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• 𝑏-hadron spectra have been 
studied with excellent precision 
by the LHC experiments
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• 𝑏-hadron spectra have been 
studied with excellent precision 
by the LHC experiments

• What can we learn about 
heavy-flavor quark 
fragmentation?

𝑩± double-differential cross-sections

LHCb Collab., JHEP 12 (2017) 026
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PDG (2024), Sec. 18

• No inherent 𝑏-quark component 
in the proton wavefunction

Unpolarized parton
distribution functions

MSHT20 NNLO

https://pdg.lbl.gov/2024/reviews/rpp2024-rev-structure-functions.pdf
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• No inherent 𝑏-quark component 
in the proton wavefunction

→ Prominent LO production is:
𝑔𝑔 → 𝑏ത𝑏, 𝑞ത𝑞 → 𝑏ത𝑏

• The gluons are frequently largely 
asymmetric in their momentum

Unpolarized parton
distribution functions
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MSHT20 NNLO
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Figure link

• No inherent 𝑏-quark component 
in the proton wavefunction

→ Prominent LO production is:
𝑔𝑔 → 𝑏ത𝑏, 𝑞ത𝑞 → 𝑏ത𝑏

• The gluons are frequently largely 
asymmetric in their momentum

• 𝒃ഥ𝒃 pairs are predominantly 
produced at small angles from 
the beam direction

25 Sep 2024

https://lhcb.web.cern.ch/speakersbureau/html/bb_ProductionAngles_130424.html
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• LHCb is a completely 
forward detector 
(2 < 𝜂 < 5)

• Low pileup (𝜇 ≈ 1)

Int. J. Mod. Phys. A 30 (2015) 153002225 Sep 2024

LHCb detector during
Run 2 (2015-2018)

https://doi.org/10.1142/S0217751X15300227
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Interaction
Point (IP)

VeLo

• LHC beampipe opened(!) for silicon tracking 
detectors to be placed closer to the beam

• Excellent primary vertex resolution of
~10 (transverse directions x, y) / ~40 (z) 𝜇m

25 Sep 2024 Int. J. Mod. Phys. A 30 (2015) 1530022
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Interaction
Point (IP)

Broad range of tracking

• Measurement of charged hadrons and 𝜇±

• Great momentum resolution 𝜎(𝑝)/𝑝 ~ 0.5%
25 Sep 2024 Int. J. Mod. Phys. A 30 (2015) 1530022

• LHCb is a completely 
forward detector 
(2 < 𝜂 < 5)

• Low pileup (𝜇 ≈ 1)

LHCb detector during
Run 2 (2015-2018)

https://doi.org/10.1142/S0217751X15300227
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Interaction
Point (IP)

Cherenkov
detectors

• Identification of particle type (PID)

• Separation of 𝜋±, 𝐾±, 𝑝± up to 100 GeV/𝒄
25 Sep 2024 Int. J. Mod. Phys. A 30 (2015) 1530022

• LHCb is a completely 
forward detector 
(2 < 𝜂 < 5)

• Low pileup (𝜇 ≈ 1)

LHCb detector during
Run 2 (2015-2018)
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Interaction
Point (IP)

Full calorimetry

• Measurement of 𝛾, 𝑒±, 𝑛, 𝐾𝐿
• Can reconstruct “full” jets with calorimetry

25 Sep 2024 Int. J. Mod. Phys. A 30 (2015) 1530022
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Interaction
Point (IP)

Full calorimetry

25 Sep 2024 Int. J. Mod. Phys. A 30 (2015) 1530022

• Measurement of 𝛾, 𝑒±, 𝑛

• Can reconstruct “full” jets with calorimetry

• LHCb is a completely 
forward detector 
(2 < 𝜂 < 5)

• Low pileup (𝜇 ≈ 1)

LHCb detector during
Run 2 (2015-2018)

LHCb is an excellent 
detector for measuring 
heavy-flavor jets in LHC 

kinematics!

