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Challenges in Heavy Quarkonium Production

2

Short-Distance

M. Butenschoen, B. Kniehl (2011)

• Non-Relativistic QCD Factorization

• Our Primary Focus
 - LDME universality: Theory vs. Reality
 - Inability to distinguish LDMEs via 𝑝!  spectra

⇒ Need for complementary probes!

Long-Distance

LDME



• Why Jets?
- Beyond the 𝑝!  spectrum
- Breaking the degeneracy
- Testing universality of LDMEs

• Expanding experimental measurements
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𝜓(2S), LHCb, arXiv: 2410.18018J/𝜓, CMS, arXiv:2106.13235

Quarkonium-in-Jet as a Solution

T. Mehen, R. Bain, Y. Makris, L. Dai, 
A. Leibovich (2017)

and more!



NRQCD: Effective Theory for Heavy Quarkonium
• Scale Hierarchy
- Hard (𝑚")  >>  Soft (𝑚"𝑣)  >>  Ultrasoft (𝑚"𝑣#)

• Factorization Theorem

• Velocity Scaling
- Expansion in 𝑣 (𝑣#~ 0.3	𝑓𝑜𝑟	𝐽/𝜓, 𝑣#~ 0.1	𝑓𝑜𝑟	Υ)
- Hierarchy of LDMEs

3𝑆$
[$](~ 𝑣')	 , 	 3𝑆$

[(], 3𝑃)
[(], 1𝑆*

[(] (~ 𝑣+) , ⋯
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Factorization Theorem

• Single heavy quarkonium production: 𝑝𝑝 𝑒𝑝 → 𝑖(𝐻) + 𝑋

            : Hard scattering process 
: Perturbative jet evolution and collinear radiation

            : Short-distance matching of parton 𝑗 onto 𝑄 @𝑄(𝑛)
            : Non-perturbative transition from 𝑄 @𝑄(𝑛) to 𝐻
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where



Fragmenting Jet Functions (FJFs)
: constraints on jet invariant mass 𝑠 with light hadron ℎ

   : jet algorithm with 𝑅 and resum threshold log

     : application to heavy quarkonium 𝐻

           : semi-inclusive FJF!
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M. Procura, I. Stewart (2009), A. Jain, M. Procura, W. Waalewijn (2011)

M. Procura, W. Waalewijn (2011)

M. Baumgart, A. Leibovich, T. Mehen, I. Rothstein (2014)

where
T. Kaufmann, A. Mukherjee, W. Vogelsang (2015), Z. Kang, F. Ringer, I. Vitev (2016)

Generalize with 𝑧 and 𝑧,  dependence 



Scale hierarchy and Resummation
• DGLAP evolution

• Threshold Resummation for the quarkonium FF
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Hard scale (𝜇!	~	𝑝")

Jet scale (𝜇#	~	𝑝"𝑅)

Fragmentation scale (𝜇$	~	2𝑚%)

NRQCD Hard scale (𝜇&',!	~	𝑚%) Working at fixed hard scale 𝜇&',!	~	𝑚% , no evolution!

H. Chung, U. Kim, J. Lee (2024, 2026)



Threshold Resummation for the Quarkonium FF
• Singular behavior of Fixed-order FFs at NLO

• Target Channels (Gluon FFs)  –  3𝑆#
[%], 3𝑃'

[%]

• Resummation Framework in Mellin space

• Advantage of Threshold Resummation
- Restoring convergence
- Positivity of cross section
- Phenomenological accuracy (Fixes 𝜒(#(3872) overestimation)
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H. Chung, U. Kim, J. Lee (2024, 2026)

where

W. Lai, H. Chung (2025)



With vs. Without Threshold Resummation
• 𝑑-→/, (60	GeV)

• 𝜎/012(60	GeV)
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𝑔 → 	3𝑆!
[#] 𝑔	 → 	 3𝑃%

[#]

w/ th. resum w/o th. resum

⇒ Threshold resummation restores the physical distribution



Classification of LDME Sets for 𝐽/𝜓 

• Same signs for ⟨𝒪(3𝑆$
[(])⟩	and	⟨𝒪(3𝑃)

[(])⟩

- Category 1 → (Small ⟨𝒪(1𝑆*
[(]⟩)

- Category 2 → (Large ⟨𝒪(1𝑆*
[(]⟩)

• Opposite signs for ⟨𝒪(3𝑆$
[(])⟩	and	⟨𝒪(3𝑃)

[(])⟩
- Category 3
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Han ‘14, Zhang ‘14, Shao ’14, Brambilla ‘21, Chung ‘24

