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LHCb − a forward detector @ LHC

Key detector physics drivers  
(for upgraded detector) 

Vertex resolution 

𝛔IP ~ 19 𝝁m @ pT = 2 GeV  

Particle ID 

𝛆(K→K) ~95% @ 4% misID 

Momentum resolution 

𝛔p/p 0.45% − 1.1% @ p = 2 − 200 GeV
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https://arxiv.org/abs/2305.10515


LHCb − past, present, and future

3



The forward flavour detector 
concept works! Many world-best 

measurements. Pioneering use of  
quantised and unbiasing ML 

algorithms in real time and offline.
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Enhance PID with precise 
timing and improved granularity, 

explore enhanced readout 
boards with fast tracking
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Enhance PID with precise 
timing and improved granularity, 

explore enhanced readout 
boards with fast tracking

The forward flavour detector 
concept works! Many world-best 

measurements. Pioneering use of  
quantised and unbiasing ML 

algorithms in real time and offline.

Align and calibrate detector in 
quasi-real time, full detector 

reconstruction and pileup 
suppression in trigger

Greatly improved tracker & PID 
granularity, 30 MHz detector 

readout & GPU trigger 
performing a near-full detector 

reconstruction

Deploy 4D tracking, PID, and 
calorimetry + a highly granular 

pixel tracker to be processed by 
a heterogenous trigger

LHCb − past, present, and future
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What is real-time 
analysis?
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A : Any processing of  data before it is permanently recorded

Q : What is real-time?

REAL TIME 
PROCESSINGDATA IN

SAVED DATA STORAGE
DETECTOR

 
DISCARDED DATA DEV/NULL



Distinguish fixed & variable latency, selection & compression

Types of  real-time data processings
Fixed latency

Event selection

Variable latency

Data compression

ATLAS/CMS first 
level calo & muon 
triggers

ATLAS/CMS/LHCb 
High Level 
Triggers

ALICE TPC 
processing

ATLAS “trigger level 
analysis” 
CMS    “data scouting” 
LHCb   “real-time analysis”



Typically used when processing controls detector readout

Fixed latency processing

PROCESSING

DATA IN

DATA OUT

BUFFER

 

 

OUTCOME

DATA OUT



Typically used when data has already been read out

Variable latency processing

PROCESSINGDATA IN

BIDIRECTIONAL 
DATAFLOW

BUFFER DATA OUT



Driven by fixed-latency selection, analysis on efficiency plateau

Traditional “triggering”

July 2006
SSI 2006

3
P. Sphicas
Triggering

Collisions at the LHC: summary

Particle

Proton - Proton 2804 bunch/beam
Protons/bunch 1011

Beam energy 7 TeV (7x1012 eV)
Luminosity 1034cm-2s-1

Crossing rate 40 MHz

Collision rate § 107-109

Parton
(quark, gluon)

Proton

Event selection:
1 in 10,000,000,000,000
Event selection:
1 in 10,000,000,000,000

l
l

jetjet

Bunch

SUSY.....

Higgs

Zo

Zo
e+

e+

e-

e-

New physics rate § .00001 Hz 

https://arxiv.org/abs/1609.02366


Largely compression not selection, variable latency by necessity

Modern “real-time analysis”

LHCb

 

http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html


The origins of   
real-time analysis  

@ LHCb
16
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Run 1: exploiting the headroom
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Run 1: exploiting the headroom
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Figure 10: Response from the BBDT for minimum bias LHCb 2010 data (shaded grey),
pp → cc̄X Monte Carlo (blue), pp → bb̄X Monte Carlo (red) and all minimum bias Monte
Carlo (black). The Monte Carlo is not normalized to the data (see text for details). N.b.,
no muon or electron requirements were used when making this plot.
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2010 MB Data 

cc MC10 

bb MC10 

MB MC10

Gligorov&Williams 
JINST 8 P02013

BBDT 
Response

http://arxiv.org/abs/1210.6861


19Figure 4.2: The rate of secondary vertices associated to partially reconstructible decays: (left)
as a function of decay time for candidates with pT > 2 GeV/c and (right) as a function of
transverse momentum selection criteria for candidates with ⌧ > 0.2 ps.

