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Heavy quarks in the QGP
A well-calibrated probe of the medium

• They are distinct
- c, b are conserved quantum numbers
- Identifiable from final-state products

• They are around at the beginning
- But they thermalize slowly:
τ ≈ M/T ≈ 6× longer than for light quarks

- Well-defined initial conditions (hard processes)
• They suffer collisional energy loss

- c vs b energy loss an important constraint
- Diffusion
- Drag
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D0 modification experimentally established
Not a weak effect!

Initial naive thinking (large mass⇒ small modification) is unsupported.

STAR D0s in Au+Au
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STAR Preliminary (QM 2012)

 + X @ 200 GeV0 D→0-10% Au+Au 

• Features in data:
- Strong low-pT

suppression
- Large enhancement

around 1-2 GeV
- 2-3× suppression for

pT > 2 GeV
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PLB 557 (2003) 26-32
Blast wave

• Blast-wave fit (Batsouli, Kelly,

Gyulassy, Nagle) describes
low-pT data well

• But with boosted thermal
particles only, the high-pT
behavior is not matched.

The radial velocity

βT = βmax
r
R

has a linear boost profile,
with uniform initial density.
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arXiv:1204.4442
T-Matrix

• T-matrix interactions +
coalescence (M. He, R. Fries,

R. Rapp) roughly captures
RAA features over full pT
range.

• Model includes a
non-thermal component.

• How much of this shape
comes from
hadronization?
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Quark vs. hadron RAA
Coalescence is an important effect!

3

momentum, decreasing thereafter as determined by the
dynamics of the RRM expression [41]. The latter is evalu-
ated with mc=1.7GeV, mu,d=0.3GeV, ms=0.4GeV and
mD=2.1GeV, mDs=2.2GeV with ΓD,Ds = 0.2GeV, ap-
proximately representing the in-medium values of the T -
matrices [33] during the hadronization window. Since
HQ resonant scattering is underlying both diffusion and
hadronization interactions, there is, in principle, some
overlap between the two (this does not apply to the
non-resonant parts of the interactions). To character-
ize this uncertainty, we will study a scenario where dif-
fusion interactions in the QGP are completely switched
off for about 1 fm/c prior to Tc, corresponding to a tem-
perature window of 180-170MeV. The Langevin simu-
lation resumes with hadronic diffusion of the combined
coalescence+fragmentation distribution for D-mesons for
T<Tc until hydrodynamic freezeout at Tfo=110MeV,
while the Ds-meson distribution is frozen at Tc.

It remains to determine absolute magnitude of the co-
alescence contribution to the D and Ds yields in AA
collisions. In pp collisions we assume fragmentation only
with hadronization fractions from recent PYTHIA sim-
ulations [44], i.e., D/c=82% and Ds/c=11%, includ-
ing feed-down from excited states (here, D≡D++D0).
This gives Ds/D=0.134 in pp, in line with CDF data
in pp(

√
s=1.96TeV) [45, 46] and the value used in a re-

cent PHENIX analysis [15]. Since our coalescence contri-
bution is evaluated using thermalized light and strange
quarks within RRM, the logical choice for the pertinent
Ds/D ratio are thermal weights, which we adopt from
the statistical hadronization model (including feeddown
from excited states) [47], with an additional strangeness
fugacity, γs=0.85 [26], for consistency with the hadronic
equation of state in our hydro evolution [37]. Then,
upon combining coalescence and fragmentation with the
probabilities elaborated above, we obtain D/c=75% and
Ds/c=15%, or Ds/D=0.20, for Au+Au collisions at√

sNN=200GeV, hence obtaining an enhancement of the
Ds/D ratio of ∼50% over the value in pp.

Figure 2 summarizes our D and Ds meson spectra in
semi-central Au+Au at RHIC relative to pp collisions
in terms of the nuclear modification factor, RAA(pT ) =
(dNAA/dpT )/(NcolldNpp/dpT ) (Ncoll: number of binary
NN collisions in AA), and elliptic-flow coefficient, v2(pT )
(the second harmonic of the azimuthal-angle depen-
dence). Both the D and Ds RAA (upper panel) exhibit
a maximum around pT $2-3GeV, induced by the trans-
verse flow picked up from the expanding medium. Cur-
rent STAR data are consistent with our D-meson result,
but we predict the maximum to be more pronounced for
the Ds (reaching beyond 1.5) due to c-quark coalescence
with the enhanced strangeness in Au+Au. To further il-
lustrate this effect, we also plot the result for c-quarks at
the end of the QGP phase, which would directly represent
D- and Ds-spectra if coalescence were absent and only
δ-function fragmentation applied (as in pp). One clearly
recognizes the important effect of coalescence, which only
ceases above pT $5GeV, where fragmentation takes over

