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Precision & exploration



Quarkonia: Precision & Exploration

Hadronic structure: Assets
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Quarkonia: Precision & Exploration

Hadronic structure: Assets Precision QCD: Challenges

Forward Onia    Gluon PDF & TMD Positivity⇒

🔗 [G. Altarelli et al. (1998)]   
🔗 [A. Candido et al. (2020)]  
🔗 [J. Collins et al. (2022)]   

🔗 [A. Candido et al. (2023)] 

Low x and low Q2

🔗 [A. Bacchetta, F.G. C., M. Radici, P. Taels (EPJC 2020)]

Boer-Mulders

EIC, LHCb, LHCspin

↔

Sivers

EIC, LHCspin

→

🔗 [A. Bacchetta, F.G. C., M. Radici (EPJC 2024)]

replica 11 x = 10°1

g

xΩp!(x, px, py)

°1.0 °0.5 0.0 0.5 1.0

px [GeV]

0

1

py = 0

0 2
°1.0

°0.5

0.0

0.5

1.0

p
y

[G
eV

]

px = 0

0.2

0.4

0.6

0.8

1.0

1.2

replica 11 x = 10°1

g

xΩ$(x, px, py)

°1.0 °0.5 0.0 0.5 1.0

px [GeV]

0

2

py = 0

0.00 0.02
°1.0

°0.5

0.0

0.5

1.0

p
y

[G
eV

]

px = 0

0.5

1.0

1.5

2.0

3Hors d’œuvre

https://arxiv.org/abs/hep-ph/9806345
https://arxiv.org/abs/2006.07377
https://arxiv.org/abs/2111.01170
https://arxiv.org/abs/2308.00025
https://arxiv.org/abs/hep-ph/9806345
https://arxiv.org/abs/2006.07377
https://arxiv.org/abs/2111.01170
https://arxiv.org/abs/2308.00025
https://arxiv.org/abs/2005.02288
https://arxiv.org/abs/2005.02288
https://arxiv.org/abs/2402.17556
https://arxiv.org/abs/2402.17556


Quarkonia: Precision & Exploration

Hadronic structure: Assets Precision QCD: Challenges

    Valence Intrinsic Charm @EICγ + g → J/ψ + c ⇒

(  @EIC) 🔗 [C. Flore, J.-P. Lansberg, H.-S. Shao, Y, Yedelkina (2020)] 
(Intrinsic Charm + valence) studies 🔗🔗 [NNPDF Collaboration (2022, 2023)]

J/ψ

Large x 

Moderate to large pT

Forward Onia    Gluon PDF & TMD Positivity⇒

🔗 [G. Altarelli et al. (1998)]   
🔗 [A. Candido et al. (2020)]  
🔗 [J. Collins et al. (2022)]   

🔗 [A. Candido et al. (2023)] 

Low x and low Q2

🔗 [A. Bacchetta, F.G. C., M. Radici, P. Taels (EPJC 2020)]

Boer-Mulders

EIC, LHCb, LHCspin

↔

Sivers
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→

🔗 [A. Bacchetta, F.G. C., M. Radici (EPJC 2024)]

replica 11 x = 10°1

g

xΩp!(x, px, py)

°1.0 °0.5 0.0 0.5 1.0

px [GeV]

0

1

py = 0

0 2
°1.0

°0.5

0.0

0.5

1.0

p
y

[G
eV

]

px = 0

0.2

0.4

0.6

0.8

1.0

1.2

replica 11 x = 10°1

g

xΩ$(x, px, py)

°1.0 °0.5 0.0 0.5 1.0

px [GeV]

0

2

py = 0

0.00 0.02
°1.0

°0.5

0.0

0.5

1.0

p
y

[G
eV

]

px = 0

0.5

1.0

1.5

2.0

3Hors d’œuvre

https://arxiv.org/abs/2009.08264
https://arxiv.org/abs/2208.08372
https://arxiv.org/abs/2311.00743
https://arxiv.org/abs/2009.08264
https://arxiv.org/abs/2208.08372
https://arxiv.org/abs/2311.00743
https://arxiv.org/abs/hep-ph/9806345
https://arxiv.org/abs/2006.07377
https://arxiv.org/abs/2111.01170
https://arxiv.org/abs/2308.00025
https://arxiv.org/abs/hep-ph/9806345
https://arxiv.org/abs/2006.07377
https://arxiv.org/abs/2111.01170
https://arxiv.org/abs/2308.00025
https://arxiv.org/abs/2005.02288
https://arxiv.org/abs/2005.02288
https://arxiv.org/abs/2402.17556
https://arxiv.org/abs/2402.17556


