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measuring and refining
non-perturbative QCD
objects

.

~

Formation of QCD jets is given
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gaining insights on the
space-time development
of partons and radiation
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The LHCb experiment in Run 2

ECal and HCal to measure
electrons, photons, and
neutral hadrons
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w(2S) and xcl (3872) production in jets (2025) &%

[ Prompt ] [ Displaced ]

How does the production
mechanism affect charmonium
distributions in jets?
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M (ZS) and xcl (3872) productlon in jets (2025) %
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%1 Lund plane for light- and beauty-quark jets (2025) %

observed in jets initiated by

What radiation patterns are
different partons?
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k1 Lund plane for light- and beauty-quark jets (2025) (&4

Follow the radiation history of
the hardest particle ‘ in the
jet
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k1 Lund plane for light- and beauty-quark jets (2025) (&4
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k1 Lund plane for light- and beauty-quark jets (2025) (&4
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k1 Lund plane for light- and beauty-quark jets (2025) (&4
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k1 Lund plane for light- and beauty-quark jets (2025) (&4
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k1 Lund plane for light- and beauty-quark jets (2025) (&4
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k1 Lund plane for light- and beauty-quark jets (2025) (&4
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] Charged hadron production in c and b jets (2025) [ 4&4

How do mass effects
govern the production
of charged hadrons?

r= \/(Qbhad — Oiet)? + (Mhad — Mjet)?
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] Charged hadron production in c and b jets (2025) [§45%
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M B-jet fragmentation with Bt = J / 1//Ki (2026) %

What dynamics are observed in b
quarks fragmenting in a jet?
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M B-jet fragmentation with B* — J / yjKi (2026) I
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B-jet fragmentation with Bt = J / 1//Ki (2026) %
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M B-jet fragmentation with B* — J / yjKi (2026) I
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Energy-energy correlators in Z-tagged jets (2026) %

4 )

Accessing QCD'’s
perturbative and
non-perturbative regimes
through
momentum-weighted
angular correlations
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T (pT,jet)2

R = /(Ay)? + (Ag)?
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Energy-energy correlators in Z-tagged jets %

LHCb pp colhs10ns \(_ = 13 TeV, AKSZ tagged Jets
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Energy-energy correlators in Z-tagged jets

1HCD

QCD@LHC 2026, Oxford, 09/28
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M Energy-energy correlators in Z-tagged jets (2026) 2L

UNIVERSITY OF
MICHIGAN

LHCb, pp collisions, Vs = 13 TeV, AKS Z-tagged jets
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Energy-energy correlators in Z-tagged jets (2026) TRED
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Energy-energy correlators in Z-tagged jets (2026) TRED
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Summary L)

e | HCb provides the appropriate conditions for clean measurements
of HF-flavored and light-quark jets.

e Results displays different dynamics of jet formation at different jet pt
ranges.

e More results on jets at LHCb will come up in the following months!

Thank you!

QCD@LHC 2026, Oxford, 09/28 Esteban Molina Cardenas
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M The LHCb Experiment S
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The forward region

coverage by LHCb is BN

especially convenient for the \s=7TeV

mMeasurement of heavy
quark physics.

Esteban Molina Cardenas (Studying beauty quarks at LHCb) 45
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M The LHCb Experiment : VELO (Run 3) S

e Designed to handle higher luminosities.
e Use of pixelated hybrid silicon detectors.
e Upgraded VELO can be positioned as close as 5mm to the beamline.

&

[P NP NI R R PN B P |
-40 -30 -20 -10 O 10 20 30 40
x [mm]

Esteban Molina Cardenas (2024 JINST 19 PO6023 , arXiv:230510515 [hep-ex)) £4@
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https://arxiv.org/abs/2305.10515

M The LHCb Experiment : RICH S

UNIVERSITY OF
MICHIGAN

e Main goal : provide accurate PID for charged hadrons.
e Two RICH stations to cover different momentum ranges.
e Layout and design of the RICH has not changed between Run 1-2 and Run 3

RICH 2
15<p(GeV)<100

RICH 1
2.6<p(GeV)<60

7

—_——

i

=

i

Esteban Molina Cardenas (arXiv:230510515 [hep-exl) &7
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M The LHCb Experiment : VELO (Run 1 and 2) S

UNIVERSITY OF
MICHIGAN

Main goal: identify the location of displaced secondary vertices (indication of heavy flavour jets)

[
The Vertex Locator (VELO) is the detector in charge of taking precise information about the tracks
near to the collision point.

e VELO can be positioned as close as 7mm to the beamline.