FIG. 2: (Color online) Our results for the nuclear modifica-
tion factor (upper panel) and elliptic flow (lower panel) of Ds

(red bands) and D mesons (green dash-dotted lines) in semi-
central Au+Au collisions at RHIC. We also show the result
for charm quarks at Tc (purple dashed lines), the equilibrium
limit for Ds mesons in the hydrodynamic medium at Tc (blue
dash-double-dotted line) and preliminary STAR data [16] for
the D-meson RAA in 0-80% Au+Au. In the upper panel, the
red uncertainty band is governed by inclusion or omission of
a Cronin effect in the initial charm spectra, while in the lower
panel it is controlled by including or neglecting diffusion ef-
fects in the hadronization window.

and the D, Ds and c-quark RAA merge. While the c-
quark spectra are not observable, the D and Ds ones
are, so that their difference gives a quantitative measure
of the coalescence effect. It turns out that hadronic diffu-
sion does not significantly affect the D-meson RAA (due
to a compensation of a decreasing temperature and an
increasing flow of the medium).

The elliptic flow of particle spectra is known to be an
excellent measure of the medium’s collectivity due to hy-
drodynamic flow in non-central AA collisions (induced by
the “almond-shaped” initial nuclear overlap zone). In our
calculations, the diffusion in the QGP imparts an appre-
ciable v2 on the charm quarks of up to ∼4.5%, cf. lower
panel in Fig. 2. Coalescence with thermal quarks ampli-
fies this value by up to 50%, for both D and Ds mesons.
However, while the Ds spectra freeze out after hadroniza-

M. He, R. Fries, R. Rapp arXiv:1204.4442
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M. He, R. Fries, R. Rapp arXiv:1204.4442

Compare c-quark and
D-meson:

Far stronger low-pT
suppression and
intermediate-pT
enhancement in
hadronization stage
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Modeling heavy quark diffusion
Checking further into things

Since heavy quark modification is so
informative, modeling in-medium
interactions is valuable.
Many groups have produced
interesting calculations. We throw our
hat into the ring as well.
We used a Langevin MC model
embedded in 2+1D viscous hydro by
P. Romatschke.

Check: for a static uniform medium,
pT spectra match an established
calculation.
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Phys. Rev. C 84, 064902 (2011)

Now for some details about the calculation. . .
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Langevin dynamics
Brownian motion in a thermal bath

The Langevin equation:

dpi (t)
dt

= −ηij
Dpj (t) + ξi (t)

• Viscous drag force ηij
D describes large-scale average motion.

• ξi describes stochastic fluctuations about the average motion

〈ξi (t)ξj (t ′)〉 = 4TEηij
Dδ(t − t ′), 〈ξi (t)〉 = 0.

Time discretization
In each step ∆t , the quark suffers a normally-distributed random deflection:
σ =

√
2T 2/(D∆t), where D is the diffusion parameter.

One parameter controls essential physics (scattering, drag, boosts)
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Langevin + Hydro inputs
Initial conditions

Initial quark positions distributed according to MC Glauber Ncoll distribution

Contrast with linear boost profile
of blast-wave:
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Effective density for blast-wave model

Many particles at large radii
⇒ high sensitivity to late-stage
expansion
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Langevin + Hydro inputs
Quark momentum distributions

Charm quark momentum distributions are given this shape:

1
pT

dn
dpT

∝ 1
(p2

T + Λ2)α

where α = 3.9,Λ = 2.1, following Cao, Qin, & Bass (arXiv:1205.2396v1)
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This form also used
by Moore & Teaney
(labeled “LO pQCD”):

HOW MUCH DO HEAVY QUARKS THERMALIZE IN A . . . PHYSICAL REVIEW C 71, 064904 (2005)

where we have defined the transverse and longitudinal effective
temperatures,

χ (t) =
∫ t

t0

dt ′ ηD(t ′), (40)

T ⊥(t) = 2
∫ t

t0

dt ′ ηD(t ′) T (t ′) e2χ (t ′)−2χ(t), (41)

T z(t) = 2
∫ t

t0

dt ′ ηD(t ′) T (t ′)
(

t ′

t

)2

e2χ (t ′)−2χ(t). (42)

Now we estimate how the initial spectrum of heavy charm
quarks is changed by the interactions. For simplicity consider
a Bjorken expansion with T (t0) = 300 MeV, t0 = 1 fm,M =
1.4 GeV. For an ideal Bjorken expansion, the temperature and
drag coefficients follow [50]

T (t) = T (t0)
(

t

t0

)− 1
3

, (43)

ηD(t) = ηD(t0)
(

t

t0

)− 2
3

. (44)

ηD(t0) is adjusted according to Eq. (9) to give a specified
diffusion coefficient. We compute the spectrum of charm
quarks at a final time tf = 6 fm. The equilibrium temperature
at this time is T (tf ) = 165 MeV. For the initial spectrum of
heavy quarks we will take the transverse-momentum spectrum
from a fit to leading-order parton model calculations that are
described in the next section,

dN

dηdyd2pT

∝ δ(y − η)
1

(
p2

T + $2
)α , (45)

with α = 3.52 and $ = 1.85 GeV. The initial spectrum is
shown in Fig. 3 and is labeled as LO pQCD.