function of the lifetime and pT thresholds. Once the signal purities are high this approach852

amounts to downscaling signal.853

The conclusion to be drawn from this section is that the allowable output rate of signal854

is the greatest challenge facing the upgraded trigger system. The problem is no longer the855

classical “find one Higgs event among 10 billion background events”, but the more complex856

“discriminate in a minimally biasing way between various topologically similar signals”.857

While this scenario is an inherent design feature of B factories where large production858

cross-sections and low event multiplicities mean that every event is of interest, it represents859

a new paradigm for hadron collider experiments. In certain cases there will be signal860

modes in the upgrade where even a 100% pure trigger must be downscaled to fit into the861

output bandwidth allocated. In these circumstances, the trigger algorithms should be as862

similar as possible to the o✏ine event selections, since the trigger will frequently be the863

o✏ine event selection. If it is possible to cut harder o✏ine then it makes more sense to864

implement this cut in the trigger and reduce the prescale. This is the logic behind the865

trigger design described in the remainder of this document.866

4.2 Trigger sequence867

The full software trigger is a sequence of algorithms which are run sequentially on the868

event-builder farm as well as on the EFF.869

The available processing time is di↵erent between the two farms, not only because870

of the di↵erent numbers of nodes, but also because in the event-builder nodes a part of871

the CPU and memory-bandwidth resources are required for the event-building and hence872

not available for trigger algorithms. It is at the level of approximately 2ms when the873

event-builder consists of 500 servers and at the level of 13ms for the EFF containing 1000874

nodes.875

40

The physics case for real-time analysis
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The physics case for real-time calibration
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Run 2: the future, yesterday
LHCb-DP-2019-001
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LHCb Trigger Run 2

Bunch crossing rate

L0 Hardware trigger
high pT /ET signatures

High Level Trigger 1
partial event reconstruction

10 PB
bu↵er

Alignment &
Calibration

High Level Trigger 2
full event reconstruction

Storage

40MHz

1MHz

110 kHz

110 kHz

12.5 kHz

Figure 1: Overview of the LHCb trigger system.

combinations in the event. Events selected by the HLT1 trigger are bu↵ered to disk storage
in the online system. This is done for two purposes: events can be processed further
during inter-fill periods, and the detector can be calibrated and aligned run-by-run before
the HLT2 stage. Once the detector is aligned and calibrated, events are passed to HLT2,
where a full event reconstruction is performed. This allows for a wide range of inclusive
and exclusive final states to trigger the event, and allows real-time analysis for modes with
a high signal rate.

This paper describes the design and performance of the Run 2 LHCb trigger system,
including the real-time reconstruction which runs in the HLT. The software framework
enabling real-time analysis (“TURBO”) has been documented elsewhere [2] and is not
discussed further here.

2 The LHCb detector

The LHCb detector [3,4] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5. The detector coordinate system is such that z is along the beam line
and x is the direction in which charged particle trajectories are deflected by the magnetic
field. The detector includes a high-precision tracking system consisting of a silicon-strip
vertex detector (VELO) surrounding the pp interaction region [5], a large-area silicon-
strip detector (TT) located upstream of a dipole magnet with a bending power of about

2

https://arxiv.org/abs/2305.10515
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Run 2: the future, yesterday
LHCb-DP-2019-001

https://arxiv.org/abs/2305.10515
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LHCb LOI (1995)

200 kHz output!

10 kHz output!

4 CHAPTER 1. INTRODUCTION
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Figure 1.3: Overview of the three trigger levels. Stations M1–M5 are used to reconstruct two muons per quadrant.
The SPD, PS, ECAL and HCAL are used to reconstruct the hadron, e, γ and π0 with the largest transverse
energy, the charged particle multiplicity, and the total energy. The Pile-Up detector is used to recognize multiple
interactions per crossing. Level-1 uses the information from VELO, TT, and Level-0 to reduce the rate to 40 kHz.
T1–T3 and M2–M4 could be included in Level-1. The HLT uses all data in the event apart from the RICH to
reduce the rate to 200 Hz. Level-0 is executed in full custom electronics, while Level-1 and HLT are software
triggers which share a commodity farm of 1800 CPUs.Trigger TDR (2003)

40 MHz→L0→1 MHz→L1→40 kHz→200 Hz

42 CHAPTER 3. TRIGGER

Figure 3.1: Overview of the upgraded LHCb trigger.

typically be between 5–10 MHz, while the rate to storage will be ∼ 20 kHz. The expected
performance of the overall trigger system at a luminosity of 1033 cm−2s−1 is based on trigger
code which is actually running in LHCb today, and will be given in Section 3.3.

