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Access to lower 
𝒛 at higher 𝒑𝐓

PYTHIA overpredicts 
production of 

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

Ongoing measurement of jet 
fragmentation functions for
open HF in jets (more soon!)

Phys. Rev. D 108 (2023) L031103

https://doi.org/10.1103/PhysRevD.108.L031103
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• How are heavy qതq pairs (e.g. 𝐽/𝜓) produced according to QCD?

(non-prompt)
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(non-prompt)

• Both prompt and 
non-prompt (feed-
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decays only carries 
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jet fragmentation
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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

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

particle momentum fraction 𝑧 =
𝑝T,𝑖
𝑝T,jet

25 Oct 2024Phys. Rev. Lett. 118 (2017) 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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• 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

particle momentum fraction 𝑧 =
𝑝T,𝑖
𝑝T,jet

Production of heavy quark
pairs is underestimated in the

the parton shower?
25 Oct 2024Phys. Rev. Lett. 118 (2017) 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
https://doi.org/10.1103/PhysRevLett.118.192001
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• What about heavier charmonium such as 𝜓(2𝑆) (less feed-down)?

c

തc
𝜓(2𝑆)

(non-prompt)

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

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

LHCb-PAPER-2024-021 (in preparation)

Preliminary
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• What about heavier charmonium such as 𝜓(2𝑆) (less feed-down)?
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Two peaks: non-isolated & 
isolated production
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• What about heavier charmonium such as 𝜓(2𝑆) (less feed-down)?

c

തc
𝜓(2𝑆)

• Hard jets with mostly softer 𝜓 2𝑆

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

LHCb-PAPER-2024-021 (in preparation)

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

c

തc
𝜓(2𝑆)

Harder 𝜓(2𝑆): more 
isolated production

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

Preliminary Preliminary

Hard jet
Hard meson

Higher mass states

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

തc?

c?

LHCb-PAPER-2024-021 (in preparation) 25 Oct 2024
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Hard jet
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• How is tetraquark / 𝐷ഥ𝐷∗ molecule candidate 𝜒𝑐1(3872) produced?

LHCb-PAPER-2024-021 (in preparation)
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• How is tetraquark / 𝐷ഥ𝐷∗ molecule candidate 𝜒𝑐1(3872) produced?
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• How is tetraquark / 𝐷ഥ𝐷∗ molecule candidate 𝜒𝑐1(3872) produced?

Hard jet

LHCb-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?

25 Oct 2024
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• Search for intrinsic charm
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NLO NNPDF Collab.
Nature 608 (2022) 483-487

“We establish 
the existence of
intrinsic charm 
at the 3σ level”

25 Oct 2024

https://doi.org/10.1038/s41586-022-04998-2
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• NNLO predictions now available
• Requires use of IRC-safe flavor tagging 

algorithm

Repeat with Run 3 data 
(better statistics)?

25 Oct 2024
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• NNLO predictions now available
• Requires use of IRC-safe flavor tagging 

algorithm

• See LHCb public meeting on jet flavor 
algorithms (hosted by QEE): 
https://indico.cern.ch/event/LHCb-jet-flavor

Repeat with Run 3 data 
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• NNLO predictions now available
• Requires use of IRC-safe flavor tagging 

algorithm

• See LHCb public meeting on jet flavor 
algorithms (hosted by QEE): 
https://indico.cern.ch/event/LHCb-jet-flavor

• Possibility to resolve the 3σ discrepancy
with a new Run 3 measurement, using 
higher-precision experimental & 
theoretical methods

Repeat with Run 3 data 
(better statistics)?

25 Oct 2024 Eur. Phys. J. C 83 (2023) 4, 336

https://indico.cern.ch/event/LHCb-jet-flavor
https://doi.org/10.1140/epjc/s10052-023-11530-x
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• Studies of hadronic structure (e.g. intrinsic charm)

• Inclusive/HF jet and hadron cross sections
• Also an important QCD background to constrain for searches

•High-precision measurements of jet substructure
• Jet mass & angularities, energy-energy correlators, Lund jet 

plane, N-subjettiness, …
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• Differential in 𝑠, rapidity 𝑦, transverse momentum 𝑝T, 
“idealized” variable 𝜙𝜂

∗ (similar physics as 𝑝T)

Disagrees?

Agrees?

JHEP 2207 (2022) 026 JHEP 2402 (2024) 070

Difference from:
• Different Z0 boost?