Then we convolve this initial condition with the Green
function as in Eq. (38) to determine the final spectrum.

The final transverse-momentum spectrum is shown as a
function of the diffusion coefficient in Fig. 3. We observe
that the charm spectrum approaches the thermal spectrum
only when the diffusion coefficient is less than 3/(2πT ).
This is small relative to the estimates made in the previous
section. Further, such a small diffusion coefficient implies a
substantial suppression of the spectrum at large transverse
momentum. This basic observation will be quantitatively
confirmed when we include radial flow in the next section.
As studied in Appendix A, for large diffusion coefficients
interactions simply smear the original spectrum (LO pQCD)
with a Gaussian. For small diffusion coefficients the spectrum
is close to the thermal spectrum (T = 165 MeV) up to small
viscous corrections.

B. Elliptic flow and suppression of charm quarks

Next we calculate how the flow of an underlying medium
influences the spectrum of heavy quarks. If the relaxation time
η−1

D is less than the expansion rate of the medium, then the
heavy quark will follow the medium. If η−1

D is greater than the
expansion rate, the heavy quark will not follow the medium
and the resulting elliptic flow will be small. Of course, the
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FIG. 3. (Color online) The transverse-momentum spectrum of
charm quarks at time tf = 6 fm for a Bjorken expansion with
τ0 = 1 fm and T0 = 300 MeV and T (tf ) = 165 MeV. The initial
transverse-momentum spectrum is given by leading-order perturba-
tion theory (LO pQCD).

relaxation time depends on the momentum of the heavy quark.
The goal here is to determine the largest possible elliptic flow
for a given value of the diffusion coefficient.

To this end we have placed heavy quarks into a hydro-
dynamic simulation of the heavy-ion collision. In the local
rest frame of the medium, the heavy quark follows the
Langevin equations. Further discussion of Lorentz invariance
and numerical implementation is given below.

The hydrodynamic simulation is a 2 + 1 boost invariant
hydrodynamic model with an ideal gas equation of state
p = 1

3 e. The temperature is related to the energy density with
the Nf = 3 ideal QGP equation of state. We have chosen
this extreme equation of state because the resulting radial
and elliptic flow are too large relative to data on light hadron
production. Thus, this equation of state will estimate the largest
elliptic flow possible for a given diffusion coefficient.

Aside from the equation of state, the hydrodynamic model is
based on Ref. [9]. At an initial time τ0 = 1.0 fm, the entropy is
distributed in the transverse plane according to the distribution
of wounded nucleons for a Au-Au collision with an impact
parameter of b = 6.5 fm. Then one parameter s0 = 14 fm−2,
which is the entropy per unit rapidity per wounded nucleon per
area, is adjusted to set the initial temperature and total particle
yield. The value s0 = 14 fm−2 closely corresponds to the re-
sults of full hydrodynamic simulations [9–11] and corresponds
to a maximum initial temperature of T0 = 265 MeV.

At the initial Bjorken time τ0, the position and momentum
distributions of the heavy quarks are estimated from leading
order parton model calculations. To this end, we have dis-
tributed the heavy quarks (about a million or so per run) in
the transverse plane according to the distribution of binary
collisions. In the longitudinal direction the heavy quarks are
distributed uniformly in a large space-time rapidity window

064904-9
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Langevin MC simulation
8 cc̄ pairs shown
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Langevin MC simulation
D parameter corresponding to η/s = 1/4π
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RAA: time dependence
subtitle
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Increasing high-pT
suppression with time...

but RAA < 1.

Late hydro push (t > 7 fm/c)
decreases low-pT contribution,
but not enough to make
RAA < 1.
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RAA: varying the effective coupling
Smaller η/s ⇔ larger diffusion

Even after varying the diffusion
by an order of magnitude, the
low-pT RAA changes weakly.

RAA > 1, no matter the D
value.