Gong ’12, Shao ‘14, Bodwin ‘15, Feng ‘18, Butenschoen ‘22

Butenschoen ‘11, Bodwin ‘15

Cat.1
Cat.2
Cat.3



Muon acceptance 𝒜
• Why Muon Channel 𝐻	 → 	𝜇3𝜇4 ?
- Superior Signal Purity
- High Trigger Efficiency
- Excellent Mass Resolution

• Kinematic Requirements for Muon Detection
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LHCb (2017)

CMS (2021)

LHCb muon cut

CMS muon cut

CMS example (𝒜 corrected):



Application 1: 𝐽/𝜓 at the LHCb
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Y. Wang, D. Kang, H. Chung (2025)

Cat. 1: Brambilla Cat. 3: B&KCat. 2: Bodwin

Cat. 1: Discrepancy at low 𝑧)
Cat. 2: Better agreement with data
Cat. 3: Similar to Cat. 2 result

⇒ Allows us to discriminate between different LDME sets

direct : 𝐽/𝜓  from hard scattering prompt : direct + feeddown from 𝜒), 𝜓(2𝑆)



Application 2: 𝐽/𝜓 at the EIC: A New Frontier
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where

EIC LHCb

Enhancement of 
quark-initiated process at EIC

EIC LHCb

𝑅&

• EIC Photoproduction (𝑞) ≈ 0) Partonic Cross Section

• 𝑅*  Comparison in Cross section

⇒ EIC: a complementary facilitiy to test LDMEs

𝑅!  is higher at the EIC across 
all octet channel



Application 2: 𝐽/𝜓 at the EIC: A New Frontier
• LDME Sensitivity

• Jet Radius (𝑅) Dependence
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direct

prompt

Cat. 1 Cat. 2 Cat. 3

𝑅 = 0.4

𝑅 = 0.8

⇒ Changing 𝑅 provides enhanced discriminating power to the LDME



Bottomonium vs. Charmonium - preliminary
• Key Physical Parameters
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Charmonium (𝐽/𝜓) Bottomonium (𝛶(1S))

Quark Pole Mass (𝑚') ~ 1.5 GeV ~ 4.8 GeV

Velocity (𝑣() ~ 0.3 ~ 0.1

NRQCD Expansion (𝑣() Good Excellent

SCET Expansion (𝑚'
(/𝑝)() Typical Enhanced

⇒ 𝛶(1S) has smaller 𝑣# for NRQCD, it requires higher 𝑝!



Bottomonium vs. Charmonium - preliminary
• LDME Comparison : 𝛶(1S) vs. 𝐽/𝜓
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Channel 3𝑆!
[!] 3𝑆!

[#] 3𝑃%
[#] 1𝑆*

[#]

Velocity scaling ~ 𝑚'
+𝑣+ ~ 𝑚'

+𝑣, ~ 𝑚'
+𝑣, ~ 𝑚'

+𝑣,

𝐽/𝜓 (𝐺𝑒𝑉+) 0.55 0.050 0.050 0.050

𝛶(1S) (𝐺𝑒𝑉+) 3.49 0.035 0.035 0.035
Ratio (B/C) 6.31 (≫ 𝟏) 0.70	 (<	1) 0.70	 (<	1) 0.70	 (<	1)

𝜎?(100	GeV)
𝐽/𝜓, B&K𝛶(1S), Feng  et al

⇒ Enhanced Color-Singlet sensitivity in Bottomonium



Feeddown Components: 𝜒!  vs. 𝜒"  - preliminary
• LDME Comparison: 𝜒7 1𝑃  
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Channel 3𝑷𝐉
[!] 3𝑆!

[#]

Velocity scaling ~ 𝑚'
+𝑣. ~ 𝑚'

+𝑣.

𝜒/  (GeV+) 0.17 0.17

𝜒0  (GeV+) 0.35 0.35

Ratio (B/C) 2.1 (	≫ 1) 2.1 (	≫ 1)

𝜎 (60	GeV)

⇒ Prompt Υ 1𝑆  is highly sensitive to the P-wave feeddown

direct + feeddown from 𝜒F 1𝑃
direct

Υ(1𝑆), Feng et al



Conclusion
• 𝑧,  distribution (siFJF) breaks LDME degeneracy

• Threshold resummation for quarkonium FF restores convergence 
and ensures positivity in cross section

• EIC provides complementary sensitivity to quark FFs

• Bottomonium provides a testbed for the consistency of 
   SCET + NRQCD  factorization across different mass scales
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Backup
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Factorization Theorem



Backup
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Grammer-Yennie approximation

where



Backup
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Partonic cross section at the EIC (direct vs. resolved)



Backup
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Velocity Scaling 1



Backup
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Velocity Scaling 2


