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The Standard Model
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The Standard Model is the most 
precisely tested theory in physics

[1]

[2]

[1] 10.3390/atoms7010028 [2] 10.1103/PhysRevLett.130.071801 

https://www.mdpi.com/2218-2004/7/1/28
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.071801


The Standard Model
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Yet, the Standard Model leaves several fundamental phenomena unexplained.

𝛎e

𝛎μ 𝛎τ

Neutrino masses Dark matter & 
Dark energy

Matter
Antimatter

Matter-antimatter 
asymmetry



The Standard Model
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Two Approaches to Search for New Physics at Colliders

DIRECT SEARCHES

On-shell production
Produce new particles directly. 
Sensitive to new physics at the energy 
frontier

New particle High energy

INDIRECT SEARCHES

Precision measurements
Detect deviations from SM predictions. 
Sensitive to new physics beyond the direct 
energy reach

Rare decays CP violation



The Large Hadron Collider
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● Located at CERN, on the French-Swiss 
border near Geneva

● 27 km circumference, 100 m underground

● Colliding protons at up to 13.6 TeV

● Four main experiments: ATLAS, CMS, ALICE, 
and LHCb



The LHCb experiment
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● Forward spectrometer (2<η<5)

● Covering ~40% of bb̄ pairs

● σ(mB)~25 MeV for 2-body decays

● Muon ID efficiency ∼97%
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LHCb trigger system



Trigger system
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[LHCB-FIGURE-2020-016]

HLT1 runs as a GPU-based application (Allen) to handle high data throughput.
[Comput Softw Big Sci 4, 7 (2020)]

https://cds.cern.ch/record/2730181
https://doi.org/10.1007/s41781-020-00039-7


The LHCb detector
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Tracking detectors
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VELO: Silicon 
pixel, 52 planes

SciFi: Scintillating Fibre,  12 planes

UT: Silicon strip, 4 planes



Track types
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VELO

VELO track

UT

T1 T2 T3
Upstream track

Long track

Downstream track

T track

SciFi
● Long tracks provide the best 

momentum and position 
resolution.

● Downstream tracks 
reconstruct decays 
occurring after the VELO.

● Long and downstream 
tracks are the most used in 
physics analyses.



HLT1 TrackingII
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LHCb tracking strategy

15[CERN-LHCb-PUB-2021-005]

Long tracks

Forward tracking strategy
[10.1109/ACCESS.2024.3442573]1

2

Upstream 
tracks

Forward

Compass UT

VELO
UT

T1 T2 T3

SciFi

Magnet

Velo tracks Search by triplet

https://cds.cern.ch/record/2752971?ln=en
https://ieeexplore.ieee.org/document/10634157


LHCb tracking strategy
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T tracks

2

Long tracks
3

Downstream tracks

Backward tracking strategy

Seeding

Matching

Downstream

VELO
UT

T1 T2 T3

SciFi

Magnet

This talk

1

https://cds.cern.ch/record/2752971?ln=en


HLT1 Seeding
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T1-1x

T1-2xT1-u

T1-v T2-1x

T2-2xT2-u

T2-v T3-1x

T3-2xT3-u

T3-v

T1 T2 T3

SciFi Hits

Two-hit combinations
(1st+3rd layer; pmin window)

Three-hit combinations
(+2nd layer; curvature tol.)

Extension to remaining 3 layers

x-z track fit
(≥5 hits required)

XZ Seeding - bending plane (x-z)

x2 iterations (complementary layer orders)

x2
detector 
halves
(y>0,y<0)

Clone removal
(O(n) GPU AtomicMin voting)

Stereo hit search
(Full SciFi y acceptance)

Best hit attachment
(2mm tight search window)

y-z straight-line fit
(≥10 hits required)

Best candidate selection

x2 iterations (complementary layer orders)

x2
detector 
halves
(y>0,y<0)

UV Seeding - non-bending plane (y-z)

T tracks



HLT1 seeding
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Efficiency (Long tracks)



HLT1 seeding
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Efficiency (Downstream tracks)



HLT1 seeding
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Ghost rate



HLT1 seeding
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Throughput

● In Run 3, we have 

O(500) NVIDIA 

A5000s.

● Each GPU must 

operate at > 60 kHz 

to meet the 30 MHz 

requirement.



