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Introduction

LHCb	detector:	forward	
spectrometer	studying	decays	
of	beauty	and	charm	hadrons.	

Upcoming	LHC	Run3	@LHCb:	
- Increase	in	instantaneous	
luminosity	by	a	factor	5.	

- Hardware	part	of	the	
trigger	removed.	

						➥	Fully-software	trigger.	
															➥	Higher	efficiencies.	⇒

Huge	challenge	of	
combinatorics	for	the	
trigger.	
➥	Much	bigger	
challenge	for	the	
Upgrade	2!
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Event	complexity	and	evolution	of	the	trigger	paradigm

0
1
2
3
4
5

Run	2 Upgrade	I Upgrade	II

Number	of	b-hadrons
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Number	of	tracks

(*)	Numbers	obtained	from	a	private	simulation	based	on	PYTHIA,	described	later	in	this	talk.

Evolution	of	average	quantities	per	event(*):

During	Run1	and	Run2,	a	small	fraction	of	the	events	
had	a	signal	(either	b-	or	c-hadron)	

Upgrade	1	(Runs	3-4):	about	1	charm	hadron	per	event.	

Upgrade	2	(Runs	5-6):	about	1	beauty	hadron	every	
other	event,	several	charm	hadrons	per	event.
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Event	complexity	and	evolution	of	the	trigger	paradigm
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Number	of	tracks

(*)	Numbers	obtained	from	a	private	simulation	based	on	PYTHIA,	described	later	in	this	talk.

Evolution	of	average	quantities	per	event(*):

During	Run1	and	Run2,	a	small	fraction	of	the	events	
had	a	signal	(either	b-	or	c-hadron)	

Upgrade	1	(Runs	3-4):	about	1	charm	hadron	per	event.	

Upgrade	2	(Runs	5-6):	about	1	beauty	hadron	every	
other	event,	several	charm	hadrons	per	event.

Limited	trigger	bandwidth	[LHCB-TDR-018]:	
Bandwidth	[MB/s]	∝ Trigger	output	rate	[kHz]	×	Average	event	size	[kB]	

From:	which	events	are	interesting?	We	can	save	a	lot	of	information	for	
many	of	them!	

To:	(almost)	all	of	the	events	are	interesting	…	but	they	have	too	much	
information!	Which	parts	of	each	event	are	interesting?

http://cds.cern.ch/record/2319756/
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Signal-based	trigger	vs	Full	Event	Interpretation	(FEI)

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	which	
are	related	to	the	specific	signal.	[JINST	14	
(2019)	04,	P04006]	

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

New	proposal:	try	to	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	…

Signal	based FEI

https://inspirehep.net/literature/1723258
https://inspirehep.net/literature/1723258
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Complementary	area	of	interest:	offline	analysis	

A	larger	luminosity	also	implies	increased	levels	of	background.	

The	usage	of	a	FEI	approach	can	help	identifying	different	sources	of	
background,	to	either	suppress	them	or	enhance	them	in	control	regions.

https://inspirehep.net/literature/1723258
https://inspirehep.net/literature/1723258
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FEI	in	other	experiments

From	a	physics	perspective,	the	closest	example	from	a	different	experiment	is	the	FEI	
algorithm	developed	for	the	Belle	II	experiment	[Comput.Softw.Big	Sci.	3	(2019)	1,	6].	

Reconstruction	of	the	tag-side	B0/B±	decay	
chain	in	a	hierarchical	way,	using	a	large	
(fixed)	list	of	possible	decays,	with	a	
classifier	trained	for	each	of	them.

From	a	technical	perspective,	our	project	has	similarities	with	the	Particle	Flow	algorithm	
developed	for	CMS	[JINST	12	(2017)	10,	P10003]	(specially	with	some	of	the	latest	
developments	for	it	[Eur.Phys.J.C	81	(2021)	5,	381]).

https://arxiv.org/abs/1807.08680
https://arxiv.org/abs/1706.04965
https://arxiv.org/abs/2101.08578
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Differences	between	Belle	II	and	LHCb

Only	B0/B±	hadrons	

List	of	possible	decays	large	but	
limited	and	well	identified.	

e+e-	collisions:	clean	environment.	

Hermetic	detector:	all	the	
information	(except	for	neutrinos)	
available.

All	b-hadron	species	(+	c-hadrons)	

Enormous	list	of	possible	decay	chains.	

pp	collisions:	important	contamination	
from	the	rest	of	the	event.	

