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• Quark-Gluon Plasma first 

probe of the emergent 

hot many-body 

dynamics of QCD

• Many of its basic 

properties still unknown 

after 15 years
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pQCD in the QGP

M. Djordjevic, PLB737 (2014)
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However, a naïve 

application of 

pQCD yields 
𝜂

𝑠
~1

M. Luzum, PRC78 (2009)



AdS/CFT

■ 3+1 𝒩=4 SYM ⟺ Type IIB on 
𝐴𝑑𝑆5 × 𝑆5

■ Universal lower bound 
𝜂

𝑠
≥

1

4𝜋
≈ 0.08 – agrees with 

data from particle colliders
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NLO drag in AdS/CFT
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W. A Horowitz, PRD91 (2015)

J. Friess, PRD75 (2006)

𝑑𝑝𝑖

𝑑𝑡
= −𝜇 𝑝𝑖 + 𝐹𝑖

𝐿 + 𝐹𝑖
𝑇

𝜇 =
𝜋 𝜆 𝑇2

2𝑀𝑄

𝐹𝑖
𝐿 ~ 𝛾
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2 𝐹𝑖
𝑇 ~ 𝛾

1

2



Derivation outline

■ Find leading order classical solution of analogue of 
offshell 𝑣 = 0 light quark in 𝐴𝑑𝑆3

■ Quantize transverse fluctuations on limp noodle

■ Semi-classical approximation: Take mode expansion 
and populate according to Bose statistics

■ Compute correlators and extend to arbitrary d (in 
particular, d=5)

■ Motivate validity for 𝑣 ≠ 0
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Setup
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Setup

7

Red + Blue: heavy flavour solution

Blue: light flavour propagating along heavy flavour solution



Setup
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𝑋𝑀𝑖𝑛𝑘
𝜇

𝑡, 𝜎 = (𝑡, 𝑥0 +
𝜎, 𝑖𝑓 𝑡, 𝜎 ∈ 𝑆1

𝜎𝑓 − 𝑎𝑡, 𝑖𝑓 𝑡, 𝜎 ∈ 𝑆2
, 0)

𝑆1

𝑆2

𝑆1

𝑆1 𝑎 = { 𝑡, 𝜎 ∈ 𝑆|𝜎 ∈ 0, 𝜎𝑓 − 𝑎𝑡 } 𝑆2 𝑎 = { 𝑡, 𝜎 ∈ 𝑆|𝜎 ∈ (𝜎𝑓 − 𝑎𝑡, 𝜎𝑓]}



LO classical solution
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Metric:

Tortoise coordinate:

Cannot be inverted for 

𝑑 > 3
-> work in 𝐴𝑑𝑆3 for 

analytical solution that is 

valid in entire spacetime

𝑟∗ 𝑑 → −∞ 𝑎𝑠 𝑟 → 𝑟𝐻



LO classical solution
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𝐴𝑑𝑆3:

Metric:



LO classical solution
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𝑋𝐴𝑑𝑆3
𝜇

ቚ
𝑆1(𝑎)

𝑡, 𝜎 = (𝑡, −𝑟𝐻coth(
𝑟𝐻(𝑟𝑠∗ + 𝜎)

𝐿2
), 0)

𝑆1

𝑆2

𝑆1

𝑆1 𝑎 = { 𝑡, 𝜎 ∈ 𝑆|𝜎 ∈ 0, 𝜎𝑓 − 𝑎𝑡 } 𝑆2 𝑎 = { 𝑡, 𝜎 ∈ 𝑆|𝜎 ∈ (𝜎𝑓 − 𝑎𝑡, 𝜎𝑓]}

𝑟𝑠∗ =
𝐿2

𝑟𝐻
coth−1(−

𝑟𝑠
𝑟𝐻
) 𝜎𝑓 =

𝐿2

𝑟𝐻
coth−1 −

𝑟𝑠 + 𝑙0
𝑟𝐻

− 𝑟𝑠∗
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Expand leading order Nambu-Goto action with quadratic 

terms:

Quantization of 
transverse fluctuations



13

Quantization of 
transverse fluctuations

EOM and boundary conditions:
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Quantization of 
transverse fluctuations

Promote Fourier coefficients to operators:

