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² Notable puzzles? 
² Production mechanism? 

² The role of  “A” – the medium? 
² New observables? 

J/Ψ Production:  
Challenges and Opportunities  

in pp, pA, ep, eA  



J/ψ- production 

A(P1) +B(P2) ! H(P )[J/ , 0, ...] +X

q  Picture of  high energy production: 

“J/ψ- production is still one of  the most fascinating subjects in QCD, 
even after more than 40 years since its discovery in November, 1974” 

q  It might be one of  the simplest QCD bound states: 
 Localized color charges (heavy mass), non-relativistic relative motion  

q  J/ψ is unlikely to be formed at: 

rH  1

2mc
⇠ 1

15
fm

Production of  a heavy quark pair is likely to be perturbative! 

 Necessary to produce a charm quark pair!              

2mc & 3.0 GeVMomentum transfer  >              

q Key challenge: 
Emergence of  J/ψ from a produced charm quark pair? 



Double cc production in e+e- collisions 

q  Inclusive production: 

Belle: 

NRQCD: 0.07 pb:
Kiselev, et al 1994, 
Cho, Leibovich, 1996 
Yuan, Qiao, Chao, 1997 

q  Ratio to light flavors: 

Belle: 

Production rate of                                is larger than e e J ccψ+ − →
Message: 

,e e J ggψ+ − → ,  ...e e J qqψ+ − →
combined ? 

all these channels: 



NLO theory fits – Butenschoen et al. 

PRL, 2011 



NLO theory fits – Gong et al. 

PRL, 2012 



NLO theory fits – Chao et al. 

PRL, 2012 



Production in medium, cold or hot? 

Energy loss? X2 scaling? 



Production in medium, cold or hot? 

Regeneration? 

Energy loss? 

J/Ψ vs Ψ’ ? 

X2 scaling? 



Diffraction sensitive to gluon momentum distributions2:

# $ g(x,Q2)2
γ∗ V = J/ψ,φ, ρ
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which “glue” the quarks together. But experiments probing proton structure at the HERA
collider at Germany’s DESY laboratory, and the increasing body of evidence from RHIC
and LHC, suggest that this picture is far too simple. Countless other gluons and a “sea” of
quarks and anti-quarks pop in and out of existence within each hadron. These fluctuations
can be probed in high energy scattering experiments: due to Lorentz time dilation, the
more we accelerate a proton and the closer it gets to the speed of light, the longer are the
lifetimes of the gluons that arise from the quantum fluctuations. An outside “observer”
viewing a fast moving proton would see the cascading of gluons last longer and longer the
larger the velocity of the proton. So, in effect, by speeding the proton up, one can slow
down the gluon fluctuations enough to “take snapshots” of them with a probe particle sent
to interact with the high-energy proton.

In DIS experiments one probes the proton wave function with a lepton, which interacts
with the proton by exchanging a (virtual) photon with it (see the Sidebar on page ... ).
The virtuality of the photon Q2 determines the size of the region in the plane transverse
to the beam axis probed by the photon: by uncertainty principle the region’s width is
∆r⊥ ∼ 1/Q. Another relevant variable is Bjorken x, which is the fraction of the proton
momentum carried by the struck quark. At high energy x ≈ Q2/W 2 is small (W 2 is the
center-of-mass energy squared of the photon-proton system): therefore, small x corresponds
to high energy scattering.
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Figure 1.1: Proton parton distribution functions plotted a functions of Bjorken x. Note
that the gluon and sea quark distributions are scaled down by a factor of 20. Clearly gluons
dominate at small-x.

The proton wave function depends on both x and Q2. An example of such dependence
is shown in Fig. 1.1, representing some of the data reported by HERA for DIS on a proton.
Here we plot the x-dependence of the parton (quark or gluon) distribution functions (PDFs).
At the leading order PDFs can be interpreted as providing the number of quarks and gluons
with a certain fraction x of the proton’s momentum. In Fig. 1.1 one can see the PDFs of
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Critical role of  J/ψ production at EIC 

q Exclusive DIS: 
EIC WP, 1212.1701 

A Golden process 
for imagining gluon  
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Critical role of  J/ψ production at EIC 

q Exclusive DIS: 
EIC WP, 1212.1701 

A Golden process 
for imagining gluon  

How far does glue  
density spread? 