Quarkonium 
formation 

from  NRQCD

2



Highlights of Non-Relativistic QCD

5
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.Heavy-quark spinor fields as NR DOFs in the NQRCD Lagrangian

→ → QQ̄
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Heavy-Flavor Non-Relativistic evolution

3.1  The best of the Two Worlds

Hadronic structure 

Quarkonium theory
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Heavy-Flavor Non-Relativistic evolution

3.1  The best of the Two Worlds

Hadronic structure 

Quarkonium theory

Precision QCD 

COllinear Factorization

 Guiding principle      ¡ Use the best of the Two Worlds as much as we can !   ⇒
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Heavy-Flavor Non-Relativistic evolution

3.2  HF-NRevo: Interpretation 9

HF-NRevo

Interpretation Evolution Uncertainties

  NRQCD    proxy for initial-scale FF inputs 

  A heavy-flavor-scheme based vision 

  Low vs large pT    FFNS vs VFNS fragmentation

⇒

⇒



From low energies to high energies

Low     two-parton FFs 

Genuine higher-twist FFNS FFs

pT ⇒ High     single-parton FFs 

Twist-2 VFNS FFs + power corrections

pT ⇒

103.2  HF-NRevo: Interpretation
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  TMD matching tails    different singularities⇒
🔗 [D. Boer, J. Bor, L. Maxia, C. Pisano, F. Yuan (2023)]

Matching low & high pT

https://arxiv.org/abs/2304.09473
https://arxiv.org/abs/2304.09473
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  TMD matching tails    different singularities⇒
🔗 [D. Boer, J. Bor, L. Maxia, C. Pisano, F. Yuan (2023)]

Matching low & high pT

🔗 [S. Fleming, A.K. Leibovich, T. Mehen, I.Z. Rothstein (2012)]

  Short-distance    double-parton FFs (SCET)⇔
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From low energies to high energies

Low     two-parton FFs 
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Heavy-Flavor Non-Relativistic evolution

3.3  HF-NRevo: Evolution 13

HF-NRevo

Interpretation Evolution Uncertainties

  Proper DGLAP collinear evolution 

  Thresholds at work for all partons 

  Two-step strategy    ⇒ 𝙴𝙳𝚎𝚟𝚘 ⊗ 𝙰𝙾𝚎𝚟𝚘
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HF-NRevo:  Initial-scale NRCQD inputs
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Vector  J/ψ
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HF-NRevo:  Initial-scale NRCQD inputs
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Heavy-Flavor Non-Relativistic evolution

3.4  HF-NRevo: Uncertainties 18

HF-NRevo

Interpretation Evolution Uncertainties

  Initial-scale MHOUs     first systematic analysis 

  Idea      🔗 🔗  &   🔗  MHOUs 

  Future    extraction of NP LDMEs from data

⇒

⇔ 𝚃𝚑𝙲𝚘𝚟𝙼 𝙼𝙲𝚜𝚌𝚊𝚕𝚎𝚜

⇐

https://arxiv.org/abs/2303.01789
https://arxiv.org/abs/2401.10319
https://arxiv.org/abs/2207.07616
https://arxiv.org/abs/2303.01789
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Towards  NRFF1.0:  MHOU-replica analysis
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[F. G. C., in preparation]

NRFF1.0:  Gluon fragmentation to charmonia

22
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NRFF1.0:  Gluon fragmentation to bottomonia
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NRFF1.0:  Charm fragmentation to charmonia
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NRFF1.0:  Bottom fragmentation to bottomonia
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.From NRQCD FFs to semi-inclusive fragmenting jet functions (siFJFs)

.FJ coefficients    known at NLO⇒
🔗 [M. Baumgart, A.K. Leibovich, T. Mehen, I.Z. Rothstein (2014)] (  in jet) 

🔗 [Z.-B. Kang, F. Ringer, I. Vitet (2016)] (hadron in jet, SCET, anti-  & cone) 

🔗 [Z.-B. Kang, J.-W. Chiu, F. Ringer, H. Xing, H. Zhang (2017)] (  in jet)