Cancellation over time:
Drag at early times + boost at
late times
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Azimuthal qq̄ correlations
Seeking a more sensitive measure of early-time dynamics

Initial qq̄ pairs given
equal and opposite pT

Strong effective
coupling (small D):
expect small-angle
correlations from
late-stage boosts

Large D: back-to-back
correlation is
preserved

Typical behavior for strong effective coupling (ηD/s = 0.5× 1/4π):
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Typical behavior for weak effective coupling (ηD/s = 4× 1/4π):
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Azimuthal qq̄ correlations
Seeking a more sensitive measure of early-time dynamics

Initial qq̄ pairs given
equal and opposite pT

Strong effective
coupling (small D):
expect small-angle
correlations from
late-stage boosts

Large D: back-to-back
correlation is
preserved
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Typical behavior for weak effective coupling (ηD/s = 4× 1/4π):
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How does ∆φ depend on effective coupling?
∆φ distribution for pT > 1 GeV/c
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Strong coupling (small D)
enhances same-side
correlations

Weak coupling (large D)
corresponds to less deflection,
preserving back-to-back
production.
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RAA and ∆φ vs diffusion strength
Comparison of “observables”

RAA is fairly insensitive to varying D near expected values.
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But the cc̄ correlation function changes dramatically from same-side→
opposite-side dominance.

A. Adare (CU Boulder) Heavy Quark Diffusion WWND 2013 15 / 20



Understanding the shape of RAA
Especially, low-pT suppression

Despite large range of coupling parameters tried, we could not get RAA < 1
below ≈ 1 GeV/c.

• Perhaps the low pT effect is all
coalescence?

• Or perhaps there is something to make
the physics for t < 7 fm/c weaker, while
preserving the strong coupling for t > 7
fm/c.

To check this, we investigate a
temperature-dependent coupling.
Figure from sPHENIX proposal
arXiv:1207.6378
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Figure 1.5: (Left) Shear Viscosity divided by entropy density, h/s, renormalized by the
conjectured KSS bound as a function of the reduced temperature, T/Tc, with various calcu-
lations for the quark-gluon plasma case. See text for discussion. (Right) Figure with three
conjectured scenarios for the quark-gluon plasma transitioning from the strongly coupled
bound (as a near perfect fluid) to the weakly coupled case.

more perfect at LHC energy.”

Shown in Figure 1.5 (right panel) are three possible scenarios for a more or less rapid
modification of the medium from the strong to the weak coupling limit. Scenario I has
the most rapid change in h/s(T) following the “Song-a” parametrization and Scenario
III has the least rapid change going through the lattice QCD pure glue result [24]. It is
imperative to map out this region in the ‘condensed matter’ physics of QCD and extract
the underlying reason for the change.

The above discussion has focused on h/s as the measure of the coupling strength of the
quark-gluon plasma. However, both h/s and jet probe parameters such as q̂ and ê are
sensitive to the underlying coupling of the matter, but in distinct ways. Establishing for
example the behavior of q̂ around the critical temperature is therefore essential to a deep
understanding of the quark-gluon plasma. Hydrodynamic modeling may eventually
constrain h/s(T) very precisely, though it will not provide an answer to the question of the
microscopic origin of the strong coupling (something naturally available with jet probes).

The authors of Ref [18] propose a test of the strong coupling hypothesis by measuring both
h/s and q̂. They derive a relation between the two quantities expected to hold in the weak
coupling limit.

q̂ ?
=

1.25T3

h/s
(1.1)

7
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Temperature-dependent η/s
and the corresponding effective coupling D(T)

For constant η/s = 1/4π, the diffusion parameter is D = 3/2πT .

Based on many models, η/s grows sharply away from Tc
⇒ D much larger at high T / early time.

T [GeV]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

/sη

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

/s vs Tη

T [GeV]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

D
iff

us
io

n 
[D

]

0

2

4

6

8

10

12

14

16

18

20

Effective coupling vs T

We also tried doubling and halving the high-T dependence. ⇒ Result:
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RAA and ∆φ for D(T )
Temperature-dependent diffusion

RAA is fairly insensitive to the temperature dependence.
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On the other hand, the pair correlation shows a strong dependence!
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Delayed diffusion
What if charm quarks don’t interact at all initially?

Immediate diffusion: strong initial drag, then pairs are collinearized in
late-stage boost
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Very late diffusion: back-to-back enhancement as for large η/s case.
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Summary
Lessons from this study

Langevin: simple & informative for quark-medium interactions for
understanding QGP transport properties

• Scattering + viscous drag→ high-pT suppression
• Also causes low-pT enhancement

But: Very low-pT suppression doesn’t come about at the partonic level

• Whatever we tried, we could not get RAA < 1
• With realistic initial geometry, late-stage boosts are insufficient
• What really does it is coalescence

Angular cc̄ correlations are sensitive where RAA is not, but of course we
can’t measure them directly
We experimentalists need to think hard about how to access this physics.

Thanks
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