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2.76 TeV, Pb+Pb at LHC

Gale et al, PRL 110, 012302 (2013)

Perfect fluidity: an emerging property of QCD

QGP as the world's “smallest fluid”

Behavior consistent with a strongly 
interacting fluid !!!

QGP is a strongly interacting 
viscous relativistic fluid

Hydrodynamics !!!
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Event-by-event viscous hydrodynamics

Average hydro event Initial state fluctuations

Gale et al, PRL 110, 012302 (2013)

See data from Atlas Collab., 1305.2942

Linear + (small) cubic response

J. Noronha-Hostler et al., PRC 93, 014909 (2016)
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Event-by-event harmonic flow 

“The event plane method is obsolete” 

Luzum and Ollitrault, PRC 87 (2013) 044907

Unambiguous theory/experiment comparison from 2-particle correlation/Scalar product: 

With linear response for soft                                and    

where a = high pT hadron, heavy flavor, photons, etc

Initial conditions matter !!!

We define
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Jet

Jet

For the soft sector                                   comes from pressure gradients (flow) 

At high pT
High pT elliptic flow around 2000's

Xian-Nian Wang, PRC 63, 2001

D. d'Enterria, Nucl.Phys. A 827 (2009)

Current picture for 
calculation of high pT 
harmonic flow 1st calculation of high pT vn in event-by-event 

viscous hydrodynamics backgrounds

Noronha-Hostler et al., 
Phys. Rev. Lett. 116, 252301 (2016)
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At high pT

Path length encoded
in IC geometry
(at rms level)Encodes energy loss

physics + … 

(linear response)

Simple solution for the high pT                         “puzzle” in the light sector 

See J. Noronha-Hostler's talk on Monday, and 1602.03788 and 1609.05171
Predictions for LHC run 2 !!

In this talk:  heavy flavor

       + new observable to study fluctuations of heavy flavor     

https://arxiv.org/abs/1602.03788
https://arxiv.org/abs/1609.05171
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Soft sector: Viscous hydrodynamic model

*v-USPhydro Lagrangian code: J. Noronha-Hostler et al., PRC 88 (2013); 
PRC 90 (2014) 3, 034907 

Event-by-event viscous hydrodynamic model*

Parameters:  

MCKLN initial conditions
Lattice + HRG EOS 

Good description of 
soft flow harmonics !!
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Heavy flavor sector

Code has modular structure (moving towards open source)

- Monte Carlo simulation (C++, ROOT, Pythia 8)

- Heavy quarks sampled at the beginning of the evolution (FONLL spectrum)

- Initial conditions (at the moment, MCKLN)

- Event-by-event viscous hydrodynamics (v-USPhydro)

- Energy loss model

- Hadronization at low decoupling temperature           (fragmentation only)

- Meson decay (via Pythia 8)

- No backreaction from the probes on the medium 

Work by Caio Prado (USP), PhD expected 2017
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Heavy flavor sector

At the moment, only very simplified energy loss models have been implemented:

AdS/CFT drag force
+ non-conformal effects
Not presented in this talk 

Focus on the intermediate regime pT > 10 GeV (neglect coalescence)

No Langevin or Boltzmann dynamics !!!    No intrinsic mass dependence. 

Inspired by work of 
S. K. Das et. al., PLB (2015) 

A) B) C)

Model A), where the heavy quark still interacts with the medium
at low T, gives the largest value for the flow harmonics event-by-event

x flow factor due to boost

“It's easier to ask forgiveness than it is to get permission”

Non-perturbative QCD 
parameter ~ 1 GeV/fm
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Heavy flavor nuclear modification factor

→ Fixes bottom 

→ Fixes charm 



11

2-particle cumulant of D0 elliptic flow

We find small sensitivity to decoupling 
temperature and energy loss !!!!

ALICE data, 1606.00321

Results are consistent with previous
EP-like calculations

Narhgang et al, Phys.Rev. C93 (2016)
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Soft-heavy event shape engineering

Keep centrality fixed, though fluctuations →  

Experimental observable

Approximate linear response !!!

Event-by-event correlation (theory)

BOTH CHARM AND BOTTOM COUPLE STRONGLY TO MEDIUM 
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2-particle cumulant of heavy flavor triangular flow

Large sensitivity to energy loss and 
decoupling temperature.

