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Confinement and hadronization

➢Confinement

• 1/7 millennium prize problems in 21st century

• Not yet understood

• Equivalent: why and how produced quarks and 

gluons become hadrons?

➢Hadronization

• Light hadrons: factorization → fragmentations 

functions, do not know how to compute

• Heavy quarkonium: localized color charge, 

perturbative QCD can help, the simplest system

• HQ production: near 50 years after the discovery, 

still not well understood
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Velocity of heavy quarks in quarkonium

➢Velocity is determined by quark mass

𝛼𝑠 𝑚𝑣 ∼ 𝑚𝑣2 𝑟 ~ 𝑣

➢Coulomb potential between color singlet heavy quark pair: 

𝑉 𝑟 = −𝐶𝐹
𝛼𝑠 1/𝑟

𝑟

➢Virial theorem: 

𝑚𝑣2 ∼ 𝑉 𝑟 ~
𝛼𝑠 1/𝑟

𝑟

➢Uncertainty principle: 

𝑟 ∼
1

𝑚𝑣
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Properties

➢ Multiple well-separated scales :

• Quark mass: 𝑀

• Momentum: M𝑣

• Energy: 𝑀𝑣2

M ≫ Mv ≫ Mv2~𝚲𝐐𝐂𝐃

➢ A non-relativistic QCD system: 𝑣𝟐 ≪ 1

➢ Involving both perturbative and nonperturbative physics

➢Production is ideal to understand hadronization: 

why and how quarks become hadrons?

• Charmonium:  m~1.3Ge𝑉, 𝑣2 ≈ 0.3

• Bottomonium: 𝑚~4.5𝐺𝑒𝑉, 𝑣2 ≈ 0.1
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Space-time picture for production

• Time scale for producing heavy quark pair: 
1

2𝑚

• Time scale for expansion: 
1

𝑚 𝑣

• Time scale for forming bound state: 
1

𝑚 𝑣2

➢Hadronization followed by production of an off-shell 

heavy quark pair

𝚫𝐫 ∼
𝟏

𝟐𝒎
,

𝟏

𝒎 𝒗
,

𝟏

𝒎 𝒗𝟐
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Approximation

➢On-shell pair + hadronization

• Needs justification

• Corrections are at higher order in 𝑣, may need to consider

• Different assumptions/treatments on how the heavy quark pair becomes 

a heavy quarkonium: different factorization methods
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• CSM: IR div., 𝜓′ surplus

• CEM: wrong for ratio

(Improved-CEM: helpful in some problems)

Theories for 𝒑𝑻 ∼ 𝒎

1. 1975 – CSM&CEM

Einhorn, Ellis (1975), Chang (1980) …

Fritzsch (1977), Halzen (1977) …

2. 1994 - NRQCD Bodwin, Braaten, Lepage, 9407339

3. 2017- SGF

• Polarization puzzle; Universality problem; Hierarchy problem; 

Negative cross sections; …

• Resum kinematic effects in NRQCD

• May resolve some problems

YQM, Vogt, 1609.06042

YQM, Chao, 1703.08402

Chen, YQM, 2005.08786
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NRQCD: factorization

➢Factorization formula Bodwin, Braaten, Lepage, 9407339

Hadronization (LDMEs)

Expansion in: 𝑣
Production of a heavy quark pair

Expansion in: 𝛼𝑠

• 𝑛: quantum numbers of  the pair: color, spin, orbital angular momentum, 

total angular momentum, spectroscopic notation 2S+1𝐿𝐽
𝑐

➢A glory history

• Solved IR divergences in P-wave quarkonium decay

• Explained 𝜓′ surplus 

• Explained 𝜒𝑐2/𝜒𝑐1 production ratio

• ….

Thanks to color-

octet mechanism
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Negative differential cross sections

➢ Cross sections become negative at exceptionally high 𝑝𝑇



12/47马滟青

Negative total cross sections

Lansberg, Nefedov, Ozcelik, 2112.06789
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Universality problem

➢Fit 𝐽/𝜓 yield data at Tevatron with 𝑝𝑇 > 7 GeV
YQM, Wang, Chao, 1009.3655

• M0 = 𝑂 1S0
8 + 3.9 𝑂 𝟑𝑷0

8 /𝑚𝑐
2 ≈ (7.4 ± 1.9)× 10−2GeV3

• M1 = 𝑂 𝟑S1
8 − 0.56 𝑂 𝟑𝑷0

8 /𝑚𝑐
2 ≈ (0.05 ± 0. 02) × 10−2 GeV3

➢Upper bound from Belle total cross section
𝑀0 < 2 × 10−2GeV3

• No universality of NRQCD LDMEs!