https://doi.org/10.1142/S0217751X15300227
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• How are heavy qതq pairs (e.g. 𝐽/𝜓) produced according to QCD?

c

തc
𝐽/𝜓

25 Sep 2024
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• How are heavy qതq pairs (e.g. 𝐽/𝜓) produced according to QCD?

c

തc
𝐽/𝜓

𝑖

Ԧ𝑝𝑖

Ԧ𝑝jet

particle momentum fraction

25 Sep 2024

𝑧 =
𝑝T,𝑖
𝑝T,jet
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• How are heavy qതq pairs (e.g. 𝐽/𝜓) produced according to QCD?

(non-prompt)

Phys. Rev. Lett. 118, 192001 (2017)

• Both prompt and 
non-prompt (feed-
down) contributions

c

തc
𝐽/𝜓

𝑖

Ԧ𝑝𝑖

Ԧ𝑝jet

25 Sep 2024

particle momentum fraction

𝑧 =
𝑝T,𝑖
𝑝T,jet

https://doi.org/10.1103/PhysRevLett.118.192001
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• How are heavy qതq pairs (e.g. 𝐽/𝜓) produced according to QCD?

(non-prompt)

Phys. Rev. Lett. 118, 192001 (2017)

• Both prompt and 
non-prompt (feed-
down) contributions

• Charmonium from 𝑏
decays only carries 
~50% of jet energy 
→ surrounded by 𝒃-

jet fragmentation

c

തc
𝐽/𝜓

𝑖

Ԧ𝑝𝑖

Ԧ𝑝jet

25 Sep 2024

particle momentum fraction

𝑧 =
𝑝T,𝑖
𝑝T,jet

https://doi.org/10.1103/PhysRevLett.118.192001
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• How are heavy qതq pairs (e.g. 𝐽/𝜓) produced according to QCD?

(non-prompt) (Pythia 8)

Phys. Rev. Lett. 118, 192001 (2017)

c

തc
𝐽/𝜓

25 Sep 2024

particle momentum fraction 𝑧 =
𝑝T,𝑖
𝑝T,jet

https://doi.org/10.1103/PhysRevLett.118.192001
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• How are heavy qതq pairs (e.g. 𝐽/𝜓) produced according to QCD?

(non-prompt) (Pythia 8)

Phys. Rev. Lett. 118, 192001 (2017)

NRQCD predicts more isolated 𝐽/𝜓
production than seen in data

c

തc
𝐽/𝜓
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particle momentum fraction 𝑧 =
𝑝T,𝑖
𝑝T,jet

https://doi.org/10.1103/PhysRevLett.118.192001
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• How are heavy qതq pairs (e.g. 𝐽/𝜓) produced according to QCD?

(non-prompt) (Pythia 8)

This same result also observed by:
CMS: PLB 825 (2021) 136842

ATLAS: JHEP 12 (2021) 131
ALICE: preliminary

Phys. Rev. Lett. 118, 192001 (2017)

NRQCD predicts more isolated 𝐽/𝜓
production than seen in data

25 Sep 2024

particle momentum fraction 𝑧 =
𝑝T,𝑖
𝑝T,jet

https://doi.org/10.1016/j.physletb.2021.136842
https://doi.org/10.1007/JHEP12%282021%29131
https://alice-figure.web.cern.ch/node/26481
https://doi.org/10.1103/PhysRevLett.118.192001
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• How are heavy qതq pairs (e.g. 𝐽/𝜓) produced according to QCD?

(non-prompt) (Pythia 8)

Phys. Rev. Lett. 118, 192001 (2017)

This same result also observed by:
CMS: PLB 825 (2021) 136842

ATLAS: JHEP 12 (2021) 131
ALICE: preliminary

25 Sep 2024

particle momentum fraction 𝑧 =
𝑝T,𝑖
𝑝T,jet

Production of heavy quark
pairs is underestimated in the

the parton shower?

https://doi.org/10.1103/PhysRevLett.118.192001
https://doi.org/10.1016/j.physletb.2021.136842
https://doi.org/10.1007/JHEP12%282021%29131
https://alice-figure.web.cern.ch/node/26481
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• What about heavier charmonium such as 𝜓(2𝑆) (less feed-down)?

c

തc
𝜓(2𝑆)

25 Sep 2024
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• What about heavier charmonium such as 𝜓(2𝑆) (less feed-down)?

c

തc
𝜓(2𝑆)NEW!