How fast does  
glue density fall? 

Color confining radius? 

Allow us to ask “new” 
    fundamental questions: 



Naive production mechanism 

q  Factorization is likely to be valid for producing the pairs: 

² Momentum exchange is much larger than 1/fm 

²  Spectators from colliding beams are “frozen” during the hard collision 
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q  Approximation: 



Naive production mechanism 

q  Factorization is likely to be valid for producing the pairs: 

² Momentum exchange is much larger than 1/fm 

²  Spectators from colliding beams are “frozen” during the hard collision 
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Perturbative Non-perturbative 

A 

B 

q Naïve factorization:  on-shell pair production + hadronization 
 

 
�AB!J/ =

X

[QQ̄(n)]

Z
d�[QQ̄] �̂AB![QQ̄(n)](pQ, pQ̄)F[QQ̄(n)]!J/ (pQ, pQ̄, PJ/ )

Models & Debates   

ó  Different assumptions/treatments on   
      how the heavy quark pair becomes a quarkonium?   

F[QQ̄(n)]!J/ (pQ, pQ̄, PJ/ )



q Color singlet model: 1975 – 

 

q Color evaporation model: 1977 – 

q NRQCD model: 1986 – 

q QCD factorization approach: 2005 – 

q Soft-Collinear Effective Theory + NRQCD:  2012 –  

Only the pair with right quantum numbers 
Effectively No free parameter! 

All pairs with mass less than open flavor heavy meson threshold 
One parameter per quarkonium state 

All pairs with various probabilities – NRQCD matrix elements 
Infinite parameters – organized in powers of   v  and αs 

PT >> MH:  MH/PT power expansion + αs – expansion 

Unknown, but universal, fragmentation functions – evolution  

A long history for the production 
Einhorn, Ellis (1975),  
Chang (1980), 
Berger and Jone (1981), … 

Fritsch (1977), Halzen (1977), … 

Caswell, Lapage (1986) 
Bodwin, Braaten, Lepage (1995) 
QWG review:  2004, 2010 

Nayak, Qiu, Sterman (2005), … 
Kang, Qiu, Sterman (2010), … 

Fleming, Leibovich, Mehen, … 



NRQCD – most successful so far 

PRL 106, 022003 (2011) 

q NRQCD factorization: 

q Phenomenology: 
 

 

q  Fine details – shape – high at large pT? 

²  4 leading channels in v 

²  Full NLO in αs  

3S[1]
1 , 1S[8]

0 , 3S[8]
1 , 3P [8]

J

See Kniehl’s talk 



NRQCD – global analysis 

194 data points from 10 experiments, fix singlet  

Butenschoen and Kniehl, arXiv: 1105.0820 �

2
/d.o.f. = 857/194 = 4.42



Why high orders in CSM are so large? 

q  LO in αs but higher power in 1/pT: 

LO in αs:  

CSM and NRQCD 
spin-1 projection 

NNLP in 1/pT!  
�̂LO / ↵3

s(pT )

p8T

P/2

P/2

q  NLO in αs but lower power in 1/pT: 

Leading order inαs-expansion =\= leading power in 1/pT-expansion! 

Kang, Qiu and Sterman, 2011 

Relativistic 
projection to 

all 
“spin states” 

�̂NLO ! ↵3
s(pT )

p6T
⌦ ↵s(µ) log(µ

2/µ2
0) µ0 & 2mQ

q  NNLO in αs but leading power in 1/pT: 

�̂NNLP ! ↵2
s(pT )

p4T
⌦ ↵3

s(µ) log
m
(µ2/µ2

0)



q Color singlet as an example: 

QCD factorization + NRQCD factorization 

LO QCD hard 

HQ pair FFs  
LO NRQCD 

Reproduce NLO CSM for pT > 10 GeV! 

Cross section + polarization 

QCD Factorization = better controlled HO corrections! 