Zhang, YQM, Wang, Chao, 0911.2166

• Due to 𝑝𝑇
−4 and 𝑝𝑇

−6 behaviors, constrain two combinations

See also:

Butenschoen, Kniehl, 1105.0820

Gong, Wan, Wang, Zhang, 1205.6682
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Polarization puzzle at LO

➢LO NRQCD 

CDF, 0704.0638

• Dominated by 𝟑𝑺𝟏
𝟖

, LO NRQCD predicts transversely polarized 𝜓(nS), contradicts with CDF 

data 
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Polarization puzzle at NLO

➢ 𝐽/𝜓: transverse canceled (results in hierarchy) in 3𝑺1
𝟖

and 3P𝐽
𝟖

Chao,YQM,Shao,Wang, Zhang,1201.2675 Bodwin, Chung, Kim, Lee, 1403.3612

➢𝜓(2𝑆): cancelation weak, hard to understand data

Shao, Han, YQM, Meng, Zhang, Chao, 1411.3300 Gong, Wan, Wang, Zhang, 1205.6682

Faccioli,Knunz,Lourenco, Seixas,Wohri,1403.3970

Bodwin et al., 1509.07904
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Sun, Han, Chao, 1404.4042

Double 𝑱/𝝍 production

➢ Cannot explain data

• 3 orders of  discrepancy between data and single-parton scattering

Lansberg, Shao, 1410.8822 

• 1 order discrepancy still exist after including double-parton scattering

• What is missing?
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Beyond NLO

• Higher orders fail to describe data

• Strange: breaking down of perturbation theory? Or other mechanism?

Feng, Jia, Sang, 1505.02665 Feng, Jia, Mo, Pan, Sang, Zhang, 2207.14259 

➢ Very big high order correction!

NNLO, 𝜇Λ = 𝑚

NNLO, 𝜇Λ =1GeV

𝛾 + 𝛾∗ → 𝜂𝑐
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Negative cross section
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Resolve negative cross section at high 𝒑𝑻

• Τ𝜒2 𝑑. 𝑜. 𝑓 = Τ0.63 8, as good as NRQCD

 𝝌𝒄𝑱 production

• No substantial cancellations

• Cross sections are positive at high 𝑝𝑇

Chen, YQM, Meng, 2304.04552
➢ SGF framework
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Resolve negative cross section at high 𝒑𝑻

 Resummation within NRQCD 

framework

➢ NRQCD framework

Chung, Kim, Lee, 2408.04255

• Τ𝐽 𝜓 production rates are positive at high 𝑝𝑇

• Resummed FFs in Mellin space 

Leading Double Logarithm

https://arxiv.org/abs/2408.04255
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Resolve negative cross section at high 𝒑𝑻

 Resummation within NRQCD framework

➢ NRQCD framework

• Τ𝐽 𝜓 production rates are positive at high 𝑝𝑇 for different LDMEs

Chung, Kim, Lee, 2408.04255

https://arxiv.org/abs/2408.04255
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Resolve negative total cross section

• Resum large log ln(S/𝑚2) using high energy factorization Lansberg, Nefedov, Ozcelik, 2112.06789

See also: YQM, Venugopalan, 1408.4075



Universality problem
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Brambilla, Butenschoen, Wang, 2411.16384

• Fit results in units of 10−2GeV3

More recent fit

➢ NLO NRQCD factorization

 NLO fit of J/ψ CO LDMEs to J/ψ and 𝜂𝑐 production 

data
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More recent fit

 Predictions

• J/ψ polarization: good agreement with the measurements
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More recent fit
 Predictions

• J/ψ production : well describe J/ψ hadroproduction, production in γγ scattering and production 

in HERA photoproduction 

 Problem

pp:M0 = 𝑂 1S0
8

+ 3.9 𝑂 𝟑𝑷0
8

/𝑚𝑐
2 ≈ (7.23 ± 1.87)× 10−2GeV3; 𝑒+𝑒−:𝑀0 < 0.02GeV3

• No universality
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Chen, Jin, Ma, Meng, 2201.04492

• Smaller partonic cross section, larger LDMEs allowed

Universality after resummation

➢ Application to 𝐞+𝐞− → 𝑱/𝝍( 𝟑𝑷𝑱
𝟖 , 𝟏𝑺𝟎

𝟖 ) + 𝑿

• Partonic differential cross sections
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Universality after resummation

➢LDMEs extracted from pp after resummation Chen, YQM, Meng, In preparation

• LDMEs in 𝑒+𝑒− can be consistent 

with that extracted in 𝑝𝑝

Universality problem solved by resummation!



Question the HQSS for production
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Long-standing polarization puzzle

➢𝜓(2𝑆) at NLO

Shao, Han, YQM, Meng, Zhang, Chao, 1411.3300 Gong, Wan, Wang, Zhang, 1205.6682
Bodwin et al., 1509.07904

CDF, 0704.0638

➢ LO
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Spin symmetry broken?

➢ Heavy quark spin symmetry (HQSS): spin of 3𝑺1
𝟖

is the same as 𝜓(𝑛𝑆)

• HQSS tested for quarkonium decay
• Never tested for quarkonium production

➢ Why broken for production: off-shell heavy quark pair

➢ TEST IT!

