizon.

Gribov argued that overcounting problem will not be there if
we limit the path integral up to the Gribov horizon.
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Gribov-Zwanziger (GZ) framework

GZ framework improves the infrared behaviour of QCD.

GZ gluon propagator in covariant gauge

Gµα(Q) =

[
δµα − (1− ξ)Q

µQα

Q2

]
Q2

Q4 + γ4
G

,

ξ → gauge parameter.

γG (Gribov parameter) → shifts the poles off the energy axis
to an unphysical location Q2 = ±iγ2

G, suggesting that the
gluons are not physical excitations.

Zwanziger (PRL94, 182301 (2005)) phenomenologically
showed that a free gas of Gribov quasiparticles qualitatively
captures the nonperturbative features of the lattice EoS.
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Fixing γG - perturbative

The Gribov mass parameter can be determined by the
variational principle, leading to the following gap equation :
[K Fukushima & N Su, PRD 88 (2013), 076008]∑∫

P

1

P 4 + γ4
G

=
d

(d− 1)Ncg2

Analytic form of γG in the limit T →∞,

γG(T ) =
d− 1

d

Nc

4
√
2π
g2(T )T,

where g(T ) is the one loop running coupling given by

g2(T )

4π
=

6π

(11Nc − 2Nf ) ln
(

Λ
ΛM̄S

)
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Fixing γG - LQCD fitted coupling

The running coupling g(T ) can also be parameterised with a
single parameter c as: [K Fukushima & N Su, PRD 88 (2013), 076008]

αs(T/Tc) ≡
g2(T/Tc)

4π
=

6π

11 Nc ln[c(T/Tc)]
.

The parameter c was calculated by fitting lattice QCD running
coupling in the infrared and ultraviolet regime with cIR = 1.43
for IR case and cUV = 2.97 for UV case.

The fitted parameter values correspond to the coupling data
extracted from the large distance (IR) and the short distance
(UV) behaviour of the heavy quark free energy.
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Fixing γG - comparison
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Spatial diffusion coefficients
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Momentum diffusion coefficients
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Summary

We have discussed existing LO and NLO HTLpt results for
heavy quark diffusion coefficient.

We have discussed the motivation to include the Gribov
Zwanziger framework in our calculation.

Different procedures to fix the Gribov parameter γG have
been explored.

HQ diffusion coefficient (κ) within the static limit in light of
GZ action shows reasonable improvements over the existing
results.

A natural next step is to go beyond the HQ static limit
adopted in the present work.
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Thanksgiving

Thank you for your kind attention.
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