HLT1 matching
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Velo
state

Initial trajectory

Corrected trajectory

UT hits

Loose search window

Tight search window

Use the first hit to correct 
the trajectory



HLT1 matching
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HLT1 matching
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● The idea is to combine the matching and forward tracking in HLT1 to achieve higher physics 

performance.

● There are 3 different strategies of combinations:

Forward

Matching

Ghost Tracks

True Tracks

All hits

Unused hits

Ghost Tracks

True Tracks

Matching

Forward

Ghost Tracks

True Tracks

All hits

Unused hits

Ghost Tracks

True Tracks

Forward

Matching

Ghost Tracks

True Tracks

Ghost Tracks

True Tracks

Ghost Tracks

True Tracks

Forward then matching Matching then forward Forward and matching



HLT1 matching
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Finally, the Forward then matching scheme 
was chosen as the new HLT1 baseline.



HLT1 matching
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HLT1 downstream
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U
Ta

X
U

Ta
U

U
Tb

V
U

Tb
X

UT Magnet SciFi

Magnet 
point

tx(0) upper

tx(1)

tx(2)

tx(0) lower

SciFi seed

x

z

T tracks UT hits

Extrapolation to UT

Layer 3 (UTbX) search

Layer 0 (UTaX) search

Layer 1+2 (stereo) search

Weighted LS fit

Ghost rejection (NN)

Clone removal

Downstream tracks

Magnet point model

Full tx(0) scan ➡ tx(1)

Correct tx(1) ➡ tx(2)

Best combination

Fit UT state

Fully connected NN

Remove clone tracks



HLT1 downstream
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HLT1 downstream
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● Adding the downstream tracking 
reduces the throughput by 
approximately 9%.

● This cost is modest compared to 
the total HLT1 computing 
budget; the final throughput is 
still well above the 60 kHz 
requirement.



HLT1 downstream
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● Having downstream tracking in HLT1 is not enough, we also need to reconstruct physics: the K⁰s 
and Λ decays: a new vertexing algorithm was also developed for downstream tracks.

Two HLT1 trigger 
lines were then 
developed to select 
displaced K⁰

s and Λ 
decays.



HLT1 downstream
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● The K⁰s and Λ decays have large 
lifetimes, and therefore tend to decay 
outside the VELO.

● The new HLT1 downstream tracking 
triggers can significantly improve the 
HLT1 trigger efficiency for various 
physics analyses involving K⁰s and Λ 
decays.



HLT1 upstream
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● The HLT1 forward tracking uses upstream tracks 
as input to extrapolate them forward into the SciFi.

● The UT pattern recognition experience gained 
from the matching and downstream tracking 
helped us improve the HLT1 upstream tracking 
algorithm.

● The new HLT1 upstream tracking is designed 
following the matching UT hit search strategy.



HLT1 upstream
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VELO tracks

Straight-line extrapolation to UT

UT hits Long tracks

For each layer ordering

Select best χ2 candidate
across both orderings, per VELO track

Loose window in first layer
size from lookup table (pTmin, pmin)

For each hit found: create candidate
update γ with hit position

Tight window in next layer
using updated trajectory

Attach closest hit
update γ with new hit position

Require ≥ 3 UT hits

layer < 4

layer = 4

UTaX → UTbV → UTaU → UTbX
UTbX → UTaU → UTbV → UTaX

U
Ta

X

U
Ta

U

U
Tb

V

U
Tb

X

x

z

UT hits

True candidate

Possible candidates



HLT1 upstream
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HLT1 upstream
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Impacts in Forward then Matching



HLT1 upstream
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● In summary, the new HLT1 
upstream tracking offers:

○ Better efficiency

○ Better ghost rate

○ Better throughput

● It’s a free lunch!



BSM LLP searchesIII
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BSM LLP searches
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● During the development of HLT1 downstream tracking, it became clear that the same capability 
also gives LHCb sensitivity to beyond-the-Standard-Model (BSM) long-lived particles.



BSM LLP searches
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BSM LLP searches
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BSM LLP searches
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BSM LLP searches
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Fermion Gluon



BSM LLP searches
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[Eur.Phys.J.C 84 (2024)6, 608]

https://link.springer.com/article/10.1140/epjc/s10052-024-12906-3


SummaryIV
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Summary
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● In high-luminosity experiments like LHCb, trigger capability 
directly limits physics potential.

● Developing real-time reconstruction algorithms for software 
triggers expands physics reach.

