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NRQCD Factorization

üFactorization formula Bodwin , Braaten , Lepage , 9407339

Hadronization(LDMEs)

Production of a heavy quark pair

Åὲ: quantum numbers of  the pair: color, spin, orbital angular 

momentum, total angular momentum, spectroscopic notation ὒ
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Achievement: explain ‪ᴂsurplus

States pT behavior at 

LO

3S1
[1] pT

-8

3S1
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[8] pT
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3PJ
[8] pT

-6

Kramer, 0106120

üNicely explain ⱶᴂsurplus by CO contributions

YQM, Wang, Chao, 1012.1030 Butenschoen , Kniehl , 1105.0820
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Achievement: prediction for … production

ATLAS, 1404.7035

üAgree with new data

üⱵ╬╙production: Ὠ„ Ὠ„
╟╙
ὕ ╟ ς*ρὨ„ ὕ 3

YQM, Wang, Chao, 1002.3987
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Difficulty: polarization puzzle

üLO NRQCD 

CDF, 0704.0638

ÅDominated by ╢ , LO NRQCD predicts transversely 

polarized ‪Î3, contradicts with Tevatron and LHC data 
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Difficulty: polarization puzzle

üὐȾ‪: cancellation between ╢ and 0 channel, 

╢ may dominate, also agree with data

Chao,YQM,Shao,Wang ,

Zhang,1201.2675
Bodwin, Chung, Kim, 

Lee, 1403.3612

Faccioli,Knunz,Lourenco ,

Seixas,Wohri,1403.3970

ü‪ςὛ: still hard 

to understand

Shao, Han, YQM, Meng ,

Zhang, Chao, 1411.3300
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Difficulty: h ierarchy problem

ü Best fit of ὐȾ‪yield data at high ὴ
YQM, Wang, Chao, 1009.3655

- ὕ 3 σȢωὕ ╟ Ⱦά πȢπχτGeV

- ὕ 3 πȢυφὕ ╟ Ⱦά πȢπππυGeV

ü Velocity scaling rule of NRQCD

ὕ 3 Ḑ ὕ 3 Ḑ ὕ ╟ ȾÍ

Thus natural expectation

ὓ Ḑὓ

ü Two orders difference : unnatural
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Difficulty: u niversality problem

ü Necessary condition for NRQCD

Å LDMEs, including ὓ and ὓ , are process independent

ü Upper bound of ὓ set by ὩὩ collision

ὓ πȢπςGeV

ü Global fit of LDMEs

Å Comparing with - πȢπχτGeVfrom ὴὴcollison

Zhang, YQM , Wang, Chao, 0911.2166

Å Data cannot be described consistently!

Butenschoen , Kniehl , 1105.0820
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Rigorousness of NRQCD

üLooks like a rigorous theory

Å EFT of  QCD

Å Factorization has been tested to NNLO

But why does not it work for 

quarkonium production?

Nayak , Qiu, Sterman, 0509021
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An important effect: overlooked

üSoft gluon emission in the hadronization process

Å0 is different from ὖ, ὖ ὖ ρ ὕ‗

ÅNRQCD approximate ὖby ὖ

üAn over simplified model of  

NRQCD expansion

With ‗ ὺ πȢσ

ὨÃÏÓ—

ςρ ʇ ʇÃÏÓ—
πȢτς

ρ τ‗ τπȾσ‗ τπ‗ Ễ

ρ ρȢς ρȢς ρȢπψ πȢωρ πȢχσ Ễ

ÅCross section approximately ᶿὖ ὖ ρ ὕ‗
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Soft gluon factorization (SGF)

üSGF for quarkonium ╗production:

ὲ ὒ

P: momentum of  ὗὗ

Å Ὠ„: perturbatively calculable hard part

Å Ὂ : nonperturabtive soft gluon distribution 

Å UV renormalization scale is suppressed

üKeep m omentum difference between ╠╠and ╗

Å Expect no further large relativistic corrections

YQM, Chao, 1703.08402


