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Heavy quarks in the QGP

A well-calibrated probe of the medium

e They are distinct

- ¢, b are conserved quantum numbers
- Identifiable from final-state products

e They are around at the beginning

- But they thermalize slowly:

T~ M/T =~ 6x longer than for light quarks

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

- ¢ vs b energy loss an important constraint

- Diffusion

- Drag
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D° modification experimentally established

Not a weak effect!

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

STAR D% in Au+Au
STAR Preliminary (QM 2012)
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D° modification experimentally established

Not a weak effect!

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

STAR D°%s in Au+Au

STAR Preliminary (QM 2012) o Blast-wave fit (Batsouli, Kelly,
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e 0-10% Au+Au — D° + X @ 200 GeV Gyulassy, Nagle) describes
low-pr data well
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D° modification experimentally established

Not a weak effect!

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

STAR D% in Au+Au
STAR Preliminary (QM 2012)
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Quark vs. hadron R4,

Coalescence is an important effect!

M. He, R. Fries, R. Rapp arXiv:1204.4442
I :
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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.
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Modeling heavy quark diffusion

Checking further into things

Check: for a static uniform medium,
pr spectra match an established

calculation.
Since heavy quark modification is so T
informative, modeling in-medium s
interactions is valuable. E::w"?;
Many groups have produced N . :
interesting calculations. We throw our é""z; % 4
hat into the ring as well. ¢ T :
S10°H |1 ¢
We used a Langevin MC model §1° t
embedded in 2+1D viscous hydro by ’5104;
P. Romatschke. =T
105

Phys. Rev. C 84, 064902 (2011)
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Modeling heavy quark diffusion

Checking further into things

Check: for a static uniform medium,
pr spectra match an established

calculation.
Since heavy quark modification is so T
informative, modeling in-medium s
interactions is valuable. E::w"?;
Many groups have produced N . :
interesting calculations. We throw our ;"’E % 4
hat into the ring as well. ¢ T :
S10°H |1 ¢
We used a Langevin MC model §1° t
embedded in 2+1D viscous hydro by ’5104;
P. Romatschke. =T
105

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:

P _ ipn + ¢

e Viscous drag force 77 ' describes large-scale average motion.
« ¢/ describes stochastic fluctuations about the average motion

(D)) = 4TEnDs(t— 1), (€(t) =0
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Langevin dynamics
Brownian motion in a thermal bath

The Langevin equation:

P _ ipn + ¢

e Viscous drag force 77 ' describes large-scale average motion.
« ¢/ describes stochastic fluctuations about the average motion

(D)) = 4TEnDs(t— 1), (€(t) =0

Time discretization
In each step At, the quark suffers a normally-distributed random deflection:
o = +/2T?/(DAt), 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 N, distribution

Contrast with linear boost profile

Glauber Au+Au N_, distribution b =2.0 fm .
of blast-wave:

Effective density for blast-wave model

y (fm)
&o’usm?msmm*

108 6 4 2 0 2 4 6 8 10
X (fm)

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 dn 1
prdpr 5 + A"
where a = 3.9, A = 2.1, following Cao, Qin, & Bass (arXiv:1205.2396v1)

T PHYSICAL REVIEW C 71, 064904 (2005
Charm P, distribution 2009

i % Thermal T=165 MeV
I S 12f
o Zs e\ D@rT)=3
1= --D@nT)=6
10° This form also used 08 --b@nT)=10
by Moore & Teaney

(labeled “LO pQCD”): 0.6
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Langevin MC simulation

8 cc pairs shown

1.000 fm/c

y coordinate [fm]
Temperature [GeV]

-2 0 2
coordinate [fm]
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Langevin MC simulation

D parameter corresponding to n/s = 1 /4=

charm P, distribution
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Raa: time dependence

subtitle

R, for r]D/s = 1/41t Time dependence

£ I 1 fm/c (start)
S°F 2 fmic
Yal B 3 fm/c
L I 7 im/c . .
1o I 13 fm/c (end) Increasing high-pr
r suppression with time...
T but Raa < 1.
0.8 Late hydro push (t > 7 fm/c)
r decreases low-pr contribution,
o8 but not enough to make
0.4 Ran < 1.
0.2
:1\\\lH\\‘\\H‘H\\‘\\\\‘HH‘HH‘HH‘HH“H\
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Raa: varying the effective coupling

Smaller n/s < larger diffusion

Charm quark R
AA

E ng/s (x 1/4m)

= [

El-Zj Bos

. e 20 Bio
Even after varying the diffusion * [

. 1 [T20
by an order of magnitude, the r

low-pr Raa changes weakly. osl LK
Ras > 1, no matter the D i
value. 0.6
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Azimuthal qg correlations

Seeking a more sensitive measure of early-time dynamics

Typical behavior for strong effective coupling (np/s = 0.5 x 1/4x):
8.486 fm/c 13.694 fm/c

Initial Qg pairs given
equal and opposite pr

Temperature [GeV]
y coordinate [fm]
Temperature [GeV]

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

y coordinate [fm]
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Azimuthal qg correlations

Seeking a more sensitive measure of early-time dynamics

Typical behavior for strong effective coupling (np/s = 0.5 x 1/4x):
8.486 fm/c 13.694 fm/c

Initial Qg pairs given
equal and opposite pr

y coordinate [fm]
Temperature [GeV]
y coordinate [fm]
Temperature [GeV]

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

Typical behavior for weak effective coupling (np/s = 4 x 1/4m):
8.486 fm/c 8.486 fm/c

Large D: back-to-back
correlation is
preserved

y coordinate [fm]
Temperature [GeV]
y coordinate [fm]
Temperature [GeV]
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How does A¢ depend on effective coupling?