J/ψ
kT

J/ψ

5.1  Towards NRFF1.0jet [F. G. C., in preparation]

https://arxiv.org/abs/1406.2295
https://arxiv.org/abs/1606.07063
https://arxiv.org/abs/1702.03287
https://arxiv.org/abs/1406.2295
https://arxiv.org/abs/1606.07063
https://arxiv.org/abs/1702.03287
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.RG evolution for siFJFs    two-step timelike DGLAP⇔

.Phenomenology opportunities with quarkonium-in-jet FFs

.  Jet Substructure, Mass and Fragmentation 

   Jet Radius Resummation and Angularities
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  NRFF1.0    basis for explorations at new-gen colliders⇒

  NRFF1.0jet    mapping heavy-jet substructure⇒

  Phenomenology at (aN)NLO    Color Octet, GM-VFNS matching⇒

  AI-based extraction of onium FFs 
¡ Thanks for 

the attention !
29Quarkonium FFs: NRQCD and beyond



30

Extras



Towards  NRFF1.0jet: Fragmenting Jet Coefficients

🔗 [Z.-B. Kang, F. Ringer, I. Vitet (2016)] (hadron, in jet, SCET, anti-  & cone)kT
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Quarkonium physics: Assets & challenges

Assets Challenges

Initial-state color flow     gauge link⇒ [ − , − ]

Precision level    production mechanism(s)⇔
(production mechanisms, (HL-)LHC pheno) 🔗 [Quarkonia As Tools (2022)]

TMD PDF

    valence Intrinsic Charm @EICγ + g → J/ψ + c ⇒

(polarized gluon TMDs) 🔗 [A. Bacchetta, F. G. C., M. Radici (2024)] 
(  @EIC) 🔗 [C. Flore, J.-P. Lansberg, H.-S. Shao, Y, Yedelkina (2020)] 

(Intrinsic Charm + valence) studies 🔗🔗 [NNPDF Collaboration (2022, 2023)]
J/ψ

EIC studies: 

large x 

moderate to large pT

https://arxiv.org/abs/2012.14161
https://arxiv.org/abs/2012.14161
https://arxiv.org/abs/2402.17556
https://arxiv.org/abs/2009.08264
https://arxiv.org/abs/2208.08372
https://arxiv.org/abs/2311.00743
https://arxiv.org/abs/2402.17556
https://arxiv.org/abs/2009.08264
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Onia    clean channels of f-type gluon TMDs⇒

Quarkonium physics: Assets & challenges

Assets Challenges

Initial-state color flow     gauge link⇒ [ − , − ]

 Color Evaporation Model  🔗 🔗 

   decorrelated from onium, semi-soft gluon emissions 
  Polarization effects genuinely missed 
  Wrong photo- vs hadroproduction universality

(QQ̄)

 Color Singlet Model  🔗 🔗 

   to onium, no gluon emissions 
  Infrared divergences at NLO in P-wave decays  
  Fails at large pT, improves at NLO

(QQ̄)

 NRQCD and Color Octet  🔗 🔗  🔗 🔗  🔗 

  Most complete formalism, cures P-wave divergences 
  Higher Fock states, soft gluon emissions  
  Fragmentation & polarization studies needed

Precision level    production mechanism(s)⇔
(production mechanisms, (HL-)LHC pheno) 🔗 [Quarkonia As Tools (2022)]

TMD PDF

    valence Intrinsic Charm @EICγ + g → J/ψ + c ⇒

(polarized gluon TMDs) 🔗 [A. Bacchetta, F. G. C., M. Radici (2024)] 
(  @EIC) 🔗 [C. Flore, J.-P. Lansberg, H.-S. Shao, Y, Yedelkina (2020)] 

(Intrinsic Charm + valence) studies 🔗🔗 [NNPDF Collaboration (2022, 2023)]
J/ψ

EIC studies: 

large x 

moderate to large pT

https://inspirehep.net/literature/118713
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https://inspirehep.net/literature/118713
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Short-distance production
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Vector quarkonium from single-parton fragmentation

  ¡ Let us consider  and  at large     initial-scale heavy-quark  gluon from NRQCD !J/ψ Υ pT → +

🔗 [My talk at the Higgs Centre, Edinburgh (2023)] 

🔗 [F. G. C., M. Fucilla, Eur. Phys. J. C 82 (2022) 10, 929]

(LO) 🔗 [E. Braaten et al., Phys. Rev. D 48 (1993) 4230-4235] 
(NLO) 🔗 [X. Zheng et al., Phys. Rev. D 100 (2019) 1, 014005]

c/b c̄/b̄

Q

CS   at  (Q → 𝒬 Q) μ0 = 3mQ
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Towards NRFF1.0:  ¿ Quarkonium FF Kinetic Energy ?