LHCb-PAPER-2024-021 (in preparation)

(non-prompt)

25 Sep 2024

Preliminary

https://cds.cern.ch/record/2909727/
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• What about heavier charmonium such as 𝜓(2𝑆) (less feed-down)?

c

തc
𝜓(2𝑆)NEW!

(non-prompt)

• Good agreement in non-prompt 
production (similar to 𝐽/𝜓)

• Displaced 𝜓(2𝑆) carries ~60% of 
jet transverse momentum

25 Sep 2024LHCb-PAPER-2024-021 (in preparation)

Preliminary

https://cds.cern.ch/record/2909727/
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• What about heavier charmonium such as 𝜓(2𝑆) (less feed-down)?

c

തc
𝜓(2𝑆)NEW!

(non-prompt)

25 Sep 2024LHCb-PAPER-2024-021 (in preparation)

Preliminary Preliminary

https://cds.cern.ch/record/2909727/


Higher mass states

29E.D. Lesser

• What about heavier charmonium such as 𝜓(2𝑆) (less feed-down)?

c

തc
𝜓(2𝑆)NEW!

(non-prompt)

25 Sep 2024LHCb-PAPER-2024-021 (in preparation)

PreliminaryPythia 8 over-predicts
isolated 𝜓(2𝑆) – just like 𝐽/𝜓

Preliminary

https://cds.cern.ch/record/2909727/


Higher mass states

30E.D. Lesser

• What about heavier charmonium such as 𝜓(2𝑆) (less feed-down)?

c

തc
𝜓(2𝑆)NEW!

(non-prompt)

Two peaks: non-isolated & 
isolated production

25 Sep 2024LHCb-PAPER-2024-021 (in preparation)

PreliminaryPythia 8 over-predicts
isolated 𝜓(2𝑆) – just like 𝐽/𝜓

Preliminary

https://cds.cern.ch/record/2909727/
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• What about heavier charmonium such as 𝜓(2𝑆) (less feed-down)?

c

തc
𝜓(2𝑆)NEW!

• Hard jets with mostly softer 𝜓 2𝑆

25 Sep 2024LHCb-PAPER-2024-021 (in preparation)

Preliminary

https://cds.cern.ch/record/2909727/
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• What about heavier charmonium such as 𝜓(2𝑆) (less feed-down)?

c

തc
𝜓(2𝑆)NEW!

• Hard jets with mostly softer 𝜓 2𝑆

• What about harder 𝜓 2𝑆 in any 
jet momentum range?

25 Sep 2024LHCb-PAPER-2024-021 (in preparation)

Preliminary

https://cds.cern.ch/record/2909727/
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• What about heavier charmonium such as 𝜓(2𝑆) (less feed-down)?

c

തc
𝜓(2𝑆)NEW!

25 Sep 2024LHCb-PAPER-2024-021 (in preparation)

Preliminary Preliminary

Hard jet
Hard meson

https://cds.cern.ch/record/2909727/
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• What about heavier charmonium such as 𝜓(2𝑆) (less feed-down)?

c

തc
𝜓(2𝑆)NEW!

Harder 𝜓(2𝑆): more 
isolated production

25 Sep 2024LHCb-PAPER-2024-021 (in preparation)

Preliminary Preliminary

Hard jet
Hard meson

https://cds.cern.ch/record/2909727/
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• How is tetraquark / 𝐷ഥ𝐷∗ molecule candidate 𝜒𝑐1(3872) produced?

c

തc
𝜒𝑐1NEW! തc?

c?

