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Motivation

R&D project with two main applications:
Trigger and offline analysis

It could be used at LHCDb, a single-arm forward S
spectrometer, designed to studying the decays ;
of beauty and charm hadrons, rare decays and .
CPV measurements

Very broad physics program, to be
maintained and expanded in future LHC runs

Increased particle multiplicities for LHCb
Upgrades I and II bring big challenges
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Paradigm shift

) . . Density of .
Which events are interesting? proton bunches Which parts of the event

= . . . . ?
“Signal-centric” trigger are interesting”
strategy 2010 2020 2030 2040 U

h H J New trigger paradigm &

higher background level

b — — 5 Upgrade | Upgrade
() ° 7 |
i \ %%, ° . . o a0
« 1 signal per event, ~50 tracks of N\\_ o'.;‘. .o..o:o

Low noise “eed i

Multiple signals per event, ~1000 tracks
High noise

10/01/2024 Simone Capelli - SMARTHEP MiB - New developments and improvements for DFEI 4



Signal-based vs Full Event Interpretation

Signal based

The current LHCb trigger is an OR between many
decay-mode selection lines

Since Run2, to reduce the event size, some lines

store only parts of the event that are related to
the specific signal [JINST 14 (2019) 04, P04006]

E.g.: store the signal + the tracks in the same
primary vertex (PV)

Reconstruct the b- and c- hadron decay chains in
the event, in a hierarchical-clustering manner

(cluster — unstable particle) and discard the rest
Advantages:

Exploit extra correlations between objects in the
event

Bandwidth oriented: focus on storing as much
“useful” information as possible

Case of several signals per event as an integral
part of the approach

Establishment of a basis for an expanded
functionality of the trigger: inclusive selections,
study of anomalous events, ...
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https://inspirehep.net/literature/1723258

Deep-learning based Full Event Interpretation (DFEI)

Input Target

4 Graph %

- 4 neural _j O~/0:
< Do : network \B_ oé\o \
B . \ e
\ s &‘ Reconstruct §
Select

[arXiv:1806.01261v3]

* Input features: charged particles and their measured properties (nodes) and their relations (edges)

* Hierarchical, automatized and inclusive reconstruction of heavy-hadron decay chains

1) Trigger: Safely discard rest of event, with 2) Analysis tool for background
minimal loss for analyses =2 powerful event size classification & suppression
reduction tool in a multi-signal environment and for inclusive studies
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https://arxiv.org/pdf/1806.01261v3

Blue: reconstructed ancestors
Green: particles from a b-hadron
Algorlt hm MO dUIeS Red: particles from the rest of the event

[Comput.Softw.Big Sci. 7 (2023) 1, 12]

3. “Lowest common

ancestor” inference © o _
po. o
Thee Cucking Rec,
W 66%6 2. Edge pruning
OV o o B
(%) “a
="
B+

1. Node pruning
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https://link.springer.com/article/10.1007/s41781-023-00107-8

Blue: reconstructed ancestors

. G : icles f b-had
Al gorlt hm MO dUIeS RZZ?npaIl)":;(flleCsefSl'ozr‘Iclhz restao?zclllle event

B+ B-
Do
Goal: Remove most of the nodes not produced

in a b-hadron decay

) (&)
()
Signal nodes: particles from a b-hadron (any of them) OOQ o
Background nodes: particles from the rest of the event
() &) B-
o, o
B+
1. Node pruning
Cut @ 99% ~70% BKG rejection o oo _
O o
= oo °
PV, ° PV,
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Blue: reconstructed ancestors

. G : icles f b-had
Al gorlt hm MO dUIeS szi?npa?"?;(fllgsefsl'o;)?hz restao?zclllle event

B+ B
DO
Goal: Remove connections between nodes not

produced in the same b-hadron decay

o o
O
Signal nodes: pairs of particles with the same b-hadron OOQ o
ancestor .
Background nodes: any other pair of particles 2. Edge pruning
OO &) ob
o o
g+
Cut @ 99% ~68% BKG rejection o oo
O o
O
% V.
PV, ° PV,
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Blue: reconstructed ancestors

