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LHCb@CERN: heavy flavor quarks factory

* One of four large experiments at LHC

 LHCDb has the largest production
cross-sections of b- and c-hadrons ever

e o(bb) = 600ub @ 14TeV
o(cc) = 20 x a(bb) in pp collisions

. High track multiplicity

b-quark product
cross-section
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https://inspirehep.net/literature/796248
https://inspirehep.net/literature/1335135
http://clangenb.web.cern.ch/clangenb/

[LHCb, JINST 19 (2024) P05065]

Upgraded detector

Software only trigger

New RICH2 optics :
new sensors and readout for RiCH
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https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05065

Trigger

from detector signals to four-vectors
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* Run 1: (2011-2012):
Y. =1fbl@7Tev
¢ =2fb"l@8Tev

* Run 2: (2015-2018):
Z.  =6fb @13 Tev

* Run 3: (2022-2026):

Z. . =20fb~! @13.6 Tev
nominal y = 5.5
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Work of Aleksel Mikhasenko

LHCDb physics

building knowledge retrieval database

advanced version (PathRAG)
e ~800 published papers (~50/year) L

 Huge corpus of internal documentation,
~100 pages / analysis

* Problem: efficient discoverability

 RAG: Retrieval-Augmented Generation
« Embedding text to vector space

e Search by cos similarity
15 414 concepts



LHCb knowledge graph

* Naturally splits In
9 domains of work
(Leiden alg.)

e subdomain — node
moved closer

 Connection between
domains through the
“gatesﬂ

e Z: frequency




PRODUCTION, POLARISATION & NUCLEAR EFFECTS
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colour one of 9 Leiden domains; hue follows position on the map

size degree of the concept

brightness degree x k-core depth

fine radial spokes 37,485 degree-1 concepts, drawn around their hub

outer grains 10,059 concepts in isolated fragments, grouped by source paper
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LHCD literature knowledge graph
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i Determination of y and -2 _s from charmless two-body decays of beauty mesons
Measurement of the CKM angle y from a combination of LHCb results

Measurement of CP observables in B~+ —» D7 (*) K+ and B~ + -» D~ (*) n”™ £ decay...
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Hadron Physics

CP violation | Rare decays | Electrow i CEVAAIER- RN Cle R[S RN o (o] 8



Particles and resonances

Event occurrence as a probe of new matter forms

100 | B

1. - select energy
- smash particles o vk 2
- check how likely they are to interact 8 7 ] |{
(effective cross section) @
repeat 1 million times , C f 50

f.é _
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mass

Higgs particle Is a resonance

Standard Model of Elementary Particles

three generations of matter
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Hadronic molecules

Energy spectrum

* Rest energy of deuteron is smaller
than m, + m, by the binding
energy, about 2.2 MeV threshold

-2.2 0 continuum E [MeV]
 Had there been a weakly
coupled inelastic channel for
neutron to decay, the spectrum
would look like

continuum

e

—-2.5 0.0 2.5 5.0

resonance E [MeV]

counts

15



More hadrons Iin Paras’ talk on Wed 24/09

New hadrons at LHC
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Zoo trip

Over the last year, vast variety of new
color-neutral forms (hadrons) is discovered

 Pentaquarks

 Doubly heavy tetraquarks

 Charge charmonium-like
 Open-flavor tetraquarks

 Fully heavy tetraquarks

ChatGPT (Vasily Lozhkin)




Pentaquarks

18




Pentaquarks

Hidden-charm
D -
A, @\K
T)/(/T l’L—

e Rare events: 200k events with the
data collected over 10 years

(2008-2018), 9 fb~!

» clear resonances in spectrum of
JIylcc]| pluud]

e About the rest mass of

Eg )+[C ud| D! )O[Cu] 05 ey

hadronic molecule

[LHCb, PRL 115 (2015) 072001]
[LHCb, PRL 122 (2019) 22, 222001]
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https://inspirehep.net/literature/1382595
https://inspirehep.net/literature/1728691

Strange pentaquarks
B™ — J/l//Aﬁ - Data

— Nominal fit

— Null-hyp. fit
» The decay rate is dominated by NR(J/ !};pﬁ)

structureless background

[LHCb, PRL 131 (2023) 3, 031901]

 Pentaquark signal is a narrow peak
of about 7 MeV width

BW mass Is

e 0.8MeV
above ETD~

e 2.2MeV 0 Al
above 22D 4.2 4.25 13 4.35

m(J/wA) [GeV]


https://inspirehep.net/literature/2678048

Doubly-heavy tetraquarks

. D'D™: D°DOz*, DYDY
. DB

[LHCD, |.Polykov et al.]