3.1 Low Level Trigger (LLT)

The present L0 reconstructs the highest ET hadron, electron and photon, and the two highest
pT muons. L0 is able to distinguish between electron and photon candidates by using the
Scintillating Pad Detector (SPD) in front of the ECAL, and reduce the hadron contamination
requiring Pre-Shower (PS) energy deposition. The upgraded calorimeter trigger is not expected
to contain the SPD nor PS, so the LLT will not distinguish between photons and electrons nor
have a veto on hadron-induced showers. The LLT muon trigger will use the same hardware as
the L0 muon trigger [120], with the distinction that the first muon station (M1) will no longer

Upgrade LOI (2011)

“typically between 5-10 MHz”

Run 3

Certum est, quia impossibile



A community existing 
for itself

24



25

Software & hardware co-design now!



26

Ask yourselves: what would Jensen do?
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Now spot the missing topic
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Real-time analysis  
@ LHCb 
in Run 3
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LHCb Run 3 dataflow
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LHCb Run 3 online processing



Why a GPU tracking trigger?

36

Pattern recognition: inherently parallel!
Track fit: mix of  
serial and parallel



Why is HLT1 a good fit for GPUs?

37



Minimising copies to and from the GPU

38



Three levels of  parallelisation

39

D. vom Bruch 30

Three levels of parallelization

Intra-event: Tracks, vertices, ...
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LHCb in Run 3: twice doubled data

LHCb-FIGURE-2024-030

40

https://lbfence.cern.ch/alcm/public/figure/details/3837


LHCb in Run 3: collider and fixed target!

LHCb is both a collider-mode and a fixed target experiment! 

The success of  the SMOG2 cell and the operational flexibility of  the full software 
trigger enable LHCb to conduct a tremendously broad program of  fixed-target physics 

41



Lead fixed-target signals in Run 3 data

Efficient reconstruction of  PbAr signals at √s=70.9 GeV  

Cross-section measurements with this and other configurations are on their way
42

LHCb-FIGURE-2025-014



LHCb calibration in Run 3

43



VELO alignment in Run 3

44

Alignment of the VELO

[LHCB-FIGURE-2022-016]

● The VELO is in an open position when beams are 
injected and closes around the interaction 
region when stable beams are declared ➙ Need 
to correct for misalignments in real-time 

○ ~2.5 𝛍m precision in the x-y plane and ~15 
𝛍m along the beam axis

● Alignment quality monitored in real-time 
employing reconstructed primary vertices

● Alignment of VELO modules and sensors also 
performed regularly

[LHCB-FIGURE-2024-009]

Before alignment After alignment

[JINST 19 (2024) P05065]
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LHCb-FIGURE-2024-009



Tracker alignment in Run 3
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Alignment of the tracker 

[LHCB-FIGURE-2022-018]

First global tracker alignment (VELO, UT, and SciFi) performed in 2024 in several stages 

Coarse alignment between 
detectors obtained employing 

data taken with the LHCb 
magnet turned off 

Alignment of the relative z 
scale employing mass 

constraints from D0 ➙ K-𝛑+ 
and J/𝝍 ➙ 𝛍-𝛍+ candidates

Inclusion of internal dof from 
all the sub-detectors 

● Full tracker realigned in 2025 to account for changes on the conditions caused by 
interventions at the beginning of the year 

● Tracker alignment running in real time and automatic update of constants active since 
this year

Miguel Ruiz DíazHeidelberg University 6

LHCb-FIGURE-2022-018 
LHCb-FIGURE-2024-009Calibration of the SciFi mat-end contraction 

[LHCB-FIGURE-2024-009]

● Scintillating fibers are assembled into 
mats and read out by Silicon 
Photomultipliers (SiPMs) cooled to 
-50 °C in nominal conditions 

● Fiber mats and SiPMs have different 
thermal expansion coefficients ➙ 
Relative contraction of mats-ends with 
respect to the SiPMs ➙ Wrong SiPM 
channel to hit mapping 

● Calibration corrects the channel to hit mapping fitting a linear model to the track 
residuals in each SiPM

