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https://www.symmetrymagazine.org/article/lhcb-discovers-longest-lived-exotic-matter-yet

Outline

* Really broad topic to condense in a single talk
* Covers many different aspects in data analysis at LHCDb:

* Exotic & SM resonances
* Technical aspects & experimental strategies
¢ AI teChniqueS et Simi]ia Exotic Spectroscopy at LHCb A

= 6 Nov 2023, 14:30 Day 1 - Afternoon
® 25m

* Heavily borrows from presentations of many people Spooker
* Also dedicated talk at this workshop p | T

Description
) Here l Wlll Cover more teChnlcal and general aspeCtS Studies of exotic hadrons comprise a natural and privileged playground for a more thorough elucidation of the nature of

quantum chromodynamics. In this contest the LHCb experiment, dedicated to study heavy flavor hadrons produced from pp

collision at the LHC, plays a vital role, already providing evidence for several exotic hadrons.

The talk will deliver an overview of the selected, latest LHCb on the subject of exotic hadron spectroscopy. It encompasses,
in particular, the observations of pentaquarks, tetraquarks and the status of experimental knowledge about the state
xc1(3872).
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The LHCDb detector

* LHCDb designed as forward spectrometer covering the pseudo rapidity range 2<n<§

* The LHCb experiment is an extraordinary spectroscopy gym both for “conventional” and “exotic” states
* At LHC b and ¢ baryons are produced in unprecedented quantities (high xsections & luminosity)
* Perfect conditions for both precision measurements & observations of new states

* Drawbacks: reconstructing neutrals is experimentally challenging (but doable)

e HCAL =
ECAL g M5
SPD/PS M3 s

Magnet RICH2 1
T3

LHCDb Detector Performance
Int. J. Mod. Phys. A 30 (2015) 1530022

Ingredients for good spectroscopy measurements

* Excellent tracking — mass and lifetime resolutions
* Particle Identification — important when dealing with charged hadrons in final states
* Trigger efficiency — use of muons & topological trigger give excellent efficiency

GEEG  Paolo Gandini WPCF2023 - 8t November 2023 5
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Asking to amodern Al to give a pictorial view...

https:/openai.com/dall-e-2 https:/www.midjourney.com
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New observations at LHC

® Spectroscopy is a super-active field at LHC and all the experiments are contributing!
* So far 72 hadrons have been discovered at the LHC, of which 64 by LHCb
* The list is growing... All sector represented

Shown several times...
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, 2021, and 2023 updates.

+ new naming convention proposed: arXiv:2206.15233
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https://cds.cern.ch/record/2749030
https://www.nikhef.nl/~pkoppenb/particles.html
https://arxiv.org/abs/2206.15233

New observations at LHC

* Key facts:

* Observations in both the charm and the bottom sector

* Baryons represented quite abundantly — no competition from other sources than LHC
* Exotics are being observed copiously in channels not available before

* Also different analysis methods (in production, in decay)

Mesons
Baryons

26% Tetraquark
@ Pentaquark

Baryons are the key players!

Not many places that can be used to produce and
study them!

LHCDb collaboration, P. Koppenburg, List of hadrons observed at the LHC, LHCb-FIGURE-2021-001, 2021, and 2023 updates.
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Prompt production & decay

* Two main ways to do spectroscopy:

Prompt Production

PROs:
* Huge production rate
* Main production mechanism for b-hadrons
* Appealing for strong decaying baryons
CON:Es:
* Large background

Excited Q2c in2017
Phys. Rev. Lett.118(2017) 182001 :’-l- K’ —
T T v 1 1 T | T T T T ; pu— e
400 LHCb
D + =K
— Full fit
-« Background

Feed-downs
B =, sidebands -

Candidates / (1 MeV)
bo)
T

Very narrow and clean!

states above threshold§

Dalitz decays

PROs:
* Clean samples
* Detailed study of quantum numbers
* Conservation rules
CONEs:
* Only c-hadron available
* Usually less abundant than prompt
(if also produced promptly)

BSOQJ / ,lT’jpp -PRL 128, 062001 (2022)
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Some history of
LHCDb spectroscopy efforts

This talk is not meant to be just a chronological collection of results
Rather and organic description of highlights and some successful techniques

ch
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Pentaquarks and Tetraquarks

* Several results drew attention in press
* Some results were actually unforeseen from the initial LHCb roadmap — LHCDb is truly a GPD
* Here is just a small recap: milestones