(LO)

(LO)(LO)

(LO)�(NLO)
NRQCD /

Kang, Qiu and Sterman, 2011 



q  Factorized cross section (PT >> Mc): 

q  Expect the first two terms to dominate: 

²   H(4) are IR safe and free of  large logarithms 

²   D(4) are fragmentation functions of  4-quark operators  

Kang, Qiu and Sterman, 2009 

Qiu, 1990 

q  New perturbative inputs: 
Calculation of  H(4) and evolution of  D(4) 

Factorization for heavy quarkonium production 



QCD factorization + NRQCD factorization 

independent of   
NRQCD  

matrix elements 

LO QCD analytical 
results 

reproduce 
NLO NRQCD 
calculations 
(numerical) 

LP 

NLP 

Dominated by 

PRL, 2014 

q Channel-by-channel comparison with NLO NRQCD: 
 

Kang, Ma, Qiu and Sterman, 2014 



QCD factorization + NRQCD factorization 

PRL, 2014 

Kang, Ma, Qiu and Sterman, 2014 

q  LP vs. NLP (both LO): 
 NLP dominated 

1S[8]
0

for wide pT 

LP dominated 

3S[8]
1 and 3P [8]

J

PT distribution 
is consistent with 

distribution of  
1S[8]

0



Matching between QCD and NRQCD 

q Expectation: Kang, Ma, Qiu and Sterman, 2014 

QCD Factorization 

NRQCD 

Mass effect + expanded PT region (                      ) PT & mQ

q Matching: 

EP
d�A+B!H+X

d3P
(P,mQ) ⌘ EP

d�QCD
A+B!H+X

d3P
(P,mQ = 0)

+EP

d�NRQCD
A+B!H+X

d3P
(P,mQ 6= 0)�EP

d�QCD�Asym
A+B!H+X

d3P
(P,mQ = 0)



Matching between QCD and NRQCD 

q Expectation: Kang, Ma, Qiu and Sterman, 2014 

QCD Factorization 

NRQCD 

Mass effect + expanded PT region (                      ) PT & mQ

q Matching: 

EP
d�A+B!H+X

d3P
(P,mQ) ⌘ EP

d�QCD
A+B!H+X

d3P
(P,mQ = 0)

+EP

d�NRQCD
A+B!H+X

d3P
(P,mQ 6= 0)�EP

d�QCD�Asym
A+B!H+X

d3P
(P,mQ = 0)

Low pT? 



Production at low pT ( < MQ ) 

q Spectator interaction – always there: 

1
2 Q

r
m

Δ ≤

Quarkonium 

Perturbative Non-perturbative 
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B 

PDF 

(pT, y) 

Interfere with the formation  
of  the quarkonium 

Process dependence 
pT ~ mQv2, mQv 

q  The Challenge: 

Break factorization – Process dependence – Alter pT distribution, … 
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Interfere with the formation  
of  the quarkonium 

Process dependence 
pT ~ mQv2, mQv 

q  The Challenge: 

Break factorization – Process dependence – Alter pT distribution, … 

q What if  the gluon shower is so strong, playing the dominant 
role in determining the observed pT spectrum when pT < mQ?  

Still have predictive power, if  the breaking effect is not strong enough! 



Production at low pT ( < MQ ) 

q Gluon shower – Sudakov resummation dominated? 

Leading double logarithms from the gluon shower are from 
initial-state active partons  

q Assumption: 

² Quark-antiquark channel: 

² Gluon-gluon channel: 

Mimic the Drell-Yan type radiation pattern,  
Resum the leading soft radiation into Sudakov form factor  



Upsilon production at hadron colliders 

q CSS formalism (the b-space approach to low PT region): 

Use Drell-Yan as an example: 

d�DY
AB

dQ2dq2T
(Q, qT , xA, xB) = Ĥff̄ (Q)⌦ �f/A(xA, ka?)⌦ �f̄/B(xB , kb?)⌦ S(ks?)

=
1

2⇡

Z 1

0
db J0(bqT ) bfWAB(b,Q;xA, xB) +

"
d�

(Pert)
AB

dQ

2
dq

2
T

� d�

(Asym)
AB

dQ

2
dq

2
T

#
+Y (Q, qT )



Upsilon production at hadron colliders 

q CSS formalism (the b-space approach to low PT region): 

Use Drell-Yan as an example: 

d�DY
AB

dQ2dq2T
(Q, qT , xA, xB) = Ĥff̄ (Q)⌦ �f/A(xA, ka?)⌦ �f̄/B(xB , kb?)⌦ S(ks?)

