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¡ Heavy flavor, both open and quarkonia, is an important probe of all 
forms of nuclear matter QGP, strong gluon fields, etc

¡ On the example of 
SCET: Factorization, 
with modified J, B, S 

D. Pirjol et al. (2004)C. Bauer et al. (2001)

~ EJ

~ k⊥,q⊥

~ ΛQCD

~ T,gT,...

§ What is missing in the SCET Lagrangian is the interaction between the jet 
and the medium.  Background field approach

A. Idilbi et al. (2008)

G. Ovanesyan et al. (2011)



F. Ringer et al . (2016)

¡ You see the dead cone effects
¡ You also see that it depends on the 

process – it not simply x2m2

everywhere:   x2m2, (1-x)2m2, m2

SCETM,G – for massive quarks with Glauber gluon interactions

Feynman rules depend on the scaling of m. The key choice is  m/p+ ~λ

A. Leibovich et al. (2003)

With the field scaling in the covariant gauge for the Glauber field there is no room 
for interplay with mass in the LO Lagrangian

Result:  SCETM,G =SCETM ✕SCETG

1. Incoming hadron   (gray bubbles)

➡ Parton distribution function

2. Hard part of the process 

➡ Matrix element calculation at LO, 
NLO, ... level

3. Radiation  (red graphs)

➡ Parton shower calculation

➡ Matching to the hard part

4. Underlying event   (blue graphs)

➡ Models based on multiple 
interaction

5. Hardonization  (green bubbles)

➡ Universal models 

The description of an event is a bit tricky...

H

G. Altarelli et al. (1977)



§ Organizing principle 
– build powers of
the scattering cross 
section in the 
medium

Representative example
¡ Full massive in-

medium splitting 
functions  now 
available

¡ Can be evaluated 
numerically

F. Ringer et al . (2016)



B. Jager et al . (2002)

• Perform an NLO calculation
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When pT > mc, mb

Kniehl et al . (2008)

Factorization, non-perturbative physics is long distance

• Typically assumed that only c to D, b to B fragment perturbatively
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Medium contribution implemented at fixed order 

For numerical 
implementation one can 
rewrite these expression 
in the + prescription and 
finds that the correction 
is negative

First step in the DGLAP evolution equations. 
Virtual corrections form sum rules



• The pure scale uncertainty largely cancels in 
the ratio  

• At high pT there is at least 20% combined 
uncertainty. Did not increase much since gluon 
fragmentation in H is softer and offsets the 
difference between quark-gluon energy loss. 

• At low PT the uncertainties can grow to 30% D 
and 50+% B. 
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• For D mesons the theoretical framework validated well at high pT. Below 10 
GeV room for some additional effects: collisional energy loss, dissociation. 
Similar for B, perhaps to slightly larger extent

• There is also a possibility for an even larger gluon contribution



¡ Clearly the gluon contribution to heavy flavor is 
very important  for reactions with nuclei

¡ We also have indication that the gluon to heavy 
flavor contribution can be even larger (x 2)

D. Anderle et al. (2017)

Motivation to do global analysis including semi-
inclusive annihilation, inclusive hadron production 
and hadrons in jets  

Y. Chien.  et al. (2016)



¡ Fit to NLO in Melin space

Significant enhancement of the gluon fragmentation 
component at small and intermediate z

D. Anderle et al. (2017)
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QGP

Hadron gas¡ Quarkonia (e.g. J/ψ,ϒ), bound states of the heaviest elementary particles, long 
considered standard candle to characterize QGP properties. Most sensitive to the 
space-time temperature profile    

Matsui et al. (1986)

Mocsy et al. (2007) Bazavov et al. (2013)



¡ Use NRQCD, expansion in the small velocity 
between the heavy quarks 

R. Sharma et al. (2011)
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¡ LO fit, improved χc and ψ(2s) softer at high pT



¡ Proto-quarkonia distributed according 
to the binary collisions density

¡ QGP modelled by relativistic fluid 
dynamics

¡ Viscous second order Israel Stewart 
event-by-event hydrodynamics

C. Shen et al. (2014)

Compare to solutions at T = 190 MeV

iEBE-VISHNU
simulator (1+2D) 



dNi

dt
= λi−1Ni−1 − λiNi

Very rough analogy with a 
radioactive decay chain

This is the effect of the medium
Well-understood asymptotic limits

J/ψ

Q

Q̄

Q

Q̄

Quarkonium Formation Dissociation

fParton

fQuarkonia

Medium

fParton

§ Competition between the energetic, heavy quark pairs 
(“partons”) binding into quarkonia vs. dissociating into 
free quarks

¡ Dynamics reduces to a kinetic approximation Initial conditions: perturbatively
produced, QQ-bar states

fParton

		
=

g ,QQ
∑ g,QQ(spin,color)

		

=
States
∑ J /ψ ,ψ (2s),χc

...ϒ(1s),ϒ(2s),ϒ(3s),χb(1S)χb(2S)...

fQuarkonia



¡ Formation time – a bit of a misnomer. 
Typical time for the onset of 
interactions – take it to be O(1 fm)

Perform full feed down
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§ Dissociation time – incudes thermal 
wavefunction effect and collisional 
broadening

S. Aronson et al. (2017)
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¡ We have centrality and pT dependence 
at 2.76 TeV and 5.02 TeV around 
midrapidity

¡ Both ground and excited quarkonium
states with consistent feed down

¡ Good separation the 
suppression of the ground and 
excited  
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¡ In calculating the min bias results we found 
that the result is dominated by the first few 
centrality bins

S. Aronson et al. (2017)

Results for various centralities, pT ranges, 
available upon request. We will proceed with 
calculations at forward rapidities, lower CM 
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¡ Good description of the relative 
suppression of  excited to ground states



¡ New theoretical developments that address the physics heavy flavor in 
heavy ion collisions emerge in the EFT framework

¡ Developed an effective theory of heavy quark propagation in QCD 
matter. Obtained heavy quark splitting functions

¡ Phenomenological application to open heavy flavor at NLO. 
Implemented q, g fragmentation functions to B,D. Large g 
contribution~50%. Below 10 GeV room for additional effects 

¡ Performed global analysis of D*, including hadron-in-jet production. 
Found additional enhancement of g fragmentation contribution

¡ Quarkonia at high pT provide complementary probes of the medium 
(focused on QGP). More sensitive to the temperature. Described their 
evolution by kinetic rate equations 

¡ NRQCD baseline and feed down for all J/ψ and Υ states performed. 
Approximately constant pT dependence of the suppression.  Found 
slight tension between the ground and excited states

¡ In the future address forward rapidities, lower CM energies