25 Sep 2024LHCb-PAPER-2024-021 (in preparation)

https://cds.cern.ch/record/2909727/
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c

തc
𝜒𝑐1NEW! തc?

c?

• How is tetraquark / 𝐷ഥ𝐷∗ molecule candidate 𝜒𝑐1(3872) produced?

Hard jet

25 Sep 2024LHCb-PAPER-2024-021 (in preparation)

Preliminary

https://cds.cern.ch/record/2909727/
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c

തc
𝜒𝑐1NEW! തc?

c?

• How is tetraquark / 𝐷ഥ𝐷∗ molecule candidate 𝜒𝑐1(3872) produced?

25 Sep 2024LHCb-PAPER-2024-021 (in preparation)

Preliminary

Non-isolated

Hard jet

https://cds.cern.ch/record/2909727/
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c

തc
𝜒𝑐1NEW! തc?

c?

• How is tetraquark / 𝐷ഥ𝐷∗ molecule candidate 𝜒𝑐1(3872) produced?

25 Sep 2024LHCb-PAPER-2024-021 (in preparation)

Preliminary

Hard meson

Preliminary

Non-isolated

Isolated

Hard jet

https://cds.cern.ch/record/2909727/
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c

തc
𝜒𝑐1NEW! തc?

c?

• How is tetraquark / 𝐷ഥ𝐷∗ molecule candidate 𝜒𝑐1(3872) produced?

Hard jet

25 Sep 2024LHCb-PAPER-2024-021 (in preparation)

PreliminaryPreliminary

Non-isolated

Isolated

Hard meson
If charmonium is mostly 

produced in parton shower, 
→ not a clean probe of QGP 

initial state?

https://cds.cern.ch/record/2909727/
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𝑧 =
Ԧ𝑝jet ∙ Ԧ𝑝𝑖

Ԧ𝑝jet
2

𝑖

Ԧ𝑝𝑖

Ԧ𝑝jet
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𝑧 =
Ԧ𝑝jet ∙ Ԧ𝑝𝑖

Ԧ𝑝jet
2

• Measurement for inclusive 𝐙𝟎+jets (light quark enriched)

𝑖

Ԧ𝑝𝑖

Ԧ𝑝jet

Z0



Jet fragmentation functions

42E.D. Lesser 11 June 2024 Phys. Rev. D 108 (2023) L031103

𝑝T
jet

𝑙𝑜𝑤 ℎ𝑖𝑔ℎ

𝑧 =
Ԧ𝑝jet ∙ Ԧ𝑝𝑖

Ԧ𝑝jet
2

𝑖

Ԧ𝑝𝑖

Ԧ𝑝jet

Z0

• Measurement for inclusive 𝐙𝟎+jets (light quark enriched)

https://doi.org/10.1103/PhysRevD.108.L031103
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jet
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𝑧 =
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Ԧ𝑝jet
2

𝑖
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Ԧ𝑝jet

Z0

• Measurement for inclusive 𝐙𝟎+jets (light quark enriched)
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𝑝T
jet

𝑙𝑜𝑤 ℎ𝑖𝑔ℎ

𝑧 =
Ԧ𝑝jet ∙ Ԧ𝑝𝑖

Ԧ𝑝jet
2

𝑖

Ԧ𝑝𝑖

Ԧ𝑝jet

Z0

• Measurement for inclusive 𝐙𝟎+jets (light quark enriched)

PYTHIA overpredicts 
production of 

heavier hadrons at 
low 𝑝T and at high 𝑧
→ gluon effects?

https://doi.org/10.1103/PhysRevD.108.L031103
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𝑝T
jet

𝑙𝑜𝑤 ℎ𝑖𝑔ℎ

𝑧 =
Ԧ𝑝jet ∙ Ԧ𝑝𝑖

Ԧ𝑝jet
2

𝑖

Ԧ𝑝𝑖

Ԧ𝑝jet

Z0

• Measurement for inclusive 𝐙𝟎+jets (light quark enriched)

PYTHIA overpredicts 
production of 

heavier hadrons at 
low 𝑝T and at high 𝑧
→ gluon effects?

