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Introduction 

• Jets …
 ?

•Form
ulation of the problem

 (The polarization puzzle of J/\psi)
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Q
uarkonium

 

• No com
plete description of their production m

echanism
s.

• Diagnostic tool for the form
ation of quark-gluon plasm

a.

• M
utli-scale problem

, provides non-trivial tests for Q
CD.

• Precision determ
ination of Q

CD param
eters. 

• Clean experim
ental signature (vector to di-lepton decays).

How do we test it ?
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Explores all regim
es of Q
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Color evaporation m
odel (CEM

)

Past M
odels

Color singlet m
odel (CSM

)

Q
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Q
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Q

Q
Q̄
(n
)

Q
| 
(0)|�

n
,Q

Does not predict the polarization.
No universal param

eters. 
Inconsistent with experim

ent regarding P-waves. 

Fail to predict the transverse m
om

entum
 spectrum

.
Uncanceled infrared divergences in P-waves.
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NRQ
CD factorization 

NRQ
CD
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Polarization puzzle.
Spin sym

m
etry predictions for charm

onia (1S).
No com

plete proof of factorization theorem
.
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Perturbative expansion  
in the strong coupling.
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NRQ
CD vs CSMS-waves: Leading order  

in the relative velocity gives CSM
.
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NRQ
CD vs CSMS-waves: Leading order  

in the relative velocity gives CSM
.
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The polarization puzzle 

LHCb Collaboration (2013) 

G
lobal Fits to the wold’s data

Feed-down contribution included

Sim
ultaneous fit to pT and polarization 

CSM
@

NLO

Transverse polarization:
Longitudinal polarization:

LDM
ES extracted from

:M
. B

utenschoen, B
. K

niehl (P
R

L) 2012

B
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an, J-X W
ang, H

-F. Zhang (P
R

L) 2012

K
-T. C
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. S
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. W
ang, Y-J. Zhang (P

R
L) 2012
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Leading contributions from
 gluon fragm

entation 

For charm
onium

 states:

Leading contributions from
 charm

 fragm
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Leading Power (LP) Factorization

Fragm
entation Functions

DG
LAP Evolution 
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G
. Bodwin, E. Braaten, G

. Lepage (PRD) 1997
E. Braaten, Y. Chen (PRD) 1996

E. Braaten, S.Flem
ing (PRL) 1994
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G
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. Lepage (PRD) 1997
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Calculable in PT

Extracted from
 data. 

Estim
ated size in the relative  
velocity scaling 

For charm
onium

 states:

Q
uarkonium

 production at LP
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Q
uarkonium

 production at LP

Fit to high transverse  
m

om
enta data.

Use the LP factorization  
and DG

LAP evolution  
to resum

 large logarithm
s.   

ln
(2m

c /p
?
)

10
G
eV

<
p
?

Includes only color-octet  
m

echanism
s.

3S
(8

)
1

,
1S

(8
)

0
,

3P
(8

)
J

?

G
. T. Bodw

in, H
. S. C

hung, U
-R

. Kim
, J. Lee: (PR

L) 2014

21



Q
uarkonium

 production at LP
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Q
uarkonium

 production at LP
CM

S Collaboration (PRL) 2016
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G
. T. Bodwin, K-T. Chao, H. S. Chung, U-R. Kim

,J. Lee, and Y-Q
. M
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S Collaboration (PRL) 2015
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Q
uarkonium

 production in jets

out-of-jet radiation
Jet 1

Jet 2

out-of-jet radiation
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:
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Q
uarkonium

 production in jets

LHCb Collaboration (PRL) 2017

First experim
ental m

easurem
ent  

of J/\psi within a jet
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Q
uarkonium

 production in jets

O
ther experim

ents follow with m
ore interesting observables 
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O
utline 

•
Fragm

enting Jet Functions (NLL’) vs M
C

•
TM

D Fragm
enting Jet Functions and applications (pT…

)

•
Sum

m
ary

•
Com

pare FJF sem
i analytic prediction to LHCb data 
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Procura and Stewart (PRD) 2011  
Procura and W

aalewijn (PRD) 2012  
Jain, Procura and W

aalewijn (JHEP) 2011
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Angularities 
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Application to Q
uarkonium

 production
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Application to Q
uarkonium

 production
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Cone and kT-type jet algorithm
s
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Factorization

Purely collinear + Fragm
entation 

Soft-Collinear radiation + Jet boundary sensitivity

M
atching + Norm

alization
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Rapidity Divergences: 

J.-Y. Chiu, A. Jain, D. Neill and I. Z. Rothstein (PRL) 2012
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Evolution in Fourier space
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Application to Q
uarkonium

 production
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Q
uarkonium

 in jet (LHCb)
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Di-jet production
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Di-jet production
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 production in jets at LHC
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Q
uarkonium

 production in jets at LHC

NLO
 global fits to world’s data 

[M
. Butenschoen, B. Kniehl (PRL) 2012]

LP+NLO
 high pT fits (no singlet) 

[G
. T. Bodwin, H. S. Chung, U-R. Kim

, J. Lee: (PRL) 2014] 
NLO

 sim
ultaneous fit of polarization and pT at high pT  

[K-T. Chao, Y-Q
. M

a, H-S. Shao, K. W
ang, Y-J. Zhang (PRL) 2012]
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SCET Fram
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Scaling rules
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Application to Q
uarkonium
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Profile Functions
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