Algorit hm MO dules Green: particles from a b-hadron

Red: particles from the rest of the event

B+ B-
Do
3"Y module: Lowest Common Ancestor (LCA) inference
1 From [BELLE2-MTHESIS-2020-006]: I

(see also [James Kahn et al 2022 Mach. Learn.: Sci. Technol. 3 035012])

15t generation

B Adjacency Matrix LCA Matrix ¢
T e 3. “Lowest common
5 J A ; B o_t_n‘o:n 11 K nmon op v 9
generation D K . econstructe T T T =
- AnonoonoaE oL ancestor” inference °© o
LU o 0|0 0 0 H I T T 1
"’0:0000.0 “1—1-022 O O
3 v E E w 1|lo/o0o/0o 0 0 “ EERESREY o 2 O
¥ ¥ b « 4 O
3rd generation K n n " v, } Detected “lvlololo|olole vwil2l|2|2|2 0
P Problem reduced to multi-class classification on edges. |[==—————n
O ob
o
For the prototype, use as target a simplified version of the decay chain, based on the (%) o o
reconstructible vertices. B+
 Very-short-lived resonances merged with the previous ancestor.
* Resonances with less than two charged descendants merged with the previous ancestor. ° ° °
O
o W=
%o %0
PV, ° PV:
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Trigger performance: event-size reduction

Algorithm based on Graph Neural Networks, for the moment restricted to b-hadrons and charged stable particles
» Trained on custom simplified simulation in Run3-like conditions, with ~ 140 particles per event  [https://zenodo.org/records/7799170]

Background rejection 96% Signal efficiency: 94% Average selected particles: ~10

2 3 45 6 7 8 91011 12 13 14 15 16
| } | | | | |
2-5 8 | S 2 1 1 1004
> IF T . 3 3-1 N B 2 1 1 20 ~—— Particles from b-hadron decays
2 = - * ¢ * 3 1 Particles [rom the rest of the event
s 09F = L 4118 5 4 3 2 1 =
S 08F 4 15 s-0 1 s 4 2 2 o
“'f) 0.72_ Particles from b-hadron decays _i 2 6-0 0 1 e 7 s 4 3 2
S 06F Particles from the rest of the event 3 EQ 7-0 0 0 1 Ws 6 5 4 3 = >
S 05E 4 T g-000 01 2 10 9 7 4 4 E
L = = £ = 0
o 04F = 6 9-0 0 01 1 2 3 ERIN 7 6 4
= = b
2 43E 4 % 10-000 00 1 2 I FR10 7 6 -5
02E 4 Su-00000011 14 17 12 FL G o
01E" 3 T 122-0 000011 19 13 9
AdE . R 3 ©
0E P o S S e e s = Q13-0 00 00 0 1 20 12 5 75
0 100 4 200 los i 300 % 1400000 00 0 100 200 300 400 500
particles 1n event -0 0 o o ol z [mm]
16-0 1 0 0 1 0 1
—Lo

# particles selected by DFEI
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https://zenodo.org/records/7799170

Data filtering: decay-chain reconstruction

®) o)
\ Perfect Wrong
/\ reconstruction hierarchy
d O (5]
| & (\) (\ ( ) ( )
4 ), | Not isolated
o S /\
o J,U

True decay chain

Perfect (%)

O
Partially
reconstructed

o

o o o

Decay mode Wrong hierarchy (%) Not iso. (%) Part. reco. (%)

10/01/2024

Inclusive H} decay 4.6 £ 0.1 5.9+ 0.1 76.0 = 0.2 13.4 £ 0.1
BY — K[Kr)putu~ 3.8 £0.7 192+ 0.6 44.9 £ 0.7 <0.02

BY — Ktn— 380+ 07 — 54.7 £ 0.7 72+04
BY + DK Ktr]nt 328 £0.7 7104 53.7 £ 0.8 6.4 + 0.4
B - DT[KTr~ a7 |DY[K~ntnt] 227 +£0.6 224+ 0.6 54.9 £ 0.8 <0.02