2015 Phys. Rev. Lett. 115, 072001
822 »

Was

Observation of J /1p Resonances Consistent with Pentaquark [ vord
States in Ag — J/?,bK_p Decays Later resolved J&?x!:n&gu

into

LHCb claims
discovery of two

R. Aaij et al (LHCb Collaboration)
Phys. Rev. Lett. 115, 072001 — Published 12 August 2015

P, (4440)*

and pentaquarks
DM CY YR L HCD collaboration at CERN

¥

w-‘ -~ . . . ~ .
Ph}/SICS See Viewpoint: Flusive Pentaquark Comes nto View

2016 Phys. Rev. Lett. 118, 022003

136

Observation of .J /¢ Structures Consistent with Exotic States from
Amplitude Analysis of BT — J/#¢K ™+ Decays

R. Aaij et al. (LHCb Collaboration)
Phys. Rev. Lett. 118, 022003 — Published 11 January 2017

+ many other more recent observations Real difliculttomake justice

to so many nice results

% Paolo Gandini WPCF2023 - 8thNovember 2023 0


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.072001
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Angular analysis

* Use power of Dalitz plot analysis to extract properties of the intermediate resonances
* More powerful and refined tool compared to simple bump-hunting
* In this case:
* Look for J/ W final state
* The data cannot be described by a model that contains only excited K states — ®K
* Four J/W® structures are observed
* Very complex amplitude analysis in 6D (including invariant masses and decay angles)
* Extract quantum numbers — fundamental to rule out some of the models on the nature of the states
* E.g X(4140) is consistent with 1++ hypothesis
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.95.012002

Observation of five new narrow QO_states —

r—

s G

* Surprises even in “conventional” baryon spectroscopy... 5 states at the same time!
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Doubly heavy Ecc'*

* Start of a new field of spectroscopy...

-+
=CC

* Well established in 2 different modes (as required by PDG)

* Lifetime measured as well
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AV ° Not only strong decays — first observation of double-heavy baryons
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Observation of anew T state

2021 Nature Physics volume 18, pages 751-754 (2022)

* Charged state with double charm content (two D meson with same “charge” in the same final state)
* Flavour not “hidden”
* Very narrow peak just above the threshold with striking significance over background

29 July 2021: Observation of an exceptionally charming tetraquark.

Ol el 224

presented the f‘rst observation of a doubly charmed tetraquark Tet, with a new quark content ccud. The newly discovered
particle containing two heavy charm quarks is manifestly exotic, /.e. beyond the conventional pattern of hadron formation
found in mesons and baryons. The tetraquark particle manifests itself as a narrow peak in the D'D%n* meson mass spectrum,

just below D" *D° mass threshold, with a statistical significance exceeding 20 standard deviations. The full Run 1 and Run 2
dataset was used to obtain this discovery.

o T :
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3 60— ‘Preliminary 2 *0- ] _
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https://www.nature.com/articles/s41567-022-01614-y

Ingredients for a successful analysis
An example...

High yields + Clean samples
* Good momentum resolution (for me and I')
* Good ideas and guestimations
+
* Example on how things evolve with data becoming available

ch
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Di-Muon vs Topological triggers

JHEP 06 (2020) 136

* First job is to gather high yields to access rare states

* Also, S/B ratio is important, especially for the most intricate analyses
* As an example we can consider the A, baryon. Standard candle for many b-baryon analyses
* Also a clean control sample for many different tasks (calibration/BF measurements)

Most abundant

® Use Ap to show Pros and Cons of Di-Muon vs Fully hadronic triggers b-baryon
K-
* Topological trigger A’ / K- * Trigger on J/W¥
* 2displaced vertices A0 .\ * 1displaced vertex
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https://inspirehep.net/literature/1779848

Extending the Q value regions

JHEP 06 (2020) 136

® Again.. as an example one can look for resonances above threshold — Strong decays

* Rich system of resonances!

* Actually interesting to show the time evolution of observation
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Missing States: example X,,0

(buu, bdd, bud)

Some states still eluding experimental observation

E.g. neutral Xy states are likely to decay strongly in Apsme
Experimentally challenging to reconstruct prompt m°
One could look at charged case and guesstimate

Combinatorial of photons too severe...