○ Matching: low-momentum physics

○ Downstream: long-lived particles

● All algorithms officially deployed in LHCb Run 3 data-taking

● Measurable gain in LHCb's physics capabilities

* = author's 
contribution



Publications
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● Calefice L et al. (2022) “Effect of the high-level trigger for 
detecting long-lived particles at LHCb.” Front. Big Data 
5:1008737. doi: 10.3389/fdata.2022.1008737

● Volodymyr Gorkavenko et al. “LHCb potential to discover 
long-lived new physics particles with lifetimes above 100 ps”. 
In: Eur. Phys. J.C 84 (2024), p. 608. doi: 
10.1140/epjc/s10052-024-12906-3.

● V. Kholoimov et al. “A Downstream and Vertexing Algorithm for 
Long Lived Particles (LLP) Selection at the First High Level 
Trigger (HLT1) of LHCb”. In: Comput. Softw. Big Sci. 9.1 (2025). 
doi: 10.1007/s41781-025-00141-8.

A new paper titled “Seeding and Matching algorithms for the first 
GPU-based High Level Trigger of the LHCb experiment” has been 
submitted to EPJC and is currently under review.



Backup
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HLT1 matching
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Physics performance



The physics motivation
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● The b → sγ transition is a Flavour-Changing Neutral Current (FCNC) 

process, which is very rare and highly sensitive to NP contributions.

● The photon is mostly left-handed:

● Measuring the photon polarization of such a transition is very sensitive to the NP contributions.

Such photon polarization can 
be measured through the 
angular distribution of 
Λb → Λγ decays.

My first PhD analysis



The physics motivation
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● The Run 2 measurement is strongly statistics-limited.

● Λ⁰ is a SM long-lived particle: it usually decays outside the VELO acceptance, and only ~20% of such 

decays can be reconstructed with long tracks.

● Although most decays are within the downstream track acceptance, the lack of downstream tracking 

triggers in HLT1 during Run 2 resulted in a signal efficiency of less than 10%.

We need a downstream tracking trigger in HLT1 for Run 3.



Potential of Downstream tracks
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Eur. Phys. J. C 84, 
608 (2024)

● The main purposes of Downstream tracking is to improve the reconstruction efficiencies of 

decays occurring outside the VELO detector. 

● The most typical decays in such cases are the                              and                          decays. Since 

both          and           have relatively long lifetimes tend to decay outside the VELO detector or at 

the very end of it, which means they can only be reconstructed using Downstream tracks.

● Downstream tracking also extends the LHCb detector's sensitivity to search for Beyond 

Standard Model (BSM) Long-Lived Particles (LLPs) by increasing the effective decay volume up 

to 2.5 m.

● Due to the limited timing budget of HLT1, Downstream tracking was only implemented at 

HLT2 during Run 2.

● Thanks to the trigger system upgrade in Run 3, the new HLT1, which runs on GPUs, has seen 

significant throughput improvements for tracking algorithms.

● We successfully implemented the GPU version of Downstream tracking in HLT1 for Run 3 and 

have been taking data with it since October 2024.

[Eur.Phys.J.C 84 (2024)6, 608]

Sensitivity extended by two orders of magnitude! (similar for HNL or ALPs)

Potential of the Downstream algorithm for LLP searches:

[doi.org/10.48550/arXiv.2503.23087]

https://link.springer.com/article/10.1140/epjc/s10052-024-12906-3
https://doi.org/10.48550/arXiv.2503.23087


What is BuSca?
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BuSca means 'search' in Spanish

● After L0 removal, all detector readouts are temporarily stored in a buffer while waiting 

for HLT1 processing.

○ The BuSca project gets its name from “Buffer Scanning for BSM LLP searches”.

● BuSca consists of several components running directly at 30 MHz:

○ A real-time, histogram-based monitoring system:

■ Trigger-less histograms enable real-time anomaly detection.

○ A set of HLT1 + HLT2 trigger lines to select general BSM displaced vertices:

■ Model-independent – LLPs don’t necessarily originate from B mesons.

■ Focuses on two-body decays with different end states.

● For now, BuSca targets only downstream tracks for better momentum resolution than T tracks.



BuSca monitoring
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● In 2024, two different 2D histograms are set up for each HLT1 BuSca trigger line:

○ Mass vs. Flight Distance → Directly visualizes highly displaced mass peaks.

○ Armenteros-Podolanski Plot → Identifies two-body decays independent of mass assumptions.

● In 2025, a third 2D histogram, helicity* vs mass, is added.