Phi sensor

R sensor

84 mm

strips
routing lines

(2014 JINST 9 P09007) 4.8

Esteban Molina Cardenas
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M The LHCb Experiment : VELO (Run 3) L)

e The performance of the Run 3 VELO is given by the red points.
e Uniform efficiency across phi.
e Better resolution in comparison to Run 1-2 VELO.
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The LHCb Experiment : RICH S

UNIVERSITY OF
MICHIGAN

e Run 3 performance of the RICH shows a better performance in terms of reducing the mis-I1D
efficiency (vertical axis)
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The LHCb Experiment : VELO (Run 1 and 2) L)
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e |Pisthe minimum distance between the primary vertex and the trajectory of a displaced track.
e The performance of the VELO is the same for x and y coordinates.
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RICH (Run 1) PID capabilities
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Algorithm to determine the flavour of the Jet. Given a jet clustered with any algorithm

follow the steps:
1. For all pairs of particles in the jet calculate a metric d_ij

Take the pair with the smallet d_ij and combine the two particles into one with:

2.
a. Total pt equal to the sum sum of pti and ptj
b. Direction and mass equal to the particle with highest pt.

3. Replace the aforementioned pair with the ij combination in the jet.

4. Repeat until there is one particle. The direction of that final particle is defined as
the WTA jet axis.

5. The flavour of the jet is determined by the sum of flavours of the particles that lie

exactly along the WTA axis.

(IHEP10(2022)158) §4
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e Normalization
o JEC approx 3%
o Z boson mis-reconstruction approx 1.4%
o Unfolding 1%
e Charged hadrons
o PID between 1and 3%
o Unfolding 0.8%

Esteban Molina Cardenas (Phys. Rev. D108, L031103) §5



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L031103

M Lund plane for light- and beauty-quark jets T
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Source kp-LJP uncertainty (%) 2-LJP uncertainty (%)
Tracking efficiency <1 <1
PID efficiency <4 |
Trigger efficiency <1 <1
Jet energy scale 0 =10 0=10
Jet energy resolution 0 -10 0-95
Jet identification 0 =2 0—2
Unfolding prior 0-13 0-15
Unfolding nonclosure 2 - 10 2 — 20
Unfolding iterations 0-5 0-5
Jet-constituent-
reconstruction efficiency 0-14 0- 10
Total 0-23 0-25
Z tagged jets

Esteban Molina Cardenas
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M Lund plane for light- and beauty-quark jets T
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Source kr-LJP uncertainty (%) 2-LJP uncertainty (%)
Background subtraction 0~-10 0 —-11
Tracking efficiency <1 <1
PID efficiency < | |
Trigger efficiency <1 <1
Jet energy scale 0-8 0-6
Jet energy resolution 0-14 0-10
Jet identification 0-5 g =g
Unfolding prior 0-25 0 - 50
Unfolding nonclosure 350 3-55
Unfolding iterations 0-6 0-9
Reconstruction and selection 0-10 0-10
Jet-constituent-

reconstruction efficiency 0-6 0-6
Total 0 —60 0—65

Esteban Molina Cardenas
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There are two main sources of systematic uncertainties: those
from the efficiency determination and those from the unfold-
ing procedure (systematic uncertainties from the signal fits
are negligible).

Esteban Molina Cardenas (Eur.Phys.J.C85.562) 58
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b quark hadronization S

“NoBias events are selected based on the Large Hadron Collider beam
clock, which indicates that a bunch crossing has occurred, without any
other trigger requirements.”

Esteban Molina Cardenas 59




Source

Charged hadron production in c and b jets

Charm jets

Beauty jets
| jr (%)

%

%
PN

X
SN—"

Jet identification

Track purity

Track-in-jet reconstruction efficiency
Particle misidentification

Jet energy scale

Jet energy resolution

SV+BDTy. tag bias

Unfolding

Nonclosure

T WP
g\]cn

Total (excl. 2% sys. on normalization)
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Physics Motivation L)

Cluster

. _ e Hadronization is the process where a

String Breaking }-
quasi-free quark transform into a
hadron.

e Different mechanisms of hadronization
have been proposed.

e Studies of hadronization can be
performed by analyzing the properties

of hadronic final states from a hard

interactions.

Esteban Molina Cardenas (arXiv:hep-ph/9912292) @]
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Non-Perturbative
QCD

e Regime in which pQCD is no longer reliable due/>

to the behavior of the strong coupling.
o Hadronization happens at this energy
scale.
e Need factorization for separation of the
non-perturbative physics from partonic hard

scattering.

Physics Motivation &%
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M Physics Motivation L)

e Can be mostly explained by perturbative
QCD.
o There could also be soft
interactions after the hard
scattering.