Bt - KtK «t 357+ 07 102+ 04 46.4 + 0.7 7.7+04
A) - Af[pK 7wt 7~ 21,7 £1.0 89 +£0.7 36.8 &£ 1.2 32.6 £ 1.1
BY — J/Y[utu] o[ KT K] 269 £0.6  20.5+0.5 52.5 £ 0.6 <0.02
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Standard

exclusive

Filter
through
data

Search for
specific
candidate

analysis

Characterise

DFEI ool w1 decay chains,
) reconstructed tandard
analySUS in the events standard ot

exotic
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Standard vs DFEI-based analysis

Possible contamination from poor or partial
reconstructed decays

\_

J

~\

Reconstructed trees in event

-

—_c4:§(::;~0 -c;:;o

\

Simone Capelli - SMARTHEP MiB - New developments and improvements for DFEI 14




[ ]
Search for exotic states T T

D“D” T8 3.1

LHCDb has found ~ 50 new exotic states: s | 4
could benefit from more inclusive searches, and DFEI could do that DD - 9r 14
sum 10

Current ideas for searching for exotic states include simultaneous JoD K- 23 0.9
analysis of multiple exclusive decay chains WK 8 .
Sum Zi
E.g.: the search for the tetraquark T, could involve the B ﬁ”_"f ;;2 i;f

m ‘/T 29.0 0.

simultaneous mass fit of 20 to 40 channels! - 6.7 97

sum 29

B K-t 188 75

B_sll\'_ll n+ 94 38

Bl K-ntntn 61 24

sum 137

o EremStmese i D'DHy~v 56 22

v F § ~F D'Drtpv 43 17

: & DDty + X 163 65

3 = - ¥ DD~ + X 108 43
= B N AT suim 147

e I BK—ptv 24 9.5

i f: xo g %: NmrseT B K~ ntutv 16 6.5

£ = sum 16

D'K—nt 68 27

00T DtK- 134 54

o DOt~ 2.5 1

Search for Tbc — prospects for Run3, 1. Polyakov, Dt 19 9
Hunting for the charming beauty tetraquark Tbc: LHCb meets theory, 5 October 2023, CERN sum 84

ol
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https://indico.cern.ch/event/1324964/contributions/5576264/

Search for exotic states

» DFEI can simultaneously reconstruct the different decay chains, allowing for a more
inclusive search for exotic states

» Simplified Pythia-based simulation sample of several weakly decaying modes of T}, analysed simultaneously using DFEI

30 Preliminary

70
60
50

25

Preliminary 20

Num. reco. decay chains
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Num. reco. decay chains
IIIIIIIIIIIIIIIIIIIIIIIIIIII

40
15
30
20 10
10 3
é)OOO 6500 7000 7500 8000 0 4 6 8 10
M(reco. decay chain) [MeV] Num. stable particles in reco. decay chain
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Search for exotic states

» DFEI can simultaneously reconstruct the different decay chains, allowing for a more
inclusive search for exotic states

» Simplified Pythia-based simulation sample of several weakly decaying modes of T}, analysed simultaneously using DFEI

SAELELELE BN Automatized, simultaneous, |——— e

70E [ High reco. quality inclusive reconstruction of Preliminary
60 F [ Low reco. quality decay chains without the
50 need to know or to define the
Preliminary decay chains beforehand!
40 5

Num. reco. decay chains

30 Note: the T,. modes were
20 a never used in the training of
] the algorithm! Plus: final-
10 state agnostic algorithm
é)OOO 6500 7000 7500 8000 0 4 6 8 10

M(reco. decay chain) [MeV] Num. stable particles in reco. decay chain
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First speed-up round and C++ inference pipeline

time [s]

First DFEI prototype: Evaluation pipeline on python with TensorFlow

1E —+
,_I_.
0.5 = ]
Quadratic scaling of the inference time with Overall evaluation time on the order of few 0:___.%%%* NP module ]
the track multiplicity seconds per event on CPU (dominated by NP) E e W++
s 2 LT

Substitute the GNN models of the NP and EP by BDT models to improve scaling .

time [s]
B
+‘
%

0 100 200

Evaluated independently for each node/edge Cut at 99% signal efficiency for nodes/edges