• Eg. Via 𝐵-decay to 𝐽/𝜓 v.s. 𝜂𝑐 (𝜒𝑐𝐽 v.s. ℎ𝑐) 



Double 𝐽/𝜓 and 𝑋(6900)
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Di-J/ψ Resonance(s) at LHC

Resonance

Evidence

Resonance
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Possible candidates (S-wave)

➢ Different configurations

➢ Ratio of cross sections for spin-2 to spin-0
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Results from perturbative QCD

Zhang, YQM, Sang, 2009.08376 [Sci. Bull. 70, 1915 (2025)] 

➢ Much larger production rate for spin-2 particles (either tetraquark 

or molecule), indicating the measured resonances are spin-2
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CMS measurement
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Further investigation

In preparation

➢ Why large ratio?

➢ Double parton fragmentation, resulting interesting polarization predictions



Quarkonium energy correlator
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J/ψ production within jets

➢ Definition: A J/ψ, produced within a jet of energy E and cone size R, 

in which the J/ψ carries a fraction of the jet energy, z.
Baumgart, Leibovich, Mehen, Rothstein, 1406.2295; Kang, Qiu, Ringer, Xing, Zhang, 1702.03287.

• Factorization

• Fragmenting jet function (FJF): describe the fragmentation of a J/ψ 
inside a jet.
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J/ψ production within jets

➢ A useful observable to help explore the J/ψ production mechanism

• Discriminate between different NRQCD fits
Kang, Qiu, Ringer, Xing, Zhang, 1702.03287.

Bain, Makris, Mehen, Dai, Leibovich, 1702.05525.

• Predicted z( Τ𝐽 𝜓 ) distribution using PYTHIA (gray) and FJF (red) for the different choices of

LDMEs
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J/ψ production within jets

➢ Improve theoretical prediction by resuming the threshold double 

logarithms Wang, Kang, Chung, 2507.19022.

• Predicted z( Τ𝐽 𝜓 ) distribution for different choices of LDMEs

• The divergence as 𝑧 → 1 cured by the threshold resummation
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Quarkonium Energy Correlator and hadronization

➢ Quarkonium Energy Correlator Chen et al., 2405.10056

𝜒

Τ𝐽 𝜓

“quarkonim-Jet correlation”
In quarkonium rest frame

Σ𝒬EC(𝜒) =
1

𝜎 Τ𝐽 𝜓
∫ 𝑑𝜎 Τ𝐽 𝜓

𝐸𝑖
𝑀
𝛿(𝜒 − 𝜒𝑖)

~ average energy at the angle 𝜒

• IRC safe, can be calculated perturbatively 

• Σ𝒬𝐸𝐶 = Σ𝒬𝐸𝐶,𝑃.𝑇. + Σ𝒬𝐸𝐶,ℎ𝑎𝑑.
◦ Hadronization enters as an additive

correction, not in the form of  
convolution 

◦ Σ𝒬𝐸𝐶,ℎ𝑎𝑑. can be extracted from           

"Measured - pQCD”, If Σ𝒬𝐸𝐶,ℎ𝑎𝑑. is not 

too small
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Quarkonium Energy Correlator and hadronization

𝐸𝑠 ∼ 𝒪(𝑀),

𝐸𝐽𝑎𝑤𝑎𝑦 ∼ 𝒪
𝑠
̂

𝑀

𝐸𝐽𝑛𝑒𝑎𝑟 ∼

𝑐𝑐

b
oost

𝑐𝑐

𝐸𝑠 ∼ 𝒪(𝑀),

𝐸𝐽𝑎𝑤𝑎𝑦 ∼ 𝒪
𝑠
̂

2
𝐸𝐽𝑛𝑒𝑎𝑟 ∼

• Generic configuration of boost Τ𝐽 𝜓 production in pQCD

COM frame Τ𝐽 𝜓 rest frame Near side radiation will be 

depleted. 

cos𝜒−1 10

×
1

𝑟

hard radiation 
depopulated, 

𝐸𝐽𝑛𝑒𝑎𝑟 ≲ 𝑀

pQCD:

◦ dead-cone effects
◦ boost factor
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Quarkonium Energy Correlator and hadronization

➢ NRQCD Predictions: 
𝑠 = 10.6GeV𝐽/𝜓@𝑒+𝑒−

• NP model

◦ 𝑐𝑐 → 𝐽/𝜓 +𝑔𝑠
◦ NRQCD matrix element 

scaling
◦ HF spin (rotational 

co-variance) symmetry 

• Sizable hadronization effect

• “See” the hadronization energy 
distribution 
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Dandan Shen’s Poster @ QM 2025 

Data - Pythia

Data - Pythia consistent with 
the NRQCD NP model

Have we seen the energy 
from hadronization? NEED 
precise INPUT!

Quarkonium Energy Correlator and hadronization
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Summary

➢Difficulties: polarization puzzle, hierarchy problem, 

universality problem, negative cross sections, 𝐽/𝜓-pair 

puzzle, high-order puzzle,…

• Some of them have been resolved

• Others still need to be investigated

➢Quarkonium production mechanism: a very important topic

• New theoretical ideas needed

• New data needed: confirm previous data; test the spin symmetry; test the energy 

emitted during hadronization; …

Thank you!