Ongoing measurement of jet 
fragmentation functions for

HF jets (more soon!)

https://doi.org/10.1103/PhysRevD.108.L031103
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• Invariant jet mass, 𝑚jet = 𝐸jet
2 − 𝑝jet

2 ≈ 𝑄parton
2
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2 ≈ 𝑄parton
2
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⊗

⊗

25 Sep 2024
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• Invariant jet mass, 𝑚jet = 𝐸jet
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NEW!

⊗

⊗

Small 𝑚jet Large 𝑚jet
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NEW!

⊗

⊗

Small 𝑚jet Large 𝑚jet

Recently studied for inclusive jets
→ How is quark virtuality

modified with larger quark mass?
→ Ongoing LHCb measurement 

with 𝑩±-jets
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• Cannot separate qതq → qതqg corrections to gg and qതq at Born level

51E.D. Lesser

LO NLO

Flavor definition problem

Banfi, Salam, Zanderighi, EPJC 47 (2006) 113-124

25 Sep 2024

https://doi.org/10.1140/epjc/s2006-02552-4


• Cannot separate qതq → qതqg corrections to gg and qതq at Born level
→ solution: use an IRC-safe algorithm like anti-𝑘T to define the flavor
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LO NLO

Flavor definition problem

Banfi, Salam, Zanderighi, EPJC 47 (2006) 113-124

25 Sep 2024

https://doi.org/10.1140/epjc/s2006-02552-4


തb

b

Light-
flavor jet

Light-flavor
jet

• Cannot separate qതq → qതqg corrections to gg and qതq at Born level
→ solution: use an IRC-safe algorithm like anti-𝑘T to define the flavor

• But soft gluons ruin this at NNLO

53E.D. Lesser

LO NLO

Flavor definition problem

Banfi, Salam, Zanderighi, EPJC 47 (2006) 113-124

25 Sep 2024

https://doi.org/10.1140/epjc/s2006-02552-4
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New flavor tagging algorithms
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• Study 𝐷0-jet cross section

c

ത𝑢
𝐷0

25 Sep 2024



New flavor tagging algorithms
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• Study 𝐷0-jet cross section with new 
flavor-tagging algorithms:

• Winner-Take-All (WTA) + C/A reclustering

• Interleaved Flavor Neutralization (IFN)

• Flavor dressing (GHS)

• CMP (distance metric modification)

• New algorithms calculable at NNLO(+)

JHEP 10 (2022) 158

arXiv:2306.07314 [hep-ph]

arXiv:2208.11138 [hep-ph]

JHEP 04 (2023) 138

c

ത𝑢
𝐷0

25 Sep 2024

https://doi.org/10.1007/JHEP10%282022%29158
https://doi.org/10.48550/arXiv.2306.07314
https://doi.org/10.48550/arXiv.2208.11138
https://doi.org/10.1007/JHEP04%282023%29138
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Private (non-LHCb) sim.
Pythia 8 Monash 2013

𝑅 = 0.5 full jets

2.5 < 𝜂jet < 4.5

𝑠 = 5.02 TeV

𝐷0 → 𝐾 𝜋

• Study 𝐷0-jet cross section with new 
flavor-tagging algorithms:

• Winner-Take-All (WTA) + C/A reclustering

• Interleaved Flavor Neutralization (IFN)

• Flavor dressing (GHS)

• CMP (distance metric modification)
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• Study 𝐵±-jet cross section

• Tagging fraction is much higher
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• Study 𝐵±-jet cross section

• Tagging fraction is much higher

• How is substructure affected?
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Useful probe for gluon splitting 
modification in heavy-ion collisions 
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• LHCb is an excellent experiment for HF-jet studies in a mostly 
unexplored kinematic region!