C++ inference pipeline that takes as input

BDT-based NP, BDT-based EP, GNN-based Using the C APT of CatBoost and
LCAI TMVA::SOFIE for the LCAI GNN inference
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https://catboost.ai/en/docs/concepts/c-plus-plus-api_dynamic-c-pluplus-wrapper
https://indico.jlab.org/event/459/contributions/11746/attachments/9716/14215/TMVA_SOFIE_%20CHEP23.pdf
https://link.springer.com/article/10.1007/s41781-023-00107-8

First speed-up round and C++ inference pipeline

filtering by the NP and EP
» Time now dominated by the LCAI algorithm

v Excellent scaling achieved thanks to the fast pre-

» Significant overall speed up

Track multiplicity

‘”éiﬂ) e

100

o
&
B
@
o
g

-
boy
13
o

-
o
w

“+ EPinference

m EP pre-processing

5 5 5 5 5
2LEKILRK 2 S <

ing

[sw] awmn 3urssaoord-juoayg

300

200
Track multiplicity

100

ﬂﬁm NP pre-processing

q‘”ﬁz%:% NP post-processing
£4¢ NP inference

T
&

v
L
o
s

T
4
b
22

%
bt
b
i
Er

CA

200
Track multiplici

100 3
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» Next
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study of GNN architecture developments to gain further speed-ups

.
.

» In parallel
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Summary

1) Developed a prototype, published in paper [Comput.Softw.Big Sci. 7 (2023) 1, 12]

2) We are exploring applications in three different domains:

» Trigger, data filter and inclusive analysis with very promising results [htts://zenodo.org/records/7799170]
3) On the way from prototype towards production

» Developed a C++ pipeline and improved the scaling and timing of the algorithm

* Stay tuned: further developments are on the way!

Thank you!
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https://link.springer.com/article/10.1007/s41781-023-00107-8
https://zenodo.org/records/7799170

Backup

10/01/2024
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Facing the new era with machine learning

Novel approach
DFEI:
proposed

Deep-learning based
Full Event Interpretation

LHCDb event

(simplified) Input Target /

Graph /
B* B
—B= neural 2 ol

network ~_ P \
B

\

&. Reconstruct §

Selec
t

NS

b\
A\

“Maximally efficient” trigger.

Similar developments in other experiments

tgy» 3 Full EventInterpretation algorithm at an e+e- collider
<o [Comput.Softw.Big Sci. 3 (2019) 1 6], BELLE2-MTHESIS-2020-006].

Belle IT

CMS, /| GNNs for trigger purposes
1 [seee.g. Eur.Phys.).C 81(2021)5, 381, Frontiers in Big Data 3 (2021) 44].
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https://arxiv.org/abs/1807.08680
https://docs.belle2.org/record/2122/
https://arxiv.org/abs/2101.08578
https://arxiv.org/abs/2008.03601

Decays and graph structures

Event

Global: event information
nTracks, ...

Nodes: track variables
momentum, (PID), ...

Edges (# nodes?!): track relations
angle, DOCA, ...

——

\\\

Graph structures

Representation of objects
with relations

Arbitrary, sparse/dense relations

nodes (or vertices)

\

edges
(or links)
AL

10/01/2024 Simone Capelli - SMARTHEP MiB - New developments and improvements for DFEI
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Angle (rad)

Cut-based edge pruning

Define two adequate topological variables for each edge (pair of particles)

p1 Angle

Combined
3-momentum

Transverse

distance

’ F T os T o

F Sk S F
“F Signaledges | & os& Background edges | o o Applied veto

E w0 [ w0 F
=  (from same b-ancestor) g oae (all other edges) S of
0,3;— 0_33_ o.af—
0'25_ 0.22— o.zf—
0.1; 0.13— 0.13—

E. IR BT BTSRRI R RIS BT S ST A R ATE I BT B :A i {0 00 G At S A G0 0 A i S R SO vl I G

1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6 7
Transverse distance (mm) Transverse distance (mm) Transverse distance (mm)

This veto reduces on average 60% of the total number of edges in the graph.
It also reduces connections between signal tracks, but it only leaves ~2% of the signal tracks fully
disconnected.