• Different gluon contribution?
More investigation needed

http://dx.doi.org/10.1007/JHEP07(2022)026
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Z0 𝜇−
𝜇+

𝜃, 𝜙 of 𝜇+ in the 
Collins-Soper frame

Phys. Rev. Lett. 129 (2022) 091801

https://doi.org/10.1103/PhysRevLett.129.091801
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Z0 𝜇−
𝜇+

𝜃, 𝜙 of 𝜇+ in the 
Collins-Soper frame

Phys. Rev. Lett. 129 (2022) 091801

https://doi.org/10.1103/PhysRevLett.129.091801


Precision Z0 angular coefficients

67E.D. Lesser 25 Oct 2024

Z0 𝜇−
𝜇+

𝜃, 𝜙 of 𝜇+ in the 
Collins-Soper frame

Pythia8 (LHCb tune) in
strong disagreement

with data

Phys. Rev. Lett. 129 (2022) 091801

https://doi.org/10.1103/PhysRevLett.129.091801
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Z0 𝜇−
𝜇+

𝜃, 𝜙 of 𝜇+ in the 
Collins-Soper frame

Pythia8 (LHCb tune) in
strong disagreement

with data

Phys. Rev. Lett. 129 (2022) 091801

https://doi.org/10.1103/PhysRevLett.129.091801


Precision Z0 angular coefficients

69E.D. Lesser 25 Oct 2024

Z0 𝜇−
𝜇+

𝜃, 𝜙 of 𝜇+ in the 
Collins-Soper frame

Angular descriptions under worse
control than cross sections

Phys. Rev. Lett. 129 (2022) 091801

https://doi.org/10.1103/PhysRevLett.129.091801


Precision Z0 angular coefficients
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Z0 𝜇−
𝜇+

𝜃, 𝜙 of 𝜇+ in the 
Collins-Soper frame

Probes the Boer-Mulders TMD PDF:
spin-momentum correlations in 𝑝+?*

*(see backup)

Phys. Rev. Lett. 129 (2022) 091801

Angular descriptions under worse
control than cross sections

https://doi.org/10.1103/PhysRevLett.129.091801
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Z0 𝜇−
𝜇+

𝜃, 𝜙 of 𝜇+ in the 
Collins-Soper frame

Lam-Tung violation, consistent
with earlier measurements

Phys. Rev. Lett. 129 (2022) 091801

https://doi.org/10.1103/PhysRevLett.129.091801


Precision Z0 angular coefficients

72E.D. Lesser 25 Oct 2024

Z0 𝜇−
𝜇+

𝜃, 𝜙 of 𝜇+ in the 
Collins-Soper frame

Lam-Tung violation, consistent
with earlier measurementsData awaiting in-depth precision 

theoretical exploration!
Ongoing studies with Run 1 data 

to cross-check Run 2 results
Phys. Rev. Lett. 129 (2022) 091801

https://doi.org/10.1103/PhysRevLett.129.091801


Exciting prospects with Run 3 data
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LHCb-FIGURE-2024-020 

𝑍0 → 𝜇+𝜇−

https://cds.cern.ch/record/2909648


Exciting prospects with Run 3 data
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• Enhanced Run 3 
statistics offer 
unprecedented 
opportunity for 
future EW 
measurements! 

LHCb-FIGURE-2024-020 

𝑍0 → 𝜇+𝜇−

https://cds.cern.ch/record/2909648
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• How well does the SM predict 𝐻 → 𝑏ത𝑏, 𝑐 ҧ𝑐 ?
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• How well does the SM predict 𝐻 → 𝑏ത𝑏, 𝑐 ҧ𝑐 ?

• Dijet invariant mass 
𝒎𝒋𝒋: QCD background 
for these Higgs decays

JHEP 02 (2021) 023

https://doi.org/10.1007/JHEP02%282021%29023


Studying elusive Higgs decays

77E.D. Lesser 25 Oct 2024

• How well does the SM predict 𝐻 → 𝑏ത𝑏, 𝑐 ҧ𝑐 ?

• Dijet invariant mass 
𝒎𝒋𝒋: QCD background 
for these Higgs decays

• Use modern Deep 
Neural Network (DNN) 
approach to improve 
heavy-flavor tagging (vs. 
Secondary Vertex Tag)

LHCb-FIGURE-2023-029

Tagging eff., 𝒃ഥ𝒃 channel Tagging eff., 𝒄ത𝒄 channel

https://cds.cern.ch/record/2882626
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• How well does the SM predict 𝐻 → 𝑏ത𝑏, 𝑐 ҧ𝑐 ?