Non-hermetic	detector:	partially-
reconstructible	decays	in	many	cases.

Leverage	the	full	power	of	deep-learning	
and	try	to	reconstruct	as	much	as	possible.	
➥	DFEI:	Deep-learning	based	FEI	for	LHCb.

⇒

Belle	II LHCb
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General	description	of	the	DFEI	algorithm

Input:	reconstructed	stable	particles	(charged	tracks	and	neutral	clusters).	

Basic	deep-learning	units:	Graph	Neural	Networks	(GNN).	We	are	using	the	graph_nets	
package	developed	by	DeepMind	[arXiv:1806.01261].	
Main	advantages:	
								➥	Possibility	to	combine	different	types	of	information	(single-particle	properties,	
relation	between	particles,	event-level	information)	and	profit	from	the	permutation	
symmetry	of	the	set	of	particles	to	reduce	the	combinatorial	problem.	

Algorithm	structure:	consecutive	steps	of	increasing	“granularity”,	each	of	them	filtering	
away	part	of	the	event.	
Two	main	stages,	applied	in	series:	
								➥	Event	pre-filtering:	remove	many	of	the	particles	from	the	rest	of	the	event,	and	group	
the	remaining	ones	in	coarse	clusters	(ideally	one	per	b-	or	c-hadron).	
								➥	Hierarchical	clustering:	for	each	of	the	previous	clusters,	do	a	hierarchical	
reconstruction	of	unstable	particles,	and	remove	the	remaining	objects.	

Timescale:	long-term	project	that	will	be	developed	in	stages.	
								➥	Aim	at	partial	application	in	the	Upgrade	1.	
								➥	Aim	at	full	application	in	the	Upgrade	2.	

https://arxiv.org/abs/1806.01261
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Current	status	of	the	algorithm	development

Under	investigation:	not	covered	in	this	talk.	

	-	Preliminary	studies	using	Reinforcement	Learning	
(RL),	both	with	dense	neural	networks	and	with	GNNs	
(while	doing	the	studies,	an	independent	application	
of	RL	in	HEP	for	jet	reconstruction	was	published	
[arXiv:2011.08191]).	

	-	Also	preliminary	studies	for	the	reconstruction	of	the	
Lowest-Common-Ancestor	matrix	with	GNNs,	à	la	
[BELLE2-MTHESIS-2020-006].

First	prototype	developed	for	the	study	of	charged	tracks	in	b-hadron	decays,	for	Run	3	
conditions.	Presented	in	the	next	slides.	

	-	Trained	on	a	private	simulation	based	on	PYTHIA,	described	in	the	next	slide.	

	-	Several	iterations	of	code	optimization	were	required	to	handle	the	large	amount	of	
information,	including	the	vectorization	of	many	of	our	functions.	

https://arxiv.org/abs/2011.08191
https://docs.belle2.org/record/2122/
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Training	dataset:	emulating	Run3	conditions

The	training	and	performance	studies	are	currently	done	using	PYTHIA,	with	the	following	
configuration:	

	-	Proton-proton	collisions	at	13	TeV.	
	-	Average	number	of	collisions	per	event:	7.6.	

We	require	all	the	tracks	and	the	b-hadrons	to	be	inside	the	LHCb	geometrical	
acceptance.	

In	addition,	we	emulate	the	reconstruction	of	the	following	quantities,	using	publicly	
available	expectations	for	the	LHCb	performance	in	Run3:	

	-	Origin	point	of	the	tracks	(first	measurement	in	the	Vertex	Locator).	
	-	Three-momentum	of	the	tracks.	
	-	Position	of	the	primary	vertices.	

Note:	the	topological	quantities	are	highly	relevant	for	LHCb,	to	profit	from	the	very	good	
precision	of	the	vertex	detector	and	the	tracking	system	[Int.	J.	Mod.	Phys.	A	30,	1530022	
(2015)].

https://arxiv.org/abs/1412.6352
https://arxiv.org/abs/1412.6352
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PV1
PV2

Green:	particles	from	a	b-hadron	
Red:	particles	from	the	rest	of	the	event

1)

In	the	graphs,	the	stable	particles	are	
represented	as	nodes,	and	the	
relations	between	them	as	edges.

Pre-filtering	algorithm
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Edge	pruning	
(Remove	connections	between	
topologically-distant	particles)

PV1
PV2

Green:	particles	from	a	b-hadron	
Red:	particles	from	the	rest	of	the	event

1)

2)

Loose	cut-based	selection	that	
mostly	removes	a	fraction	of	the	
links	between	particles	originated	in	
different	primary	vertices.