» BT X inclusive
[T.Gershon, A.Poluektov, JHEP 01 (2019) 019]



https://inspirehep.net/literature/1698884
http://missing

[LHCb, Nature Phys. 18 (2022) 7, 751-754]
[LHCb, Nature Commun. 13 (2022) 1, 3351]

Doubly charm tetraquark discovery
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https://inspirehep.net/literature/1915457
https://inspirehep.net/literature/1915358

[B. Colquhoun, et al., PRD 110 (2024) 9, 094503]

Binding energy of 7,

Tuning the quark masses with lattice QCD

T+ T++

- Generally agreed that 50 bes_q ey
1,,|bbiid] is deeply N 5 "
bound ; S

50— T, Trl _

+ Stable with respectto = 0 be ™ cer =90
the strong interaction = _100- 100
(flies cm at LHC) 2

1501 -—150

o Lattice QCD
computations show —200- wdbh i =mei=— 200
consistent picture v Isbh

—200 ) é é —200)

mass ratio m,/m,


https://inspirehep.net/literature/2807259

Challenges of the field

 No fundamental way to get theoretical input on amplitude description

 Knowledge build across model in many analysis

» |arge data sets — low iteration speed

 Models are complex, no benchmarks



SHARING MODELS




b
pad
DEMOS

atizing models

Project problematics and core goals

- Problem statement: Lack of accessible, reproducible model across
disciplines, slowing scientific progress

e Core goal: Establish an accessible platform/interface for researchers to
share, integrate, and build upon models across ErUM (high-energy
physics, hadron physics, QED/laser physics, astro particles, neutrino

experiments, dark matter searches), foster a new habit of publishing
models (likelihood)

2,



Benefits of accessible research models

» Reproducibility and Open Science

“We have tried implementing past amplitude analysis from papers many times, and have never succeeded. @ MODEL (MISSING)
It's impossible, do not even try”

- Correctness/Validity check for new Frameworks

Many domain-specific frameworks: just for PWA (hadron physics), 4 in COMPASS, ~10 in LHCb
Every PWA research implements it own framework, it's ok. We need to have a way to validate it

iNSPIRE v I

« Inference from model results — likelihood, reinterpretation

Get something not computed in original paper (parity violation / pole positions, couplings)

» |Integration with Monte Carlo generators

- Benchmark of frameworks and new computational devices

GPU/TPU speed up? jax is fast or not? does one need autodiff?



Curves and crosses
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How the research results is presented digitally?
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e Data points “+“ (crosses) — several services (e.qg.
HEPData)
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 Models (curves) — nowhere, models are barred in the
paper text in vague formulations
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Broader Impact

Al for science:

. Facilitate ability of Al agents build, use complex models

 Part of the world knowledge to learn — Al gets better in
complex science

Democratization aspect:

« Link between domains (e.g. me running a model from Astro
in one click)

« Possibility of advanced outreach events, citizen scientist

ChatGPT (Vasily Lozhkin)
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Domains

Hadrons,
|attice
vP
Native Native Containerized Native/Containerized Containerized
Output: stat. Output:lamplitude Input: distributions Input: pdf output: Lagrangian
models, models|"2, meta: config meta: config terms
combination of combination of output: functional, output: posteriors
pdfs, likelihood amplitudes histograms as histogram

meta: framework



WIP: Format and Engines

And their capabilities

Native support of nested statistical models, with limited numbers of primitives.
. PDF builder d(x) = fdi(x) + (1 = f)dy(x)

2
d(x) = N [A;(x) + cA,(x)

 Amplitude builder

PYTHON JULIA C++ Rust JS
. Distributions.|l
SCIKit hep HEPDistributions. | ROOT
pyhf . . EvtGen
hs3 HadronicLineshapes.|l
pyFit NumericalDistributions. |l

InstructionalDecay Trees. i https://hep-statistics-serialization-standard.github.io/



DECAY DESCRIPTION



K.Habermann, MM, PRD 2025

Decay model standard — helicity basis

iIsobar “model”, spin quantization

e distribution (pdf):

e unpolarized I1)= ) |A,@F
{4}

. i1=0
 polarized i)=Y p, (P Y AL A

-+ 2ol ()

« model _description:
4 array of chains

Ay(@) = ZAEA}(T)

+...)


https://inspirehep.net/literature/2827198

Decay chain
Topology and Nodes

The chain gives prescription to every

l o
1  vertices:
& {node, recoupling, form-factor}
¢ propagators:
“ {spin, parametrization} 1,12, 311, 14, 5]

Ao

[4, 5]

) /\ /\

[2,3] 4

: A

[[1, [2, 311, [4, 5]] . e topology

Ac




Decay chain — amplitudes in helicity basis

Vertices and propagators

 vertex: node, recoupling, form-
A factor

42« propagator: spin, parametrization

/IA P Afioéﬂlaﬂza/%»/h»/ls =
/10 . 3 D;{(());A—ﬂCH/IAJ«C D/]ﬁ;rﬂBHﬂMB Dﬁ§;2—13Hﬂz’ﬂ3 D£2;4_/15H/14,/15
Ay X P,(s4) Pp(sg) P(s.)
XDy, RO D, RO Dy R Dy, R D (R