• Strong evidence of non-isolated charmonium production in
higher mass states

• Larger than expected in-shower production could explain this

• Could imply that charmonium is not a clean probe for QGP initial conditions?

• Ongoing studies using new flavor tagging algorithms (including 
Lund jet plane, jet mass, groomed observables, EECs, and others)

• More exciting new results soon!
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1) Reconstructing individual decay channels
• e.g., 𝐵± → (𝐽/𝜓 → 𝜇+𝜇−) 𝐾±

• Minimal bias on the reconstructed HF-hadron candidates

2) Reconstructing secondary vertices (SVs)
• Build SV from tracks which are displaced from the primary vertex (PV)
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• Several dedicated hadronic triggers for high-statistics jet measurements 
containing a wide variety of hadrons

Comput. Softw. Big Sci. 7 (2023), no. 6

“Ntuple Wizard” for selecting decay(s)

• Will be available for LHCb open data

• Currently in alpha testing (internal)

25 Sep 2024
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Jets with single HF-decay channel
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• Several dedicated hadronic triggers for high-statistics jet measurements 
containing a wide variety of hadrons

• Several (including some ongoing) LHCb measurements use this approach

• Possibility to reconstruct multiple decay channels at once
• E.g., 𝐵± → (𝐽/𝜓 → 𝜇+𝜇−) 𝐾± plus  𝐵± → (𝐷0 → 𝐾±𝜋∓) 𝜋±

• Still impossible to reconstruct all HF hadrons through all decay channels
• Must be taken into consideration when studying new jet flavor algorithms
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Pythia 8 for testing flavor tagging
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• Use Pythia 8 with HardQCD:all=on (enabling all 2 → 2 matrix elements)
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• Use Pythia 8 with HardQCD:all=on (enabling all 2 → 2 matrix elements)

• Check at parton level for at least one HF quark after the shower
• HF quark required to be within 1 < |η| < 6 (for hadrons, 2 < |ηLHCb| < 5)
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• Check at parton level for at least one HF quark after the shower
• HF quark required to be within 1 < |η| < 6 (for hadrons, 2 < |ηLHCb| < 5)

• Repeat hadronization until the HF hadron of interest is produced in the event
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• Use Pythia 8 with HardQCD:all=on (enabling all 2 → 2 matrix elements)

• Check at parton level for at least one HF quark after the shower
• HF quark required to be within 1 < |η| < 6 (for hadrons, 2 < |ηLHCb| < 5)

• Repeat hadronization until the HF hadron of interest is produced in the event

• Reconstruct jets and study those containing the HF hadron of interest
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Pythia 8 for testing flavor tagging

25 Sep 2024



“Winner-Take-All” flavor tagging
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Caletti, Larkoski, Marzani, Reichelt
JHEP 10 (2022) 158

See Andrew Larkoski’s talk from public LHCb meeting on flavor 
algorithms: https://indico.cern.ch/e/LHCb-jet-flavor
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• Reconstruct jets in way you like (e.g. standard anti-𝑘T)

• Recluster jets using IRC-safe algorithm (e.g. C/A) and WTA recombination
• Defines jet axis as the one which follows the hardest branch

• Call the jet flavor the sum of flavors which lie along the WTA axis

• This WTA flavor definition is completely soft resilient → IR-safe
• Not collinear safe, so introduce (perturbative) “flavor fragmentation function”

Caletti, Larkoski, Marzani, Reichelt
JHEP 10 (2022) 158

See Andrew Larkoski’s talk from public LHCb meeting on flavor 
algorithms: https://indico.cern.ch/e/LHCb-jet-flavor

Can compare experimental
data to direct theoretical
predictions up to NNLO!
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JHEP 10 (2022) 158

“Winner-Take-All” flavor tagging
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Small variation in tagging
in our 𝑝T,jet range:

explicitly probe mass
vs. momentum effects
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Charm quark fragmentation
• Λc

+ baryon softer than D0 meson?
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Hint of similar 2-peak structure in 
recent ALICE open charm results?
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