Ag¢ distribution for pr > 1 GeV/c

cC Ag@distribution
g 0.14f- HD/S (x 1/4m)
s [
£0.121- - 0.5
s f Mo Strong coupling (small D)
§ 0.4~ 20 enhances same-side
gt correlations
50.08— - 4.0
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0.02
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o
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Raa and A¢ vs diffusion strength

Comparison of “observables”

R4 is fairly insensitive to varying D near expected values.

Charm quark R ¢t Agdistribution
- o
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But the cc correlation function changes dramatically from same-side —

opposite-side dominance.
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Understanding the shape of R4
Especially, low-p; suppression

Despite large range of coupling parameters tried, we could not get Raa < 1
below =~ 1 GeV/c.

STAR Preliminary (QM 2012)

o Perhaps the low pr effect is all 3 oxmoAAu - 71X @ oG
coalescence? i H
o Or perhaps there is something to make s H H
the physics for t < 7 fm/c weaker, while ®
preserving the strong coupling for t > 7 E $ 8
fm/c. o e

3 0
P, [GeVic]

A. Adare (CU Boulder) Heavy Quark Diffusion WWND 2013 16/20



Understanding the shape of Rs4

Especially, low-p; suppression

Despite large range of coupling parameters tried, we could not get Raa < 1
below =~ 1 GeV/c.

o Perhaps the low pr effect is all

STAR Preliminary (QM 2012)

0-10% Au+Au ~ D° + X @ 200 GeV'

coalescence? - H
o Or perhaps there is something to make s H H
the physics for t < 7 fm/c weaker, while L
preserving the strong coupling for t > 7 :E $ 8
fm/c. R
' ‘ pT?GeVlc]A ° °
String Theory Bound (KSS)
yaronaCh

Hadron Gas
—=— Lattice QCD (gluodynamics)

semi-Qt
QPM (finite 1)
Hydro Fit (Niemi et al.)

To check this, we investigate a
temperature-dependent coupling.

Figure from sPHENIX proposal £
arXiv:1207.6378 h:

Hydro Fit (Song - a)
-._Hydro Fit (Song - b)

......... KSS Bound
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Temperature (T/T,)
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Temperature-dependent /s

and the corresponding effective coupling D(T)

For constant 1/s = 1/4r, the diffusion parameteris D = 3/2n T.

Effective coupling vs T

n/svsT
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Temperature-dependent /s

and the corresponding effective coupling D(T)

For constant 1/s = 1/4r, the diffusion parameteris D = 3/2n T.

Based on many models, 7/s grows sharply away from T,
= D much larger at high T / early time.

Effective coupling vs T
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Temperature-dependent /s

and the corresponding effective coupling D(T)

For constant 1/s = 1/4r, the diffusion parameteris D = 3/2n T.

Based on many models, 7/s grows sharply away from T,
= D much larger at high T / early time.

n/svsT

02

o.af

Effective coupling vs T

Diffusion [D]
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S
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We also tried doubling and halving the high-T dependence.
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Ras and A¢ for D(T)

Temperature-dependent diffusion

Ry is fairly insensitive to the temperature dependence.
Charm quark RAA: T-dependent r]DIs

EF .r]/s=1/4n
o I D
1.2
er
z L .Temp.depxo.s
< L
r . Temp. dep x 1.0
081~ . Temp. dep x 2.0
o06F
0af
02F
Lol b b bn b b bl

05 1 15 2 25 3 35 4 45
Charm Quark P, [GeVic]
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Ras and A¢ for D(T)

Temperature-dependent diffusion

Ry is fairly insensitive to the temperature dependence.

Charm quark RAA: T-dependent r]DIs
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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

Charm quark RAA: Start time dependence

cc Agdistribution, D = 3/41t

ET Delay z F
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Charm Quark P, [GeVic]

ol
it
o
-

25
cchAQ

Very late diffusion: back-to-back enhancement as for large 7/s case.
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Summary

Lessons from this study

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

e Scattering + viscous drag — high-pr suppression

¢ Also causes low-pr enhancement
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Summary

Lessons from this study

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

o Scattering + viscous drag — high-pr suppression
¢ Also causes low-pr enhancement

But: Very low-pr suppression doesn’t come about at the partonic level
o Whatever we tried, we could not get Raa < 1

o With realistic initial geometry, late-stage boosts are insufficient
o What really does it is coalescence
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o Scattering + viscous drag — high-pr suppression
¢ Also causes low-pr enhancement
But: Very low-pr suppression doesn’t come about at the partonic level
o Whatever we tried, we could not get Raa < 1
o With realistic initial geometry, late-stage boosts are insufficient
o What really does it is coalescence

Angular cc correlations are sensitive where R4 is not, but of course we
can’t measure them directly

We experimentalists need to think hard about how to access this physics.
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Summary

Lessons from this study

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

o Scattering + viscous drag — high-pr suppression
¢ Also causes low-pr enhancement
But: Very low-pr suppression doesn’t come about at the partonic level
o Whatever we tried, we could not get Raa < 1
o With realistic initial geometry, late-stage boosts are insufficient
o What really does it is coalescence

Angular cc correlations are sensitive where R4 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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