𝐴𝜔 ≔
𝐿

𝑟𝐻

𝜋𝛼′

𝜔

=
𝛽

2 𝜋𝜔𝜆1/4

𝑋, 𝑃 = 𝑖ℏ
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Semi-classical 
approximation

Transverse fluctuations originate from 

Hawking radiation of black brane

Distributed according to Bose-Einstein 

statistics:

𝑠(𝑡; 𝑎)
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Limit values
Small virtuality (𝑙0 ≪ 𝑟𝐻):

Ballistic at early times:

Diffusive at late times:
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Limit values
Arbitrary virtuality:

Important result for extension to arbitrary dimensions
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Extend from 𝐴𝑑𝑆3 to 𝐴𝑑𝑆𝑑

Near black hole horizon:

𝑠2 𝑡; 𝑎, 𝑑 ቚ
𝑡≫𝛽

=
𝑑 − 1 2𝛽

16𝜋 𝜆
1 −

𝑎

2
t = 2D(a, d)t

Late time:
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R. Morad and W. A. Horowitz,
JHEP 1411 (2014) 017 [1409.7545]
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BH Horizon

Minkowski Boundary

Snapshots of string evolution

ො𝑞 =
4𝑇2

𝑣𝐷
=
2𝜋 𝜆𝑇3

𝑣(1 −
𝑎
2)

average transverse momentum squared 

transferred from the plasma to the probe 

per unit distance travelled

𝑣 ≠ 0



Comparison with other 
methods
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ො𝑞𝐺𝑢𝑏𝑠𝑒𝑟 =
2𝜋 𝜆𝑇3

𝑣
𝛾ො𝑞 =

2𝜋 𝜆𝑇3

𝑣

Heavy flavour (a = 0):

Light flavour (a = 1, v~1):

ො𝑞 = 4𝜋 𝜆𝑇3 ≅ 12.5 𝜆𝑇3 ො𝑞𝐿𝑅𝑊 =
𝜋
3
2Γ(3/4)

Γ(5/4)
𝜆𝑇3𝛾 ≅ 7.5 𝜆𝑇3



Predictions for heavy flavor
■ Performed using two ‘t Hooft coupling constants

𝜆1 = 5.5 and 𝜆2 = 12𝜋𝛼𝑠 ≈ 11.3, 𝛼𝑠 = 0.3
(𝐸𝑄𝐶𝐷 = 𝐸𝑆𝑌𝑀) (𝑇𝑄𝐶𝐷 = 𝑇𝑆𝑌𝑀)

■ aMC@NLO matched to Herwig++ 

■ 2+1d VISHNU hydro model, assuming boost invariance

■ 5.02𝑇𝑒𝑉 𝑅𝐴𝐴
𝐷 and 𝑅𝐴𝐴

𝐵
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𝑅𝐴𝐴
𝐵
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The CMS Collaboration, arXiv:1705.04727



𝑅𝐴𝐴
𝐷
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W. A. Horowitz & R. Hambrock, in 

progress

2.5

LO Production 𝑏ത𝑏 (FONLL)



Low 𝑃𝑇 𝑏ത𝑏
2.25𝐺𝑒𝑉 < 𝑃𝑇𝐴 ≤ 2.75𝐺𝑒𝑉

𝜆1 = 5.5 𝛼𝑠 = 0.3



Medium 𝑃𝑇 𝑏ത𝑏
6.25𝐺𝑒𝑉 < 𝑃𝑇𝐴 ≤ 6.75𝐺𝑒𝑉

𝜆1 = 5.5 𝛼𝑠 = 0.3



High 𝑃𝑇 𝑏ത𝑏
12.25𝐺𝑒𝑉 < 𝑃𝑇𝐴 ≤ 12.75𝐺𝑒𝑉

𝜆1 = 5.5 𝛼𝑠 = 0.3



LO production 𝑏ത𝑏
azimuthal correlations
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RH and W. A. Horowitz, arXiv:1703.05845

𝑠 = 2.76𝑇𝑒𝑉 with 40-60% centrality

M. Nahrgang, PRC90 (2013)

M. Nahrgang, PRC90 (2013)
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RH and W. A. Horowitz, arXiv:1703.05845

LO production 𝑏ത𝑏
azimuthal correlations

𝑠 = 2.76𝑇𝑒𝑉 with 40-60% centrality
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≈ one order of 

magnitude!