First observed by CDF
Searches then extended by LHCb

Phys. Rev. Lett. 122, 012001 (2019)
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https://doi.org/10.48550/arXiv.1809.07752

Phys. Rev. Lett. 131, 171901

New baryonsin E, m'n and Ep0n'mt

* Reconstruct nice samples of Z, charged and neutral

* Selection based on BDT algorithms trained on simulation for signal and DATA sidebands for background

* Additional vetoes to suppress contributions from Ap, where required
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Phys. Rev. Lett. 131, 171901

New baryonsin E, m'n and Ep0n'mt
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Al techniques

Machine learning is widely used in LHCb in many aspects

A detailed description is beyond the scope of this talk (see links)

® Main customers are trigger (online) + PID + event selection (offline)

* Usage is generic, not targeting specific searches, rather improving the algorithm required to run the detector
* Nice summary at the recent dedicated ML Workshop at ICCUB 24/10/2023

* Rung — Full software trigger (HLT1in GPU & HLT2 in CPU)

Image courtesy of
Lukas Calefice
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Al techniques

* Diversified history of ML application in every aspect of the detector

* Main customer... Trigger

* ML-based algorithms (BDT) in inclusive particle selections already during Run1 & Run 2
covering the majority of the collaboration’s published analyses in Run 1 already

* New paradigm in Run 3 with full software trigger implementation; 326 GPUs reduce incoming
data rate from 5 to approximately 0.1 TB/s

* All subdetectors data available now at trigger level

* Opened window for ML application (inference) at earliest selection level as possible directly in
the online environment

2nd CERN IT Machine Learning Infrastructure Workshop

mercoledi 11 ott 2023, 09:00 — 13:00 Europe/Zurich
Q@ 40/S2-A01 - Salle Anderson (CERN)

Descrizione  The High Energy Physics community has started introducing Deep Learning techniques for improving different aspects

in the experiments and accelerators life cycle and data processing steps.

The availability of reliable, user-friendly and scalable resources, including full software and hardware stacks, is critical
to fully support activities in the ML/DL domain. In this context, the CERN IT department has launched an initiative to
gather information about the status of its ML/DL dedicated infrastructure, the state-of-the-art and the needs of the HEP
ML/DL community at CERN.

A first workshop focused on the current status of ML/DL activities and infrastructure solutions in CERN IT.
This second workshop tries to collect information about on-going and planned Al-research within the different
departments and experiments at CERN.

ch
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https://indico.cern.ch/event/1298990/

Al techniques: Example 1- Tracking

® High-throughout Graph Neural Network track reconstruction at LHCb: [talk@CTD2023]

* Track reconstruction in the Velo (high-granularity tracking system)

* Using GNN pipeline is based on the work of the Exa.TrkX collaboration

* Training performed using PyTorch on local ressources (LIP6 Paris — Sorbonne Université)
* Inference on low-level features

* High parallelization over hits / edges = adapted to GPUs

* Very promising preliminary physics performances

On-going R&D to run inference on GPUs in Allen (HLT1)

Filter edges: Filter triplets: TR e
Embedding Network Sedge > Build triplets Striplet > from triplets
Sedge,max Striplet,max
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chrome-extension://efaidnbmnnnibpcajpcglclefindmkaj/https://indico.cern.ch/event/1252748/contributions/5521484/attachments/2731094/4748485/etx4velo_ctd2023.pdf
http://www.apple.com/it/

Al techniques: Example 2 - PV finding

* DNN for finding primary vertices in pp collisions at the LHC: [talk@ CHEP2023]
* Identify PV positions from tracks low-level features
* High parallelization over tracks / events = adapted to GPUs
* Non trivial hybrid MLP + CNN architecture

* Common training platform for LHCb and ATLAS

* Training performed using PyTorch on local ressources (University Cincinnati)
* Very promising preliminary physics performances

* On-going R&D to run inference for LHCb on GPUs in Allen (HLT1)

Fully Connected
layers

POCA : : e 100-bin hist
9 params/track . e - — as output
max(N tracks)=250 [] x (40/evt)

‘ Conv+BatchNormalization+ReLlU  — Skip-Connection

[nputs UNet layers Outputs

( Pooling operation ' Upsampling Layer
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https://indico.cern.ch/event/1276875/contributions/5375608/attachments/2638381/4565208/CHEP_2023_pv_finder_230428.pdf

Conclusions

* Let me take the opportunity to introduce the upgraded detector
* Spectroscopy analyses will benefit both for increased luminosity and performance
* Full software trigger improves efficiency and flexibility

Upstream Tracker closing completes installation
of the LHCb Upgrade 1 detector

First plots with Run3 data
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https://lhcb-outreach.web.cern.ch/2023/04/14/upstream-tracker-closing-completes-installation-of-the-lhcb-upgrade-1-detector/
https://lhcb-outreach.web.cern.ch/2023/04/14/upstream-tracker-closing-completes-installation-of-the-lhcb-upgrade-1-detector/