Cascade amplitude DSL (option 1)

The complex standard block that will connect people

Standard Complex Block

Native
spins = ..., BW
topoloty = ..., o A .. A ..
X vertices = ..., P AL EAREZAREE
% atrix %
ropagators = ..., : : :
{k19 k29 "‘} propas A—]1+1,—]2,... A J1 1 ] 1
ref . topolory = ...,
formalism = ...
Bla-tt Bla.ttt
Native o o

* Define complex but standard function on four-vectors

« Small building block for n X 100 models

Native (option 2) ®p



https://github.com/flatppl
https://flatppl.github.io/flatppl-js/

How the format might look like

Prototype with cool web assembly integration

# this is a part of a function

Let a and b denote two dimensionless

kinematic observables, and let ¢ be a o clomentofirenls
model parameter. We define a simple ¢ = elementof{reals)
response function as e = ca
f=b+d+e
i D = sin(f)
D(a,b;c) = sin(b + a”b + c a). D_fn = functionof(D, a=a, b=b, c=c)

For the physical measurement, however,
the response must be symmetrized under
interchange of the two kinematic
variables, a and b. For given values a1,
b1, and ¢1 in the interval [-1, 1], the

D
symmetrized response is ;

n(al, b1, c1)
n(b1, al, c1)

X2

X1
X2
X =

_f
_f
+

X1

X(a1,b1;c1) = D(a1,b1;c1) + D(b1,a1;c1). plo_poiht = recorcl
Gto10
)

ddd(a,b,c) = sin(a?b + c*a + b)




Example: D™ — n7ntn™

Using tensor contraction Angular tensors
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Models and frameworks




Frameworks

and analysis specific code

- Working with dynamic languages is
simpler (TBDs.jl, ComPWA, TFPWA, ...,

» but also possible with static
(EvtGen, Laura++, AmpTool, PAWIAN,
RootPWA)

Project

AmpGen

AmpTools

BruFit

ComPWA (C++)

ComPWA project

FDC-PWA

GPUPWA

HAMMER

Ipanema

Laura++

laddu

Mint2

Pawian

PyPWA

Rio++

ROOTPWA

TARA

TensorFlowAnalysis

TF-PWA

ThreeBodyDecays.|l

<

@

@
@
@

O E(N

Collaboration

CLEO/LHCb

BESIII / GlueX

CLAS12

BESII|

BESIII

LHCDb

GlueX

BESIII / PANDA

JLab

LHCb

COMPASS

Crystal Barrel

LHCDb

BESIII /LHCb

LHCb
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2011
2020
2012
2020
2012
2000
2011
2016
2017
2013
2024
2016
2010
2014
2016
2009
1999
2016
2019
2019

Latest commit

02/2025
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01/2024
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03/2019
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01/2020
06/2026
05/2023

06/2020

12/2025

05/2026
07/2026

C++
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Examples-|
Ib2pkg-lhcb-2765817

. Analysis of A baryons in
0 _
A, — pK~y
« Search for pentaquarks
« 74 decay chains

e orbital momentum <=6
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https://inspirehep.net/literature/2765817

Spin-exotic J'“=1"" waves at COMPASS
preliminary

PWA in COMPASS Nominal 71(1600) position

Studies of hybrid candidate 7,(1600)
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Dalitz plot

The Dalitz plot shows the probability distribution across two dimensional phase space of the decay.

Exa m p I e- I I I Below the distribution is shown for all models in the file
X2pi pi pi-COm pass_'l 391 643 » Dalitz plot plotting

JP=1+ M=0_1540_1560 JP=4+ M=1 1540 1560

-------------

[CERN-PH-EP-2015-233]
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Magic prompt

B MyFavoritePWAFramework L3 Local £ main

Here is a the general framework that can do any topologies, any particles, spins,
https://github.com/RUB-EP1/CascadeDecays.|l

clone it and find all the matching factors to align <function to compute the amplitude> to CascadeDecays.|l
construction up a numerical precision,

Hints on pitfalls:
https://rub-ep1.github.io/CascadeDecays.jl/dev/convention-matching/
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Action plan for hadron physics

» Establish standard
 Map existing frameworks

 Push through collaboration practices and policies on publishing models



Cook slow

1. Shared analysis frameworks

Open code

Research model

I NEENA RN

Likelihood:
e Data
e MC

'ChatGPT (Vasily Lozhkin)
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Outlook

Al speeding up research

Open problems
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proof generation
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proof exposition

Terence Tao talk, https://youtu.be/M0--ZH110zg?is=CeKXZ7NcvS2hFNCh

Unverified solutions

Well-written solutions | «
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ﬁ' proof publication “proof digestion ”

Accepted solutions
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proof verificationﬂ'

Verified solutions

Definitive solutions

Image for the talk, addressing mathematics
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