Effect currently being studied employing data collected with SciFi cooled to 
different temperatures  

[JINST 19 (2024) P05065]

Contraction can reach ~250 𝛍m

Miguel Ruiz DíazHeidelberg University 8



Aligned momentum resolution in Run 3

46

Momentum resolution

[LHCb-FIGURE-2024-040]

Compatible with Run 2 performance in a much harsher environment

[Int. J. Mod. Phys. A 30 1530022 (2015)]

Run 2 Run 3

For more performance highlights see: “Tracking and PID performance with the upgraded LHCb detector”, Giovanni Cavallero

Miguel Ruiz DíazHeidelberg University 11



Impact on mass resolutions

47

LHCb-FIGURE-2024-037
Mass resolution 

[LHCb-FIGURE-2024-037]

Before alignment After alignment

Large impact on mass resolution and signal efficiency!

Miguel Ruiz DíazHeidelberg University 10



Towards a full 30 MHz reconstruction
Kholoimov et al. CSBS Volume 9, 

article number 10, (2025)

We now reconstruct tracks originating anywhere in the detector and Kalman fit them at 30 MHz 

Together with CALO and Muon ID goes far beyond TDR design! Cost neutral because of  GPUs. 

 Achieved by delivering a production-grade heterogeneous framework from scratch in 4 years.

HLT1 
preliminary Efficiency gains for 2025 

for tracks from heavy 
particle decays outside 
the vertex detector!

48

https://link.springer.com/article/10.1007/s41781-025-00141-8
https://link.springer.com/article/10.1007/s41781-025-00141-8


Towards a full 30 MHz reconstruction
Kholoimov et al. CSBS Volume 9, 

article number 10, (2025)

The parametrised Kalman filter also makes HLT1 more robust against detector misalignments 

In continuity with a focus on robustness against changing detector conditions which has been a 
hallmark of  LHCb's reconstruction and real-time processing since Run 1

Efficiency gains for 2025 
for tracks from heavy 
particle decays outside 
the vertex detector!

49

HLT1 
preliminary

https://link.springer.com/article/10.1007/s41781-025-00141-8
https://link.springer.com/article/10.1007/s41781-025-00141-8


Real-time analysis  
@ LHCb 

beyond Run 3
50



  6

LHCb Upgrade 2 ● will give the 
best precision to the broadest 
range of key observables

Belle II ● unique capability for 
modes with multiple neutrals or 
missing particles

ATLAS ● & CMS ● competitive 
for modes with multiple muons 

Reminder: LHCb Upgrade II physics 
programme also includes spectroscopy, 
heavy ion physics, EW precision 
measurements, dark sector searches ...

Projections for Key Measurements in 
Heavy Flavour Physics (#223, arXiv:2503.24346)Why another LHCb upgrade?

51

z

Joint Flavour ESPPU Input

https://inspirehep.net/literature/2906617


 

So why another LHCb upgrade?
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Figure 2: Constraints from the dominant CKM observables to the apex of the unitarity triangle
(⇢̄, ⌘̄) with (left) global inputs as of 2023 [21] and (right) LHCb Upgrade II measurements with
300 fb�1 and improved lattice QCD calculations [6].

momentum particles that can arise in important phase-space regions of these decays.263

A comparison of the current LHCb CKM constraints with the predicted Upgrade II264

sensitivity can be seen in Fig. 2, showing the unprecedented precision that can be reached.265

In this plot it is assumed that only SM amplitudes contribute, so that all constraints overlap266

at a common point, namely the apex of the unitarity triangle. Once the measurements267

are made, whether the constraints overlap or not will allow either strong constraints on,268

or the discovery of, NP contributions.269

New Physics in CP violation. Generic NP models often provide new sources of270

CP violation which could explain the large discrepancy between the observed matter–271

antimatter asymmetry of the Universe and the total amount of CP violation in the SM. The272

CP -violating weak phase associated to B
0
s–B

0
s oscillations, �s, is a particularly sensitive273

probe of NP models as it is both extremely small and very precisely predicted in the SM,274

so that subtle NP contributions can be detected. The SM prediction, �s = 37 ± 1 mrad,275

comes from the SM benchmarks mentioned in the previous section. The latest LHCb276