Esteban Molina Cardenas (arXiv:hep-ph/9912292) B3
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M Physics Motivation L)
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e Realm of non-perturbative QCD

o What hadron species are more
favoured in hadronization?

o What are the space/time patterns
of hadron production?

o What are the time hierarchies in
the hadronization process?

o How does the environment affect
the hadronization process?

o And more!

Esteban Molina Cardenas (arXiv:hep-ph/9912292) B4
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M Physics Motivation 4
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e At LHC/LHCDb, studying hadronization in jets provides a proxy of the outgoing parton’s kinematics.

Esteban Molina Cardenas 65
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Identified charged hadron distributions in Z-tagged jets (2023) %

What is the hadron species dependence on the in-jet
hadronization process?

Esteban Molina Cardenas (Phys. Rev. D108, L031103) 7
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M Identified charged hadron distributions in Z-tagged jets (2023) %
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Jet Fragmentation Functions are shown as a
function of:
e The longitudinal momentum fraction of
the hadron w.r.t. the momentum of the jet.

ph.pjet
Z=—

2
ijetl
e The transverse momentum profile of the
hadron w.r.t. the jet axis.

j _ |phxpjet
TP

Esteban Molina Cardenas (Phys. Rev. D108, L031103) 68
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Identified charged hadron distributions in Z-tagged jets (2023) %

e Collinear Jet Fragmentation
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Modification of b Quark Hadronization in High-Multiplicity pp Collisions (2023) %

How does the collision environment affect the hadronizationofa b
quark?

No jets on this one!

Esteban Molina Cardenas (Phys. Rev. Lett. 131, 061901) 70
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M Modification of b Quark Hadronization in High-Multiplicity pp Collisions (2023) %

e Normalized number of charged tracks reconstructed
on the VELO for the B meson event.

e Transverse momentum of the B meson.

e Ratio between the number of BOS and the number of

BC.

# © # @

b

b

(Phys. Rev. Lett. 131, 061901) 7]
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M Modification of b Quark Hadronization in High-Multiplicity pp Collisions (2023) %
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e In more populated environments there is an enhancement on the strangeness of

the B meson.
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Modification of b Quark Hadronization in High-Multiplicity pp Collisions (2023) %

e The strangeness enhancement seems to attenuate when looking at higher transverse momentum B mesons.

o  “This behavior is expected in a scenario where low-pT b quarks with relatively low velocity recombine

with s quarks produced in high-multiplicity collisions”
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Charged hadron production in c and b jets (2025) (54

Z%IOZ_F'I T — T T T = Z--\[_ Fr Tt | L | 3
< E o = = = ” .
|2 E LHCbpp 20 < p’TLl <30GeVlc 3 -cg- " LHCbpp 20 <pJT“ <30 GeV/ic
= 2 | i “ 10 g Tty =
10" 3 = == :tzf 3
E —_,:% E = -t *, 3
— T . —— . .
—— =x_ 1 . -
o = 3 s 2 7
= - 3 - & -
:T s — =l 7] N _‘t—.}- i
i - Beauty \s = 13 TeV, 1.6 fb" =~ i1 - - Beauty Vs= 13 TeV, 1.6 fb’! |
# Charm Vs = 13 TeV, 1.6 fb" i g E = Charm {s=13TeV, 1.6 b —
+ Light Vs = 8 TeV, 2.0 fb” . - +Light {s=8TeV,2.0 b .
107! - Light Vs= 13 TeV, 1.6 fb" 102 < Light Vs = 13 TeV, 1.6 fb"
o 1 E 1 | 1
E" 2__"1 T —T—TT T E‘J 2__...., .1.......1 —
o = —+—~+— b = t
T~ - ——. ?’\ -
g 1:»—-+ ----------- :-.—._.._—:_____-.._Tf..f-..,_._.__.._._._._..__. ------------------ é IE- R L ECECEEEEEREREEEE e o S T S
- ; . ] @ o Es ] ; ]
= BTl T T = = T I T T 3
=1 2 - =) 2 = -
| = 4+— | o T =
PR =2 T + I g <o e S = | T T A e—— o]
; = +—I—+ g - H—- .H—H =
S o Ewal . PR S oBiiwl P, | T i R

4 jT [GeV/c]

Esteban Molina Cardenas JHEP 04 (2026) 029 74



https://journals.aps.org/prd/abstract/10.1103/3d7r-c3y4

B-jet fragmentation with B* — J /iK™ (2026) %
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N-E First measurement of b-jet mass with and without grooming %

~

What the jet mass tells us about
the overall radiation of the b-jet?

— 2 2
Mjer = jet pjet
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IV-E First measurement of b-jet mass with and without grooming
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N-E First measurement of b-jet mass with and without grooming
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More soft, wide-angle
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