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The LHCb experiment @ the LHC: 
forward-arm spectrometer 
instrumented for the study of and  
hadrons 

Unprecedented conditions in Run 3: 

‣ Instantaneous    
 Run 2  

‣Redesigned tracking detectors & 
improved readout electronics @ 

 bunch crossing rate of  

‣Milestone: fully software trigger

b c
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L = 2⇥ 1033cm�2s�1

→ 5 ×

pp 30 MHz

The upgraded LHCb detector for Run 3
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upgraded RICH + 
new readout 

New muon  
readout electronics 

New calo electronics

New vertex locator 
(VELO) and tracking 

stations 

Fully software trigger (GPU @ HLT1, 
CPU @ HLT2)
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New vertex locator 
(VELO) and tracking 

stations 

Fully software trigger (GPU @ HLT1, 
CPU @ HLT2)

*

The LHCb Run 3 trigger system

LHCb raw data 
15000 PB/year

LHCb storage capacity 
30 PB/year

500  reduction×

 LHCb trigger: real-time data reduction: 5 TB/s  10 GB/s⇒ →

*

*image not to scale

[CERN-LHCC-2018-014, LHCB-TDR-018]
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Figure 1: LHCb upgrade dataflow focusing on the real-time aspects.
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Figure 2: LHCb upgrade dataflow focusing on the real-time aspects, in widescreen view.
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references for use in papers.
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LHCb-FIGURE-2020-016 

Fully software, two-staged trigger:  select only interesting events 
via combination of expert systems and machine learning  
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     Solution: 

a)  certified robustness and interpretability, ie via formal guarantees   
reliable performance on unseen data 

 b) expressiveness and reduced complexity for deployment in the trigger

→

ML for trigger decisions
Criteria for reliable real-time & irreversible trigger decisions: 

‣Robustness: mitigated sensitivity to detector instabilities and deficiencies in simulation 

‣ Interpretability: the capacity to encode domain-specific inductive biases, eg the  
 heuristic: “the higher the  and longer the lifetime, the better” pT
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‣ A formal guarantee for robustness is realised constraining of the gradient of the learnt 
decision boundary, , in any  feature direction, f( ⃗x) ith

Constraining the Lipschitz constant
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 bounds the NN response variation 
as a result of feature variations  
during detector operations

λ

[Mach.Learn.Sci.Tech. 4 (2023) 3, 035020]

Toy example

 Learn smooth functions at a scale above detector resolution∴

Enforce NN is universal  
approximator of  
Lipschitz functions
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Interpretability by way of  monotonicity 

Residual connection in the response 
function learnt by the NN
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 for Lipschitz functions ∈ [−λ, + λ]

 Monotonicity defined wrt any (sub) set of features, at the 
the level of feature-specific variations (‘’all else being equal, 
an increase in a specific feature  will be more signal-like”) 

⇒

[Mach.Learn.Sci.Tech. 4 (2023) 3, 035020]

Figure 2: Training monotonic and unconstrained models using four realizations (purple data points)
of the toy model in Eq. (3.2). The shaded regions represent the (top) extrapolation or (bottom)
interpolation regions of interest, where training data are absent. Each panel presents a di↵erent
realization of the Gaussian noise. Each model is trained using 10 random initialization seeds. The
dark lines are averages over the seeds, which are each shown as light lines. The unconstrained models
exhibit overfitting of the noise and non-monotonic behavior, and when extrapolating or interpolating
into regions where training data were absent, these models exhibit highly undesirable and unpredictable
behavior. Conversely, the monotonic Lipschitz models always produce a monotonic function, even in
scenarios where the noise is strongly suggestive of non-monotonic behavior. In addition, the Lipschitz
constraint produces much smoother models as expected. N.b., here we set the Lipschitz constant to
be � = 1, whereas the slope of the true model is 1/x. This allows for more variation in the fit model
than the true model. In this exercise we assumed that all we know is that the slope is bounded by
unity. If we did have more precise a priori information about the slope, we could easily employ this
by rescaling x as discussed in Sec. 2.