Simone Capelli - SMARTHEP MiB - New developments and improvements for DFEI
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C++ inference pipeline

Information of the charged stable
particles in an event.

NP algorithm:
1. Pre-processing: read information on particle-level quantities in the event,
compute derived quantities.
2. Inference: evaluate the NP CatBoost BDT model, using the CatBoost C API.
3. Post-processing: apply the node filter.

EP algorithm:
4. Pre-processing: compute particle-pair-level quantities.
5. Inference: evaluate the EP CatBoost BDT model, using the CatBoost C API.
6. Post-processing: apply the edge filter.

LCAI algorithm:
7. Pre-processing: construct the input graph, combining particle-level, particle-pair-

level and global information in the event.
8. Inference: evaluate the LCAI GNN model, using TMVA::SOFIE,

Prediction of the hierarchical
relations for all pairs of particles.

Simone Capelli - SMARTHEP MiB - New developments and improvements for DFEI


https://catboost.ai/en/docs/concepts/c-plus-plus-api_dynamic-c-pluplus-wrapper
https://indico.jlab.org/event/459/contributions/11746/attachments/9716/14215/TMVA_SOFIE_%20CHEP23.pdf

Example case: BY » KTn= ¢t~

Partially- and over-reconstructed backgrounds are challenging to disentangle from the signal in exclusive,
conventional analysis = loose of sensitivity
* Particularly important for electron modes, impacting Ry measurements

With DFEI, these contributions are fully reconstructed and classified in clusters of different numbers of particles

= T N e Bt - Ktmmtete i
= s e N , _ — =
g [ e e e e e B0 Kttt S
é - - prasa” _,,__f:::»:-..,_,::ff:"--,._f:j'_fj.::: Bt - KT¢+¢~ _%
Ginaie 5
L=t ‘ ’ T 5800 #,
llep[ ([P 5600
Oz, o et LALEES 5200 700 - eV
B LT B 5000 B‘“Kﬁeﬂvy‘ y Me \
Conventional, exclusive analysis With DFEI inclusive reconstruction
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Performance: final-state particle

Confusion matrix, normalized per true class
2 3 4 5 6 7 8 910 11 12 13 14 15 16

i 1 | i

2-5 10 8 7 tll
3-1 9 7 6
4-1 1 8 7
7
=)

H»—
[
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6-0 11

(7= T = B L

e B L e O T B S
- T S O T S N S e
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o o o o o o o F o ¥
H Q O O o o O BB ¥
o H o o F HF = NN
o O o NW
o H O H P W W
Hoo NOHE N s

True number of signal final-state particles
Moo MW s
L B R -1

i

Number of selected final-state particles
“single-b-hadron-signal” approach
performance comparable to the
envisaged nominal LHCb strategy
for Run 3 [JINST 14 (2019) 04, P04006]

LHCb: 90% sig eff, 90% bkg rej. power
DFEl: 94% sig eff, 96% bkg rej. power

Simone Capelli - SMARTHEP Mi#

filtering
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Lo Consistent performance with
different number of signals

DFEI capability #1
Powerful event size (~ x14)

> DFEI selects all of

them simultaneously NI ARSI U]

environment.

- New developments and improvements for DFEI
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https://inspirehep.net/literature/1723258

3" module: Lowest Common Ancestor (LCA)
inference

From [BELLE2-MTHESIS-2020-006]:
(see also [James Kahn et al 2022 Mach. Learn.: Sci. Technol. 3

035012])

1st generation ) Adjacency Matrix LCA Matrix
—_— i 4
Fin 8 D

<
=

2nd generation rReconstructed

4

3rd generation @ @ @ @ C\
v
l-l’ ,“) Detected

- |-  o|lo|lo|=-|o| @
o|lo|lo|lo|lo|a|o| &
olo|lo|lo|lo|=-|o|3A
o o o|lo|lo|=|ofA
olo|lo|lo|o|o|=|F

Problem reduced to multi-class classification on edges.

For the prototype, use as target a simplified version of the decay chain, based on the
reconstructible vertices.

* Very-short-lived resonances merged with the previous ancestor.
* Resonances with less than two charged descendants merged with the previous ancestor.