=
1

2⇡

Z 1

0
db J0(bqT ) bfWAB(b,Q;xA, xB) +

"
d�

(Pert)
AB

dQ

2
dq

2
T

� d�

(Asym)
AB

dQ

2
dq

2
T

#
+Y (Q, qT )

bW (b,Q)

The b-space distribution: 

fWPert
AB (b,Q;xA, xB) = Ĥff̄ (Q)

⇥
Cf/a ⌦ �a/A(xA, 1/b)

⇤
⌦

h
Cf̄/b ⌦ �b/B(xB , 1/b)

i
e�S(b,Q)

Predictive power: 
very sensitive to  

the role of   
non-perturbative  

Contribution! 

Ratio of  areas  
large b vs. small b 
Nonperturbative 
Vs. perturbative 

The role of  large-b region? 

Good predictive power (not sensitive to the large-b region): 

if  the area under the b-space distribution is dominated by small-b region! 



Upsilon production at hadron colliders 

q Expect good predictive power: 
Peak of  pT-distribution is around 4 GeV  
    >> intrinsic pT  
    >> the Qs at this energies 

Shower is the dominant 
source to the observed 
large pT 

q Matching procedure to large-b region: 



Upsilon production at hadron colliders 

q Expect good predictive power: 
Peak of  pT-distribution is around 4 GeV  
    >> intrinsic pT  
    >> the Qs at this energies 

Shower is the dominant 
source to the observed 
large pT 

q Matching procedure to large-b region: 

q  b-space distribution for 
Upsion production at 
Tevatron energy: 

All parameters fixed by the  
derivatives to be continuous  
at b = bmax. 



CDF Run-I D0 Run-II 

q Strong gluon shower: 

Sufficiently large Q (Upsilon mass) + large shower phase space! 
Berger, Qiu, Wang, 2005 

Upsilon production at hadron colliders 



q  Upsilon at the LHC: 
Qiu, Watanabe, 2017 

Predictive power – Upsilon 

No adjustment on any parameter from Tevatron to the LHC! 
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p
s = 1.8 TeV, |y| < 0.4

ATLAS :
p
s = 7 TeV, |y| < 1.2 (⇥5)



q  Upsilon at the LHC: 
Qiu, Watanabe, 2017 

Predictive power – Upsilon 

No adjustment on any parameter from Tevatron to the LHC! 
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]
CDF :

p
s = 1.8 TeV, |y| < 0.4

ATLAS :
p
s = 7 TeV, |y| < 1.2 (⇥5)

BUT:  this does not apply for J/ψ at low PT,  
            logarithmic contribution from the shower is not strong enough! 



Forward quarkonium production in p(d)+A 

Ma et al. Phys.Rev. D92 (2015) 071901 q CGC for low pT region: 

²  Two free fitted parameters: 
          transverse overlap area, 
          saturation scale at initial  
          rapidities 
     seem reasonable 

² Matching to NLO NRQCD 
calculation,  

           modulo small    
           shadowing effect,  
     seem to be smooth 

²  Better agreement with 
data than previous CGC 
calculations  



Production in p(d)+A collisions  

q  Proton (deuteron) – Nucleus Collisions: 

P A 

² NO QGP (mQ >> T)!             Cold nuclear effect for the “production” 

² Nuclei as potential filters of  production mechanisms 

² Hard probe (mQ >> 1/fm)           quark-gluon structure of  nucleus! 

Nucleus is not a simple superposition of  nucleons! 



Production in p(d)+A collisions 
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Same wave function 

q  Factorized production: 
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Almost Not affected 

Same wave function 
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could change  
spectrum & rate!! 

Can multiple scattering 
interfere with nonperturbative 
formation of  quarkonia? 

q Multiple scattering: 



Production at low pT ( < MQ ) 

q Spectator interaction – always there: 

1
2 Q

r
m

Δ ≤

Quarkonium 

Perturbative Non-perturbative 

A 

B 

PDF 

(pT, y) 

Interfere with the formation  
of  the quarkonium 

Process dependence 
pT ~ mQv2, mQv 

 Process dependence – Break of  factorization – No predictive power  

q  The Challenge: 

q  The need: 
Controllable calculation of  medium effect, extract medium properties, … 

q  The Opportunities: 
Medium as a “detector” or “filter” to probe “color neutralization”, … 



