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QCD Factorization for Hadronic Heavy Quarkonium 
Production at High PT

§ Scales for heavy quarkonium production?

§ QCD factorization for pT-distribution of heavy quarkonium production

§ Both leading power and next-to-leading power contributions are needed

§ Factorized QCD calculations can describe existing data from the LHC to Tevatron

§ Summary and outlook

Collaboration with K. Lee, G. Sterman, K. Watanabe, arXiv:2108.00305 [hep-ph] and in preparation 
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Scales for heavy quarkonium production at high pT

q Well-separated momentum scales – effective theory:
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q Basic production mechanism:
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Perturbative Non-perturbative
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§ QCD Factorization is “expected” to work 
for the production of heavy quarks

§ Difficulty:  how the heavy quark pair 
becomes a quarkonium? 

To make this part as reliable as we can!
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NRQCD factorization and the “lack” of universality of LDMEs

q NRQCD factorization:
Bodwin, Braaten, Lepage, PRD, 1995

§ 4 leading channels in v:
3S[1]

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

1 , 3P [8]
J

q Phenomenology – full NLO in αs:

LDMEs should be universal, however: 
• Numbers are not the same.
• Not even the sign. 

More work is needed! 

Expansion in powers of both αs and v !

Hadronization
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Heavy quarkonium production at high pT

q O(as) expansion vs. 1/pT expansion:

PT Power!

LO in αs: 

CS channel as a case study
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§ Leading order in αs-expansion =\= leading power in 1/pT-expansion!

§ When pT >> mQ, the expansion in powers of αs is not reliable! 

µ0 & 2mQ

NLO in αs: �̂NLO ! ↵3
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q PQCD factorization:

§ 1/pT expansion first: leading power (LP) & next-to-leading power (NLP) are factorizable! 
§ O(as)-expansion: leading order (LO) & next-to-leading order (NLO) are calculated

Kang, Qiu and Sterman, 2011
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QCD factorization + NRQCD factorization

q Color singlet as an example:

LO QCD hard

HQ pair FFs 
LO NRQCD

Kang, Qiu and Sterman, 2011

Reproduce NLO CSM for pT > 10 GeV!
Cross section + polarization

Different kinematics, different approximation, 
Dominance of different production channels!

(LO)

(LO)(LO)

(LO)�(NLO)

NRQCD
/
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Heavy quarkonium production at high pT

q PQCD + NRQCD factorization:
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Heavy quarkonium production at high pT

q PQCD + NRQCD factorization:
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§ PQCD factorization + NRQCD FFs:
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Heavy quarkonium production at high pT

q PQCD + NRQCD factorization:
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§ PQCD factorization + NRQCD FFs:
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§ NRQCD fixed-order:

§ Asymptotic contribution:
When                   ,                                    cancels   
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Renormalization group improvement 
q Renormalization group:

To be accurate up to the 1st power correction

q Modified evolution equations:

Heavy quark pair produced at the hard scaleDGLAP-type:

Heavy quark pair produced at the input scale

Heavy quark pair produced between the hard scale and the input scale
Modified DGLAP – inhomogeneous evolution 

Kang, Ma, Qiu, Sterman, PRD 90, 034006 (2014)
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Evolution of cc-fragmentation function in µ, n space 
Lee, Qiu, Sterman, Watanabe, in preparation

q To justify an approximation at                      :

Diagonal singlet
channel: S-to-S

Diagonal octet
channel: O-to-O
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§ S-to-S DP FFs get broader in -space after evolution.
§ O-to-O DP FFs become narrower with a large peak around .
§ Off-diagonal channels: similar to O-to-O.
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Input fragmentation functions at µ0 ~ # mc
Ma, Qiu, Zhang, PRD89 (2014) 094029; ibid. 94030
Lee, Qiu, Steerman, Watanabe, SciPost Phys. Proc. 8, 143 (2022)q Input FFs from NRQCD:

Perturbative SDCs               of input FFs in as and n expansion in the NRQCD are reliable only when SDCs << O(1). 
SDCs                calculated in NRQCD factorization is not reliable as     for the following terms:

In our current analysis, we use analytic results if those vanish as ; and for singular or negative input FFs, 
we model them with proper normalization:

: abs. value of the first moment
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NLP contribution to single parton fragmentation functions
Lee, Qiu, Steerman, Watanabe 2022

The inhomogeneous quark pair corrections remain significant even at high Q2 ~µ2~ pT2

The power corrections effect at low µ2 does not go away fast: analogous to 
nonlinear gluon recombination effects to gluon PDF at small-x and large µ2.

q Impact of inhomogeneous term:

Mueller and Qiu, NPB268, 427 (1986)
Qiu, NPB291, 746 (1987)
Eskola, Honkanen,  Kolhinen, Qiu and 
Salgado, NPB660, 211 (2003)
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J/y-production in hadronic collisions
Lee, Qiu, Steerman, Watanabe, 2022

q Separate LDMEs from pQCD effects:
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J/y-production in hadronic collisions
Lee, Qiu, Steerman, Watanabe, 2022

q Leading power contribution:

The power corrections do not vanish even at the highest pT, giving 10-30% corrections.
At pT = 30 GeV and below, the NLP corrections become significant.

PT Shape!
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J/y-production in hadronic collisions
Lee, Qiu, Steerman, Watanabe, 2022

q LP + NLP contributions:

Choose two numbers with a smaller set of data
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J/y-production in hadronic collisions
Lee, Qiu, Steerman, Watanabe, 2022

q Test the consistency:

Compare with both the LHC and Tevatron data
without changing parameters!
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Matching to fixed-order NRQCD calculation
Lee, Qiu, Steerman, Watanabe, 2022
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Summary and Outlook

Thanks!

q It has been almost 50 years since the discovery of J/Ψ, but, we are still not completely sure 

about its production mechanism

q We have studied the QCD factorization for hadronic quarkonium production at high pT

q We demonstrated that the LP contributions are significant for hadronic quarkonium 

production at high pT while the NLP contributions are sizable at lower pT but different in 

shape, and both are needed, leading to a smooth matching to fixed-order calculations

q Power corrections to the evolution of LP FFs are important even at high pT, impacting 

quarkonium polarization  

q The initial success of QCD factorization formalism should encourage a global data analysis. 

There is sufficient room to improve the input FFs 

q Matching between the QCD factorization and fixed order NRQCD factorization should 

enable us to describe quarkonium production not only in hadronic collisions but also in 

other scattering processes in a broader pT region. 
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Evolution equations in a simplified situation 

§ The produced heavy quark pair is dominated by its 
on-shell state at high .

§ We may expand the SDCs and evolution kernels on 
lower virtuality sides at each evolution step around .

§ This can be a reasonable approximation suggested 
by the evolution of DP FFs in µ,n-space. S-to-S 
channels are not dominant at high .

q Simplified evolution equations:
Lee, Qiu, Sterman, Watanabe, in preparation