10/01/2024 Simone Capelli - SMARTHEP MiB - New developments and improvements for DFEI 30


https://docs.belle2.org/record/2122/
https://iopscience.iop.org/article/10.1088/2632-2153/ac8de0/meta
https://iopscience.iop.org/article/10.1088/2632-2153/ac8de0/meta
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Decay-level performance

Decay mode

Perfect (%)

Wrong hierarchy (%)

Not iso. (%)

Part. reco. (%)

Inclusive Hj decay 4.6 + 0.1 5.9+ 0.1 76.0 £ 0.2 13.4 + 0.1
BY - K} [Krlp p~ 358+ 0.7 192406 449 £ 0.7  <0.02

B - Kt~ 380 + 0.7 - 54.7 £ 0.7 7.2+ 04
BY - D7[K-K*rn~]n+ 328 +£0.7 71404 53.7 £ 0.8 6.4+ 04
B - DT[Ktn~n |DY[K ntat] 227 +£06 224406 549 £ 0.8  <0.02

Bt - KtK—nt 35.7+0.7 102+ 04 464+ 0.7 7.7+ 04
A = AS[pK 7] m 21.7+ 1.0 89+ 0.7 368 £1.2 326+ 1.1
BY — J/pluTuT] g KT K| 269+ 0.6 205+ 05 525+ 0.6  <0.02

Different types of decay reconstruction

- wrong hierarchy: correct tracks but wrong hierarchy

- Not isolated: additional tracks that do not belong to the decay
- missing tracks of the true decay

Fraction of perfect signal reconstruction approximates the tag side efficiency for FEI at Belle (Il)
(order a few percent for semileptonic decays and a few per mille for hadronic decays.)

Simone Capelli - SMARTHEP MiB - New developments and improvements for DFEI
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Search for exotic states

Several states observed (50 since 2003)

But: we still don’t understand their nature

* Bound or molecular states?

b

.
2(3) states 1 state

Need unambiguous experimental evidence

Other doubly-heavy states [QQud]:
* Ty, [Pb][ud] = ~1073 events in Run3&4

* T, [bc][ud] = may be below BD threshold, but opposite expectations in some molecular models
Karliner, Rosner, 2017, Semay, Sllvestre-Brac, 1994, Carames, Vijande, Valcarce, 2019, Meng et al., 2021
Li, Sun, Liu, Zhu, 2012, Liu et al., 2019, Hudspith et al., 2020

Search for Tbc — prospects for Run3, |. Polyakoy,
Hunting for the charming beauty tetraquark Tbc: LHCb meets theory, 5 October 2023, CERN
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https://indico.cern.ch/event/1324964/contributions/5576264/
https://arxiv.org/abs/1211.5007
https://arxiv.org/abs/1902.03044
https://arxiv.org/pdf/2006.14294.pdf
https://arxiv.org/pdf/1707.07666.pdf
https://link.springer.com/article/10.1007%2FBF01413104
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.014006
https://www.sciencedirect.com/science/article/pii/S0370269321000356
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Algorithm Modules

Blue: reconstructed ancestors
Green: particles from a b-hadron
Red: particles from the rest of the event
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Blue: reconstructed ancestors
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Red: particles from the rest of the event
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Physics performance: decay-chain reconstruction

\7 Perfect Wrong

10/01/2024

True decay chain

f\ reconstruction

J)

\” Not isolated

N

hierarchy

Partially

reconstructed

Decay mode

Perfect (%)

Wrong hierarchy (%)

Not iso. (%)

Part. reco. (%)

Inclusive Hj decay 46 £0.1 5.9 £ 0.1 76.0 £ 0.2 13.4 + 0.1
B — Ki[Kr)ptp~ 35.8+£ 0.7 192+06 449 + 0.7 <0.02

B - Ktn~ 38007 — 54.7 + 0.7 72+ 04
BY - D7 [K~Ktn |« 328+07 T71+04 53.7 £ 0.8 6.4 + 0.4
B » D7 [Ktn~n~|DT[K—ntnt] 227406 224+ 06 54.9 £ 0.8 <0.02
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