Breaking of  factorization in hadronic collisions  

q  A-enhanced power corrections, A1/3/Q2, may be factorizable:  

≈ ● ● ● 

≈ + + 

+ 

● ● ● + 

No A1/3-enhancement 

²  Total x-section: Factorization argument similar to DIS 
 Collinear power expansion – single scale 

²  PT spectrum:    Factorization argument similar to SIDIS 
 TMD or collinear – low PT to high PT 



Production with multiple scattering 

 q Backward production in p(d)+A collisions: 
Brodsky and Mueller, PLB 1988 

J/Ψ could be formed  
Inside nucleus 

Multiple scattering interfere 
with the non-perturbative 
hadronization  
– no factorization!! 

q Production at low PT (è0) in p(d)+A collisions: 

Co-mover interaction 

to interfere with  
quarkonium formation 
- Break of  factorization!! 



Production with multiple scattering 

q  Forward production in p(d)+A collisions: 

² Time dilation 

Brodsky and Mueller, PLB 1988 

Non-perturbative  
formation of  J/Ψ 
is far outside of  nucleus 

² Multiple scattering with incoming parton & heavy quarks, not J/Ψ 



Production with multiple scattering 

q  Forward production in p(d)+A collisions: 

² Time dilation 

Brodsky and Mueller, PLB 1988 

Non-perturbative  
formation of  J/Ψ 
is far outside of  nucleus 

² Multiple scattering with incoming parton & heavy quarks, not J/Ψ 

u  Induced gluon radiation – energy loss – suppression at large y 

u Modified PT spectrum – transverse momentum broadening 

u De-coherence of  the pair – different QQ state to hadronize – lower rate   

Q 

Q 

Soft multiple scattering – “random walk” 

Momentum imbalance – larger invariant mass 

Match to the tail of  wave function - ``suppression” 



A-dependence in rapidity y (xF) in p+A 

q  Picture + assumptions: Arleo, Peigne, 2012 
Arleo, Kolevatov, Peigne, 2014 

q  Model energy loss: 
1

A

d�pA

dE
(E,

p
s) =

Z "
max

0
d"P(", E)

d�pp

dE
(E + ",

p
s)

 Quenching weight ~ scaling function of   P(", E) :
p
q̂L/M? ⇥ E

q̂(x) ⇠ q̂0

✓
10�2

x

◆0.3



A-dependence in rapidity y (xF) in p+A 



Multiple scattering in pA collisions 

Dominguez, Kharzeev, Levin, Mueller, and Tuchin, 2011 

PHENIX: y=0, √s=200 GeV 

PHENIX: y=1.7, √s=200 GeV 

ALICE: y=3.25, √s=2.76 TeV 

bCGC Model for dipole scattering 

OK for pA, but, far off  for AA – J/ψ melting in QGP (MS 1986)? 



Forward quarkonium production in p(d)+A 

q Calculation of  multiple scattering: 

Coherent multiple scattering                  suppression at large y  

Kang, Ma, Venugopalan, JHEP (2014) 
Qiu, Sun, Xiao, Yuan PRD89 (2014) 

Ma, Venugopalan, Zhang, PRD92, 071901 (2015) 



q  Quarkonium production is dominated by low pT region  

q  Low pT distribution at collider energies: 

q  Final-state interactions suppress the formation of  J/ψ: 

Qiu, Zhang, PRL, 2001 

Quarkonium pT distribution 

 determined mainly by gluon shower of  incoming partons 

– initial-state effect 

Also modify the pT spectrum – move low pT to high pT – broadening 

q  Broadening: 

²  Sensitive to the medium properties 
²  Perturbatively calculable 

– Final-state effect 

q  RpA at low qT: 

⇡ 1 +
�hq2T i

A1/3hq2T ihN


�1 +

q2T
hq2T ihN

�
Guo, Qiu, Zhang, PRL, PRD 2002 



q  Broadening: 

Quarkonium PT-broadening in p(d)+A 

Kang, Qiu, PRD77(2008) 

�hq2T i
(I)
J/ = CA

✓
8⇡2↵s

N2
c � 1

(A1/3 � 1)�2

◆
⇡ �hq2T i

(F )
J/ 

�

2 =  ln(Q)x�� / q̂

Calculated in both 
NRQCD and CEM 

J.C.Peng, hep-ph/9912371 
ALiCE: I. Lakomov, QWG2014 

,  = 3.51⇥ 10�3 1/GeV2, � = 1.71⇥ 10�1



q  Nuclear modification – low pT region: 