   

Narhgang et al.,  SQM2015

Note that in MC@sHQ+EPOS2:

- Different hadronization mechanism
- Different energy loss treatment
- v3 computed with EP method
- No viscosity in hydro evolution
- Different eccentricity 

*CMS D0 v3 preliminary data at 5 TeV show
v3 ~ 0.01-0.02 around 10 GeV
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4-particle cumulant of heavy flavor elliptic flow

For details, see Bilandzic et al. PRC83 (2011); 89(2014); and   1609.05171

- Measures the correlation between
3 soft hadrons and a heavy flavor candidate

- Comparison to v2{2} gives the size
of event-by-event fluctuations.

- Convergence of cumulants at low pT
has been used as indication of collectivity.

- We find nearly constant behavior
in pT that is robust to variations in 
model parameters  

https://arxiv.org/abs/1609.05171
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Soft hadron vs. heavy flavor fluctuations

 1609.05171

High pT hadrons at 5 TeV (see Jaki's talk) 

> 0 → heavy fluct. > soft

= 0 → heavy fluct. = soft

< 0 → heavy fluct. < soft

More fluctuations found in heavy flavor !!!
Different centrality dependence

https://arxiv.org/abs/1609.05171
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Conclusions 

- First calculations of 2 and 4-particle harmonic flow cumulants of heavy flavor
using event-by-event viscous hydrodynamic backgrounds.

- Result for D0 v2{2} agrees with other calculations and ALICE data at high pT.  
 

- Heavy flavor couples strongly to medium event by event: 

- For pT > 10 GeV, no mass hierarchy:

- Heavy flavor flow harmonics fluctuates more than soft sector (or even light flavor)       
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EXTRA SLIDES
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Soft-heavy event plane decorrelation

Elliptic flow: strong correlation between heavy and soft event planes

Triangular flow: weaker correlation between heavy and soft event planes

Robust with respect to variations in energy loss and decoupling temperature

Only sensitive to viscosity of the medium, see  1609.05171

https://arxiv.org/abs/1609.05171


19D. d'Enterria, Nucl.Phys. A827 (2009)

Signature of QGP formation

Jet Quenching

Nuclear modification factor
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Jet quenching parameter  

Better control of theory parameters through the JET collaboration

Peak near phase transition 

Burke et al., Phys.Rev. C90 (2014) no.1, 014909      can be well described

LHC
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  :   A decade long puzzle   

Puzzle:                         at high pT not described simultaneously

RHIC LHC
See Xu, Buzzatti, Gyulassy, JHEP 1408 (2014) 063

+ many other papers
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   Previous model calculations did not produce enough high pT v2

In Phys. Rev. Lett. 116, 252301 (2016) we showed that the main
problem was 

Previous model calculations did not use event-by-event viscous 
hydrodynamics 

Highly inhomogeneous
hydrodynamically 
evolving medium

Smooth event
Jet

Jet

Jet

Jet
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Previous calculations compared (mostly driven by energy loss)

directly to data (using a smooth hydro event)

We computed, for the first time, the soft-hard correlation 

Event-by-event !!!

Without fluctuations
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Hard sector: BBMG jet energy loss model

Full event-by-event viscous hydro + jet energy loss model

Betz, Gyulassy and Torrieri,PRC 84, 024913 (2011); B. Betz and M. Gyulassy, PRC 86, 024903 (2012) ; JHEP
1408, 090 (2014)

“pQCD” scenario (a=0, z=1, c=3, q=0) →

Other energy loss models can be easily implemented
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                     puzzle is solved (+ 1st calculation of v3)

arXiv:1602.03788 [nucl-th] 

- Consistent event-by-event hydro + jet energy loss gives enough v2 at high pT

- Event-by-event hydrodynamics needed to generate triangular flow at high pT

- Harmonic flow at high pT strongly depend on the choice of initial conditions

PRL 116, 252301 (2016) 

PbPb 

https://arxiv.org/abs/1602.03788
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Soft-hard event plane correlation

Elliptic flow angle = correlated
Triangular flow angle = poorly  correlated

Our new PbPb results at Expectation
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Predictions for LHC run 2

Checked effects from: 

- Path length and centrality dependence, viscosity, and decoupling temperature.

- LHC run 2 data should greatly constrain path length dependence of energy loss !!!

First calculation of 4-particle 
cumulant at high pT !!!!