🔗 [Talk by Stefano Forte at the EIC Early Career Workshop 2023]
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Quarkonium discovery (1974): SLAC & BNL (🇺🇸), then Frascati (🇮🇹)      → J/ψ

Proof of the existence of the charm quark ( )…c

…and of quarks as real particles and not as mathematical artifacts

GIM mechanism (1970)      charm to explain electroweak flavor rotation →

Proof of asymptotic freedom  &  confinement        resonance← ψ(2S)

Quarkonia      easy to measure, difficult to understand →¡!



Spectroscopic notation for quarkonia

<latexit sha1_base64="GYdI7tMrkVn41CoXJL8md3fhP0E="></latexit>

[n] ⌘ 2S+1L(c)
J

Spin

Orbital angular momentum Total angular momentum

J = L + S

Color: Singlet (CS) or Octet (CO)
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  Describe the internal structure of the nucleon (PDFs) and the dynamic formation of hadrons (FFs) 
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 Several types of functions (1D collinear, 3D TMD, 3D GPD, …) 

  Follow from different factorization theorems 

  Exhibit peculiar universality properties 

  Obey distinct evolution equations

Parton Distribution Functions & Fragmentation Functions
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Heavy-Light Hadrons



From Higgs + jet to bound states

 🔗 [F. G. C., Eur. Phys. J. C 81 (2021) 8, 691]

https://arxiv.org/abs/2008.00501
https://arxiv.org/abs/2008.00501
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Stability under scale variations & NLL corrections

Hybrid factorization @work:   baryons  versus   hyperons  Λc |udc⟩ Λ |uds⟩
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p(P1) + p(P2) ! Hb(pH1, yH1) + X + Hb(pH2, yH2)

Cµ = 1

Cµ = 2

Cµ = 4

Cµ = 10

Cµ = 20

Cµ = 30

 (  hadrons, in this slide) 🔗 [F. G. C. et al., Phys. Rev. D 104 (2021) 11, 114007] 
 (  baryons) 🔗 [F. G. C. et al., Eur. Phys. J. C 81 (2021) 8, 780]

Hb

Λc

-flavor FF heavily dominatesb

Gluon FF increases with μF

Rapidity distribution very stable under scale variations
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Forward-hadron LO impact factor    gluon FF enhanced by gluon PDF in collinear convolution⇒
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Stabilizing effects of heavy-flavor fragmentation
Stabilization mechanism encoded in the heavy-flavor gluon FF

 (NLO impact factor) 🔗 [D. Yu. Ivanov, A. Papa JHEP 07 (2012) 045]

Gluon FF rises with energy    this compensates PDF and BFKL kernel decreasing behavior⇒

Forward-hadron LO impact factor    gluon FF enhanced by gluon PDF in collinear convolution⇒

Forward-hadron NLO impact factor    a non-diagonal heavy-flavor channel open...⇒

…but  |Cgg | ∼ 50 ÷ 104 |Cgq |

https://arxiv.org/abs/1205.6068
https://arxiv.org/abs/1205.6068
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Is the natural stability robust?

(1)   KKSS07 and KKSS19 VFNS collinear FFs share the same extraction technology

¿ Might natural stability be related to the given FF determination(s) ?

(2)   KKSS07 and KKSS19 VFNS collinear FFs assume no initial-scale gluon, but evolution-driven

¿ Might natural stability be artificially generated by this Ansatz ?
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(1)   ¡ Let us consider  and  at large     single-parton fragmentation from NRQCD !J/ψ Υ pT →

Pb

q/g(xbPb)

Pa

q/g(xaPa)

🔗 [F. G. C. et al., Eur. Phys. J. C 82 (2022) 10, 929]

c/b c̄/b̄

Q

(LO) 🔗 [E. Braaten et al., Phys. Rev. D 48 (1993) 4230-4235] 
(NLO) 🔗 [X. Zheng et al., Phys. Rev. D 100 (2019) 1, 014005]

https://arxiv.org/abs/2202.12227
https://arxiv.org/abs/2202.12227
https://arxiv.org/abs/hep-ph/9302307
https://arxiv.org/abs/1905.09171
https://arxiv.org/abs/hep-ph/9302307
https://arxiv.org/abs/1905.09171
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