masses. There are three main sources of background DVs. The first involves DVs formed from particles
that originated directly from the pp collision, but where the location of the DV is measured to have
non-zero displacement due to resolution e↵ects. These DVs will typically have small displacements and
small pT. The second source of background DVs arises due to particles produced in the pp collision
interacting with the LHCb detector material, creating new particles at a point in space far from the pp
collision point. Such DVs will have even larger displacement than the signal, but again have smaller pT.
The third source involves at least one fake particle, i.e. a particle inferred from detector information
that did not actually exist in the event. Since the simplest path through the detector (a straight line)

– 7 –

Toy example
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Expressiveness of Lipschitz NN  meet memory 
and compute requirements of the LHCb trigger 

New in Run 3: electron ID @ HLT1 

Reconstruction exploiting electron features: 
‣  

‣ Electron cluster dispersion 

‣ Electron cluster barycentre 

→

EECAL/pTrack

15

Electron Identification @ HLT1
[LHCB-FIGURE-2024-003]

Blaise Delaney (MIT) on behalf of LHCb

https://cds.cern.ch/record/2897528


The topological triggers @ HLT2
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LHCB-FIGURE-2024-003

Beauty decay topology 
[Credit: D. Vom Bruch]

D. vom Bruch 9

Beauty and charm decays

● B±/0 mass ~5.3 GeV
5 Daughter pT O(1 GeV)

●  ~1.6 ps 5 flight distance ~1cmτ

● Detached muons from B5J/ X, J/  5 Ψ Ψ μ+μ-

● Displaced tracks with high pT

● D±/0 mass ~1.9 GeV
5 Daughter pT O(700 MeV)

● τ ~0.4 ps 5 flight distance ~4mm
● Also produced from B decays

PV: Primary vertex
SV: Secondary vertex
IP: Impact parameter: distance between point of closest       
      approach of a track and a PV

‣ Higher-level (HLT2) trigger for inclusive selection 
of beauty decays 

 select multi-body candidates with -hadron 
decay topologies: 

• B mass   high transverse 
momentum,  

• Lifetime of   displaced decay 
vertex  

• Boosted in forward direction   
before decay vertex (DV)

⇒ b

𝒪(5 GeV) →
pT

𝒪(1 ps) →

→ 𝒪(1 cm)

[2306.09873, 2312.14265]
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The topological triggers @ HLT2
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New in Run 3: Monotonic Lipschitz NN to identify 2- and 3-body b-candidates using  

‣Kinematics  

‣Decay topology 

‣Monotonically increasing features:  

a) candidate  

b) candidate flight distance 

c)   of the impact parameter (IP)   
  

pT
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Sensitivity to: 

‣ Beauty candidates 

‣ Potential feebly interacting BSM 
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The topological triggers @ HLT2
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Summary & outlook

‣ Lipschitz monotonic NNs offer a prescription to perform physics-
informed (irreversible) decisions: 

- certified robustness and interpretability: formal guarantees at 
the level of the architecture design 

- expressiveness enabling deployment in high-throughput 
environments, such as the fully software LHCb Run 3 trigger  

‣ Commissioning with 2024 LHCb data squarely in progress
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The LHCb Trigger 

40 MHz bunch crossing rate

450 kHz
h±

400 kHz
µ/µµ

150 kHz
e/γ

L0 Hardware Trigger : 1 MHz 
readout, high ET/PT signatures

Software High Level Trigger

12.5 kHz (0.6 GB/s) to storage

Partial event reconstruction, select 
displaced tracks/vertices and dimuons

Buffer events to disk, perform online 
detector calibration and alignment

Full offline-like event selection, mixture 
of inclusive and exclusive triggers

LHCb 2015 Trigger Diagram
30 MHz inelastic event rate 

(full rate event building)

Software High Level Trigger

2-5 GB/s to storage

Full event reconstruction, inclusive and 
exclusive kinematic/geometric selections

Add offline precision particle identification 
and track quality information to selections

Output full event information for inclusive 
triggers, trigger candidates and related 
primary vertices for exclusive triggers

LHCb Upgrade Trigger Diagram

Buffer events to disk, perform online 
detector calibration and alignment