• Dijet invariant mass 
𝒎𝒋𝒋: QCD background 
for these Higgs decays

• Use modern Deep 
Neural Network (DNN) 
approach to improve 
heavy-flavor tagging (vs. 
Secondary Vertex Tag)

LHCb-FIGURE-2023-029

Tagging eff., 𝒃ഥ𝒃 channel Tagging eff., 𝒄ത𝒄 channel

Exciting prospects 
utilizing future LHCb 
upgrades and data!

https://cds.cern.ch/record/2882626


Many more exciting EW results!
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JHEP 01 (2022) 036

JHEP 12 (2014) 079

Forward-backward asymmetry

arXiv:2410.02502

https://doi.org/10.1007/JHEP01(2022)036
https://doi.org/10.1007/JHEP12%282014%29079
http://arxiv.org/abs/arXiv:2410.02502


Many more exciting EW results!
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See talk by Nate Grieser:
Weak-mixing angle, cross-

sections and W mass

JHEP 01 (2022) 036

JHEP 12 (2014) 079

Forward-backward asymmetry

arXiv:2410.02502

https://indico.cern.ch/event/1423686/contributions/6139379/
https://doi.org/10.1007/JHEP01(2022)036
https://doi.org/10.1007/JHEP12%282014%29079
http://arxiv.org/abs/arXiv:2410.02502


•Quantum chromodynamics
• Jet substructure, hadronic production, …

• Electroweak physics, Higgs, & top
•W± / Z0 decays, precision measurements, cross sections, …

• Exotica
• Rare decays, beyond the SM searches, …

The QEE group at 
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•Quantum chromodynamics
• Jet substructure, hadronic production, …

• Electroweak physics, Higgs, & top
•W± / Z0 decays, precision measurements, cross sections, …

• Exotica
• Rare decays, beyond the SM searches, …

The QEE group at 

82E.D. Lesser 25 Oct 2024

𝐴′

𝐴′



Search:

83E.D. Lesser 25 Oct 2024



Search:

84E.D. Lesser 25 Oct 2024

• How well do calculations within the QCD factorization formalism 
describe the rare radiative decays of W± and Z0 bosons?



Search: rare EW radiative decays
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• How well do calculations within the QCD factorization formalism 
describe the rare radiative decays of W± and Z0 bosons?

Chin. Phys. C 47 (2023) 09300

https://doi.org/10.1088/1674-1137/aceae9


Search: rare EW radiative decays
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• How well do calculations within the QCD factorization formalism 
describe the rare radiative decays of W± and Z0 bosons?

First 
experimental 

study!

Chin. Phys. C 47 (2023) 09300

2x stronger limit 
than previous 
study at CDF!

6.5 × 10−4 2.1 × 10−3

https://doi.org/10.1088/1674-1137/aceae9


Search: rare EW radiative decays
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• How well do calculations within the QCD factorization formalism 
describe the rare radiative decays of W± and Z0 bosons?

First 
experimental 

study!

Chin. Phys. C 47 (2023) 09300

2x stronger limit 
than previous 
study at CDF!

Next LHCb upgrade will offer 
new insights & push towards 

regime of SM predictions

https://doi.org/10.1088/1674-1137/aceae9


Search: heavy neutrinos in 𝑊± decays 
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Search: heavy neutrinos in 𝑊± decays
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• Is there a heavy neutral lepton (HNL) to explain small neutrino masses?
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• Is there a heavy neutral lepton (HNL) to explain small neutrino masses?



Search: heavy neutrinos in 𝑊± decays 
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Heavy neutrino mixing

• Is there a heavy neutral lepton (HNL) to explain small neutrino masses?



Search: heavy neutrinos in 𝑊± decays 
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Search for case 𝜇+, 𝜇±

• Is there a heavy neutral lepton (HNL) to explain small neutrino masses?



Search: heavy neutrinos in 𝑊± decays 
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• Is there a heavy neutral lepton (HNL) to explain small neutrino masses?

EPJC 81 (2021) 248

𝜇+ + 𝜇−

𝜇+

𝜇−

https://doi.org/10.1140/epjc/s10052-021-08973-5


Search: heavy neutrinos in 𝑊± decays 
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• Is there a heavy neutral lepton (HNL) to explain small neutrino masses?

𝜇+ + 𝜇−

𝜇+ + 𝜇+

EPJC 81 (2021) 248

https://doi.org/10.1140/epjc/s10052-021-08973-5


Search: heavy neutrinos in 𝑊± decays 
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• Is there a heavy neutral lepton (HNL) to explain small neutrino masses?

Data consistent 
with SM 

predictions

• New competitive limits 
in 5 < 𝑀𝑁 < 50 GeV/𝑐2

EPJC 81 (2021) 248

https://doi.org/10.1140/epjc/s10052-021-08973-5
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Search for other neutral particles
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• Are there Long Lived Particles (LLPs) coming from beyond the Standard Model?