[LHCB-FIGURE-2024-036]

Ks and Λ decays BSM decays

*The helicity here refers to the angle of the decay products in the rest frame of the decaying particle

Ks decays

BSM decays

Λ decays

https://cds.cern.ch/record/2914404
https://cds.cern.ch/record/2914494


BuSca trigger lines
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● HLT1 trigger lines were developed to select high-quality displaced 
downstream vertices:

○ Same-sign line for combinatorial background studies.

○ Prescaled line for inclusive selection.

○ Di-muon and di-electron lines for leptonic final states.

○ High-mass line to trigger on candidates up to 50 GeV.

● The HLT2 lines were developed to store events triggered by HLT1:

○ Requires the HLT1 BuSca trigger decision.

○ Stores all relevant downstream vertices for offline background 
studies.

[LHCB-FIGURE-2024-36]

https://cds.cern.ch/record/2914404


BuSca background studies
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● Different 

● The BuSca trigger lines are integrated together with HLT1 downstream tracking in LHCb:

○ Run and tested in the last two weeks of 2024 pp collision.

○ The triggered data is used to study the background.

Physics backgrounds

[Prog. in Part. and Nuc. Phys. 106 (19)210]

● Strange decays: 

○ Ks
0, KL

0 and Λ0.

○ Can be vetoed using kinematic and mass cuts.

● Another hadronic resonances:

○ B0, D0, ባ, ρ, Σ0 ... etc.

○ Short lifetimes, can be vetoed using flight 

distance cuts.

[Prog. in Part. and Nuc. Phys. 106 (19)210]

Background 

free region

Lepton

Boson
Quark

Meson
Baryon

https://cds.cern.ch/record/2914404
https://www.sciencedirect.com/science/article/pii/S0146641019300109


BuSca background studies
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● Different 

● The BuSca trigger lines are integrated together with HLT1 downstream tracking in LHCb:

○ Run and tested in the last two weeks of 2024 pp collision.

○ The triggered data is used to study the background.

Material interactions

[Prog. in Part. and Nuc. Phys. 106 (19)210]

● Light resonances can be produced from material interactions:

○ ρ, f2, η, ω … etc.

○ Their vertices are concentrated in specific regions of space.

○ Can be vetoed using geometry cuts.

[LHCB-FIGURE-2024-036]

[LHCb-FIGURE-2025-002]

https://cds.cern.ch/record/2914404
https://cds.cern.ch/record/2914494
https://cds.cern.ch/record/2914404


BuSca background studies
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Combinatorial backgrounds

[Prog. in Part. and Nuc. Phys. 106 (19)210]

● Formed by random combinations of two downstream tracks.

● Currently the dominant background, it decreases with mass. 

● Kinematic distributions can be modeled using same-sign 

downstream vertices:

○ MVA models can be trained on same-sign downstream 

vertices from real data to suppress this background.

○ Expected suppression by applying tight cuts on the MVA 

model.

[LHCB-FIGURE-2024-36]

૪ conversions

Λ decays

Ks peak

https://cds.cern.ch/record/2914404


BuSca analysis tools
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[Prog. in Part. and Nuc. Phys. 106 (19)210]

GPU HLT1 CPU HLT2

Offline

HLT1 Selection Report

HLT1 Selection Report 
+

HLT2 Selection Report

Ks and Λ decays BSM decays

BuSca M
onitoring New 

ToolH
LT

1 S
el

ec
tio

n 
Re

po
rt

HLT1 
Objects

Reproduce monitoring histograms offline [LHCB-FIGURE-2024-036]

Prescaled lines

https://cds.cern.ch/record/2914404
https://cds.cern.ch/record/2914494


BuSca prospects
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[Prog. in Part. and Nuc. Phys. 106 (19)210]

● LLPs with m > 2 GeV/c2 can decay via gg, ss̄ , cc̄, and τ⁺τ⁻ .

● These channels produce multi-track displaced vertices (> 3 
tracks).

● Hadronic modes (cc̄, gg) often yield high track multiplicity.

● Multi-body downstream secondary vertex reconstruction 
therefore provides a powerful handle for high-mass LLP 
searches.

● HLT1 reconstruction implemented, BuSca integration planned 
for Run 4.

● Monitoring: track multiplicity vs flight distance (2D 
histograms).

[Eur.Phys.J.C 84 (2024)6, 608]

https://link.springer.com/article/10.1140/epjc/s10052-024-12906-3