Quarkonium PT-distribution in p(d)+A 

d�AB

dyd2pT
⇡ d�AB

dy


1

⇡(hp2T iNN +�hp2T iAB)
e�p2

T /(hp2
T iNN+�hp2

T iAB)

�

E772 data 

ALICE data 



Summary 

q  It has been over 40 years since the discovery of  J/Ψ 

q  When pT >> mQ at collider energies, earlier models calculations 

     for the production of  heavy quarkonia are not perturbatively stable 

LO inαs-expansion may not  be the LP term in 1/pT-expansion 

q  QCD factorization works for both LP and NLP (αs for each power) 

q Nuclear medium could be a good “filter” or a fermi-scale detector 
for studying how a heavy quarkonium is emerged from a pair of  
heavy quarks 

Thank you! 

²  LP dominates:              and                channels   
²  NLP dominates:               and            channels  

²  From current data:                 likely to cancel  

                                          the production dominated by  

3S[8]
1

3P [8]
J

1S[8]
0

3S[1]
1

3S[8]
1

3P [8]
J

1S[8]
0



Backup slides 



November revolution (1974) 

November, 1974 



q  Kinematically preferred configuration: 

Production rate of  a singlet charm quark pair is dominated by the  
phase space where s3=(P1+P2+P3)2 or s4=(P1+P2+P4)2 near its minimum 

q Color transfer enhances associated heavy quarkonium 
production 

A heavy quark as a color source to enhance the transition 
rate for an octet pair to become a singlet pair 

Associated production at B-factory 

q  NRQCD formalism does not apply when there are more than 
    one heavy quark velocity involved 

Singlet 

( )24P p+

( )23P p+

Nayak, Qiu, Sterman, PRL 2007 



Heavy quarkonium polarization 

q  Measure angular distribution of  μ+μ− in J/ψ decay 

q  Normalized distribution – integrate over ϕ: 

2

Also referred as 

λθ 

by LHC experiments 



Ma et al. 2014 

q Polarization  =  input fragmentation functions: 

Heavy quarkonium polarization 

q Projection operators – polarization tensors: 

²  Partonic hard parts and evolution kernels are perturbative  
²  Insensitive to the properties of  produced heavy quarkonia 

for produced the quarknium moving in +z direction with   

Pµ⌫(p) ⌘
X

�=0,±1

✏⇤µ� (p)✏⌫�(p) = �gµ⌫ +
pµp⌫

p2

Pµ⌫
T (p) ⌘ 1

2

X

�=±1

✏⇤µ� (p)✏⌫�(p) =
1

2


�gµ⌫ +

pµn⌫ + p⌫nµ

p · n

�
Unpolarized quarkonium 

Transversely polarized quarkonium 

Pµ⌫
L (p) ⌘ Pµ⌫(p)� 2Pµ⌫

T (p) =
1

p2


pµ � p2

2p · nn
µ

� 
p⌫ � p2

2p · nn
⌫

�

Longitudinally polarized quarkonium 

pµ = (p+, p�, p?) = p+(1, 0,0?)

nµ = (n+, n�, n?) = (0, 1,0?)

p2 = n2 = 0

p · n = p+



Heavy quarkonium 

q One of  the simplest QCD bound states: 
 Localized color charges (heavy mass), non-relativistic relative motion  

Charmonium: Bottomonium: v2 ≈ 0.3 v2 ≈ 0.1
q Well-separated momentum scales – effective theory: 

	
  	
  	
  
	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

Perturbative 

Non-Perturbative 

mQ 

mQv 

PT 

mQv2 

Non-Perturbative Soft — Relative Momentum 

Ultrasoft — Binding Energy 

Hard — Production of   QQ

q Cross sections and observed mass scales: 

[pQCD] 

[NRQCD] 

[pNRQCD] 

d�AB!H(P )X

dydP 2
T

p
S, PT , MH ,

 PQCD is “expected” to work for the production of  heavy quarks 

Difficulty:  Emergence of  a quarkonium from a heavy quark pair?  