Pre-filtering	algorithm
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2)	Edge	pruning

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

Angle

Transverse 
distance

Combined	
3-momentum

p1

p2

p1

p2

An
gl
e	
(ra

d)

An
gl
e	
(ra

d)

An
gl
e	
(ra

d)

Transverse	distance	(mm) Transverse	distance	(mm) Transverse	distance	(mm)

Signal	edges	
(from	same	b-ancestor)

Background	edges	
(all	other	edges)

Applied	veto

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.
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Edge	pruning	
(Remove	connections	between	
topologically-distant	particles)

Node	pruning	
(Kinematics&topology	GNN	for	node	
classification)

PV1
PV2

B+

B-

Green:	particles	from	a	b-hadron	
Red:	particles	from	the	rest	of	the	event

1)

2)

3)

Pre-filtering	algorithm



Julián García Pardiñas Towards a DFEI algorithm for the LHCb experiment 05/10/21 �20

3)	Node	pruning

Signal	nodes:	particles	from	a	b-hadron	(any	of	them)	
Background	nodes:	particles	from	the	rest	of	the	event

B+

B-
pT:	transverse	momentum	
PV:	associated	primary	vertex	
IP:	impact	parameter	with	
						respect	to	the	PV	
DOCA:	distance	of	closest	
						approach

pT,	IP

DOCA,	boolean:	from	same	PV

Input

Target
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3)	Node	pruning:	training

Batch	size:	32	events	

Loss:	weighted	softmax	cross	entropy	
																	➥	50%	combination	of	independent	
																						averages	for	signal	and	
																						background	losses,	per	event	

Minimizer:	Adam
Training	iteration

Training	iterationTraining	iteration

Lo
ss

Si
gn
al
	a
cc
ur
ac
y

Ba
ck
gr
ou

nd
	a
cc
ur
ac
y

Training	dataset	
Test	dataset
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Edge	pruning	
(Remove	connections	between	
topologically-distant	particles)

Node	pruning	
(Kinematics&topology	GNN	for	node	
classification)

Common-ancestor	clustering	
(Kinematics&topology	GNN	for	edge	
classification	+	splitting	of	
disconnected	subgraphs)

PV1
PV2

B+

B-

Green:	particles	from	a	b-hadron	
Red:	particles	from	the	rest	of	the	event

1)

2)

3)

4)

Pre-filtering	algorithm
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4)	Common-ancestor	clustering

B+

B-

Signal	edges:	pairs	of	particles	with	the	same	b-hadron	ancestor	
Background	edges:	any	other	pair	of	particles

pT,	IP,	three	momentum,	
origin-vertex	coordinates,	

PV	coordinates

DOCA,	boolean:	from	same	PV

Input

Target
pT:	transverse	momentum	
PV:	associated	primary	vertex	
IP:	impact	parameter	with	
						respect	to	the	PV	
DOCA:	distance	of	closest	
						approach
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4)	Common-ancestor	clustering:	training

Training	iteration

Training	iterationTraining	iteration

Lo
ss

Si
gn
al
	a
cc
ur
ac
y

Batch	size:	32	events	

Loss:	weighted	softmax	cross	entropy	
																	➥	50%	combination	of	independent	
																						averages	for	signal	and	
																						background	losses,	per	event	

Minimizer:	Adam

Ba
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nd
	a
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y

Training	dataset	
Test	dataset
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Performance:	inclusive	efficiencies	(ROC	curves)

95%

70%

The	node-pruning	and	common-ancestor-clustering	algorithms	are	applied	in	series	(also	in	the	training).	
Overall	idea:	apply	loose	cuts	to	leave	enough	signal	objects	for	the	next	stage	of	the	algorithm.

90%

60%

Node	pruning:	cut	on	the	signal	
probability	per	node.

Common-ancestor	clustering:	
cut	on	the	signal	probability	per	
edge,	and	separate	
disconnected	graphs	as	different	
reconstructed	clusters.

Fraction	of	the	remaining	tracks	in	the	event	
present	in	that	reco.	cluster.

Fraction	of	signal	tracks	from	a	specific	b-ancestor	
present	in	the	associated	reco.	cluster.

Efficiencies	
per	track

Efficiencies	
per	cluster
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Performance:	“spin-off”	usage	in	a	signal-based	trigger

Example:	selection	of	extra	signal	tracks	in	an	inclusive	two-body	trigger-like	candidate.	