-> Distinguishing observable

RH and W. A. Horowitz, arXiv:1703.05845

LO production 𝑏ത𝑏
azimuthal correlations

𝑠 = 2.76𝑇𝑒𝑉 with 40-60% centrality



LO production 𝑏ത𝑏
momentum correlations
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RH and W. A. Horowitz, arXiv:1703.05845
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Conclusion

■ Smooth transition from heavy to light flavour energy 
loss with diffusion coefficient conjectured to be 
independent of momentum
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Theory:

■ Strong and weak coupling in qualitative agreement 
on nuclear modification factor

■ Qualitatively indistinguishable azimuthal correlations

■ BUT large qualitative discrepancy in momentum 
correlations of 𝑏ത𝑏 pairs in a weak- or strong coupled
QGP

■ Initial momentum correlations show difference in low 
pT momentum correlations is due to smaller 
momentum fluctuations for low pT pairs in a strongly 
coupled plasma

Phenomenology:



Future 

■ Back up conjecture with further numerical 
investigation

■ Observables limited in pT due to statistics. Migrate to 
Pythia for weighted production spectrum
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These might be 
interesting

■ Initial momentum correlations with only trigger 
particle momentum cut-offs

■ Spike in correlations

■ More illustrative 2D correlations

■ Azimuthal correlations for higher pT classes

■ Momentum correlation
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Initial 
Glauber
Distribution

Production points of 𝑏ത𝑏 pairs
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Setup
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𝑋𝑀𝑖𝑛𝑘
𝜇

𝑡, 𝜎 = (𝑡, 𝑥0 +
𝜎, 𝑖𝑓 𝑡, 𝜎 ∈ 𝑆1

𝜎𝑓 − 𝑎𝑡, 𝑖𝑓 𝑡, 𝜎 ∈ 𝑆2
, 0)

𝑆1

𝑆2

𝑆1

𝑆1 𝑎 = { 𝑡, 𝜎 ∈ 𝑆|𝜎 ∈ 0, 𝜎𝑓 − 𝑎𝑡 } 𝑆2 𝑎 = { 𝑡, 𝜎 ∈ 𝑆|𝜎 ∈ (𝜎𝑓 − 𝑎𝑡, 𝜎𝑓]}
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Quantization of 
transverse fluctuations

Separable Ansatz:

Plug into EOM:

Apply Neumann BCs:

(still need to fix normalization)



LO initial momentum 
correlations
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LO initial momentum 
correlations
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LO initial momentum 
correlations
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LO initial momentum 
correlations
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LO initial momentum 
correlations
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LO initial momentum 
correlations – single cut-off
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LO initial momentum 
correlations – single cut-off
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LO initial momentum 
correlations – single cut-off
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LO initial momentum 
correlations – single cut-off
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LO initial momentum 
correlations – single cut-off
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NLO initial momentum 
correlations
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NLO initial momentum 
correlations
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NLO initial momentum 
correlations
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NLO initial momentum 
correlations
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NLO initial momentum 
correlations – single cut-off
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NLO initial momentum 
correlations – single cut-off
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NLO initial momentum 
correlations – single cut-off
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NLO initial momentum 
correlations – single cut-off
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NLO initial momentum 
correlations – single cut-off
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Momentum correlation
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Relative Momentum 
Variance
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𝜆 = 5.5, 𝜙 = 0 ±
𝜋

24

𝜆 = 5.5, 𝜙 =
𝜋

2
±

𝜋

24

𝛼𝑠 = 0.3, 𝜙 = 0 ±
𝜋

24

𝛼𝑠 = 0.3, 𝜙 =
𝜋

2
±

𝜋
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Azimuthal Variance
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𝜆 = 5.5, 𝜙 = 0 ±
𝜋

24

𝜆 = 5.5, 𝜙 =
𝜋

2
±

𝜋

24

𝛼𝑠 = 0.3, 𝜙 = 0 ±
𝜋

24

𝛼𝑠 = 0.3, 𝜙 =
𝜋

2
±

𝜋
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NLO production
azimuthal correlations
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W. Horowitz & R. Hambrock, in progress