�s measurement [22] is approaching the sensitivity needed to observe a non-zero value,277

and this milestone may be achieved with data available before the end of Run 4. The278

improvement in uncertainty to the O(1mrad) level made possible by Upgrade II will279

provide the ultimate test of compatibility of this phase with its SM prediction. Importantly,280

this includes studies of a number of di↵erent b ! ccs decay modes, including polarisation-281

dependent measurements in B
0
s ! J/ � decays, as well as processes related by flavour282

symmetries. This will allow the origin of a deviation from the prediction to be disentangled283

as being due to either NP or a subleading SM amplitude.284

The phase �s can also be extracted from decays to final states that proceed only285

through loop processes such as B
0
s ! �� and B

0
s ! K

⇤0
K

⇤0. These decays are highly286

NP sensitive, since virtual particles contribute to both the mixing and decay amplitudes.287

Furthermore, flavour symmetry relations between B
0
s ! K

⇤0
K

⇤0 and B
0

! K
⇤0

K
⇤0 can288

be used to constrain precisely contributions from subleading SM amplitudes, greatly289

reducing the theoretical uncertainty in interpretation of the results.290

CP violation in both B
0–B0 and B

0
s–B

0
s mixing is also expected to be extremely291

small in the SM, and therefore provides an excellent null test through which NP can292

be searched for. The measurements are typically made using semileptonic decays, with293

observables denoted a
d(s)
sl for the B

0
(s)–B

0
(s) systems. The existing LHCb results [23, 24]294

8
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LHCb U2: a four-dimensional detector

 30 

Upgrade 2 detector

VELO

RICH1

UP
Magnet

MT

TORCH RICH2 PicoCAL

Muon

Magnet 
stations

Precision timing information

Rough timing information
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LHCb U2: DAQ & real-time analysis

Trigger saturated by signal − must perform real-time analysis!

Adapted from LHCb-PUB-2014-027

LHCb @ 1e34: partially reconstructed signal rate

54

https://cds.cern.ch/record/1670985?ln=en


LHCb U2: DAQ & real-time analysis

Figure 7: Instantaneous data rates (bandwidth) of HEP experiments over the past four decades.
Data compiled by A. Cerri (University of Sussex) and used with permission.

price envelope, also in light of ongoing R&D activities. As a result, the baseline design of717

the FTDR is largely confirmed, with a few notable exceptions:718

• a ⇠ 30% reduction of the area covered by the MT pixels, made possible by tech-719

nological improvement of the fibre tracker making it capable of withstanding the720

higher doses expected in the regions of the detector closer to the beam;721

• a ⇠ 25% reduction of the outer UP acceptance, since this area is much less illuminated722

and therefore does not bring substantial benefit to the global tracking performance;723

• the full reuse, after proper refurbishment, of all of the Shashlik modules of the724

present calorimeter for the outer regions of the future PicoCal.725

The above optimisations are not expected to produce significant performance degradation726

at the nominal peak luminosity of 1.5 ⇥ 1034 cm�2 s�1, and lead to a large cost reduction727

of about 20% for the Mighty-Pixel, UP and PicoCal subdetectors. This, however, is728

compensated by an overall increase of the other detectors due to a combination of729

inflation-related e↵ects and design updates. The cost of all of the subdetectors as recently730

re-estimated is listed in Table 5, together with the relative change with respect to the731

FTDR [5]. Besides the physical subdetectors, the table includes separately also the cost732

of the trigger farm (RTA project), of the DAQ system (online project) and of the general733

detector infrastructure. The total cost envelope sums to ⇠ 182 MCHF, which exceeds by734

only ⇠ 4% the value estimated in the FTDR, ⇠ 175 MCHF.735

2.2 Scenarios at reduced cost736

Since the approval of the FTDR [5], the whole project has undergone an intense review,737

to define descoping options capable of reducing the core cost of the detector. As cost738

22

A. Cerri, University of  Sussex LHCb @ 1e34: partially reconstructed signal rate

Adapted from LHCb-PUB-2014-027

LHCb Upgrade 2 will be the biggest data processing challenge attempted in HEP 
The full real-time reconstruction, calibration, and alignment of  LHCb U2 is a key technology pathfinder 

for HEP. If  successful will lead to a permanent paradigm shift for high-throughput experiments. 55

https://cds.cern.ch/record/1670985?ln=en
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