	-	Trigger	candidate:	displaced	vertex	with	pT	>	2	GeV/c	(if	several	in	the	event,	choose	the	
highest-pT	one).	
	-	For	all	the	events	with	one	candidate,	compute	relevant	quantities.

p p

B Background	tracks	(from	the	rest	of	the	event)	
Trigger-candidate	tracks	
Extra	signal	tracks

Selection	efficiency	on	extra	
tracks

Fraction	of	the	total	event	in	the	
cluster

~85% ~20%

Disclaimer	#1:	no	prior	selection	imposed	on	the	extra	tracks	⇒	not	all	of	them	would	have	been	usable	offline.	

Disclaimer	#2:	no	specific	optimization	of	the	training	has	been	done	for	this	purpose	(yet).

Good	starting	point!
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Summary	and	outlook

The	increase	in	instantaneous	luminosity	for	the	upcoming	Upgrades	I	and	II	of	LHCb	
poses	huge	problems	of	trigger	combinatorics	and	storage	capacity.	

Up	to	now,	LHCb	is	using	a	signal-based	trigger	(as	typical	for	hadronic-collider	
experiments),	expanded	since	Run2	with	a	selective	persistence	of	information	in	the	
event	(to	partially	reduce	the	event	size).	

We	propose	a	new	approach	to	be	used	in	the	future	of	the	experiment:	a	Deep-learning	
based	Full	Event	Interpretation	for	LHCb.	
➥	Exploit	all	the	correlations	among	the	event	objects	to	improve	the	trigger	decisions.	
➥	Main	focus	on	optimizing	the	bandwidth	overall,	independently	on	the	number	and	
type	of	signals	present	in	the	event.	

We	are	developing	the	first	prototype	of	a	DFEI	algorithm	for	LHCb.	

First	implementation	of	a	pre-filtering	algorithm,	for	b-hadron	decays	and	charged	tracks.	
➥	Next	steps:	optimization	of	the	algorithm,	and	development	of	its	extension	to	neutral	
objects	and	c-hadron	decays.	

The	pre-filtering	will	be	followed	by	a	hierarchical-clustering	algorithm.	
➥	Preliminary	studies	ongoing	in	this	direction.
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Further	bibliography

The	LHCb	Upgrades	for	Run3	and	Run4:	https://indico.cern.ch/event/868940/contributions/
3813743/attachments/2081057/3495477/200725_ICHEP_LHCbUpgrades_v3.pdf	

Performance	estimates	for	Run3	conditions,	used	in	our	private	simulation:	

	-	Smearing	of	the	true	PV	positions:	https://indico.cern.ch/event/831165/contributions/
3717129/attachments/2022791/3382986/ctd_2020_freiss.pdf	
	-	Smearing	of	different	reconstructed	quantities:	https://twiki.cern.ch/twiki/bin/view/LHCb/
ConferencePlots	and	Computer	Physics	Communications	265,	108026	(2021).	
-	Geometry	of	the	Vertex	Locator:	https://cds.cern.ch/record/2147229/files/10.1016_j.nima.
2016.04.077.pdf

https://indico.cern.ch/event/868940/contributions/3813743/attachments/2081057/3495477/200725_ICHEP_LHCbUpgrades_v3.pdf
https://indico.cern.ch/event/868940/contributions/3813743/attachments/2081057/3495477/200725_ICHEP_LHCbUpgrades_v3.pdf
https://indico.cern.ch/event/868940/contributions/3813743/attachments/2081057/3495477/200725_ICHEP_LHCbUpgrades_v3.pdf
https://indico.cern.ch/event/831165/contributions/3717129/attachments/2022791/3382986/ctd_2020_freiss.pdf
https://indico.cern.ch/event/831165/contributions/3717129/attachments/2022791/3382986/ctd_2020_freiss.pdf
https://indico.cern.ch/event/831165/contributions/3717129/attachments/2022791/3382986/ctd_2020_freiss.pdf
https://twiki.cern.ch/twiki/bin/view/LHCb/ConferencePlots
https://twiki.cern.ch/twiki/bin/view/LHCb/ConferencePlots
https://arxiv.org/pdf/2101.12040.pdf
https://cds.cern.ch/record/2147229/files/10.1016_j.nima.2016.04.077.pdf
https://cds.cern.ch/record/2147229/files/10.1016_j.nima.2016.04.077.pdf