EPJC 81 (2021) 261

https://doi.org/10.1140/epjc/s10052-021-08994-0


Search for other neutral particles
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• Are there Long Lived Particles (LLPs) coming from beyond the Standard Model?

Direct Pair Production (DPP)

EPJC 81 (2021) 261

https://doi.org/10.1140/epjc/s10052-021-08994-0


Search for other neutral particles
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• Are there Long Lived Particles (LLPs) coming from beyond the Standard Model?

Direct Pair Production (DPP)

gg fusion → Higgs decay
(HIG)

EPJC 81 (2021) 261

https://doi.org/10.1140/epjc/s10052-021-08994-0


Search for other neutral particles
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• Are there Long Lived Particles (LLPs) coming from beyond the Standard Model?

Direct Pair Production (DPP)

gg fusion → Higgs decay
(HIG)

Charged current (CC)

EPJC 81 (2021) 261

https://doi.org/10.1140/epjc/s10052-021-08994-0


Search for other neutral particles
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• Are there Long Lived Particles (LLPs) coming from beyond the Standard Model?

New limits as a function of LLP lifetime 𝜏LLP for different mass assumptions

• BDT used to 
separate heavy 
hadron 
background

• Strongest limits 
are for DPP

EPJC 81 (2021) 261

https://doi.org/10.1140/epjc/s10052-021-08994-0


Many more exotica results…
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• … & exciting possibilities coming in future searches soon!

LHCb potential to discover long-lived new physics particles 
with lifetimes above 100 ps EPJC 84 (2024) 608

https://doi.org/10.1140/epjc/s10052-024-12906-3


Many more exotica results…
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• … & exciting possibilities coming in future searches soon!

LHCb potential to discover long-lived new physics particles 
with lifetimes above 100 ps EPJC 84 (2024) 608

See talk by Felicia Volle:
Searches for exotic particles

https://doi.org/10.1140/epjc/s10052-024-12906-3
https://indico.cern.ch/event/1423686/contributions/6139380/


Lots of new measurements!
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• … & more soon!

• LHCb papers are available from this link

• QEE working group is the most diverse on LHCb, encompassing the entire 
Standard Model and searches beyond

• Feel free to contact us for discussion or collaboration!

https://cds.cern.ch/collection/LHCb%20Papers


Backup
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~90% of the new particles were discovered by LHCb

Compact 

tetraquark/pentaquark

Diquark-diantiquark
PRD 71, 014028 (2005)
PLB 662 424 (2008)

𝒄

"𝒖

u

"𝒄

Hadrocharmonium/ 

adjoint charmonium
PLB 666 344 (2008)
PLB 671 82 (2009)

Hadronic Molecules

PLB 590 209 (2004)
PRD 77 014029 (2008)
PRD 100 0115029(R) (2019)

PLB 578 365 (2004)

PRD 96 074014

(2017)

Mixtures

New hadrons discovered at the LHC

u 𝒄

"𝒄 "𝒖

Credit for this slide: Matt Durham (LANL), Hard Probes 2024 106

… 67 new hadrons from LHCb!

https://indico.cern.ch/event/1339555/contributions/6040880/


The 𝜙𝜂
∗ observable
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• Proposed as a high-precision angular observable for cross 

section measurements, encoding the same physics as 𝑝T
𝑍0

Z0 𝜇−
𝜇+

A. Banfi et al.
EPJC 71 (2011) 1600

𝜙𝜂
∗ = tan 𝜋 − Δ𝜙𝜇𝜇 /2 sin(𝜃𝜂

∗)

where: Δ𝜙𝜇𝜇 is azimuthal angle between 
𝜇+ and 𝜇−, and:

cos 𝜃𝜂
∗ = tanh[(𝜂𝜇

−
− 𝜂𝜇

+
)/2]

https://doi.org/10.1140/epjc/s10052-011-1600-y


𝐴2: three mass regions
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Mμμ = dimuon 
invariant mass

Z0 𝜇−
𝜇+

Adds sensitivity to the evolution of 
the TMD PDF with the hard scale

Phys. Rev. Lett. 129 (2022) 091801

https://doi.org/10.1103/PhysRevLett.129.091801


𝐴2: three mass regions
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Mμμ = dimuon 
invariant mass

Z0 𝜇−
𝜇+

Adds sensitivity to the evolution of 
the TMD PDF with the hard scale

Spin-momentum correlations in 𝑝+?

Phys. Rev. Lett. 129 (2022) 091801

https://doi.org/10.1103/PhysRevLett.129.091801
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