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LHCb: Large Hadron Collider Beauty experiment
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e Precision measurementg -of"h*eavy flavor hadrons
e Core physics: CPV and rare decays
e Much more: spectroscopy, QCD, heavy ions...
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https://cds.cern.ch/record/1129809
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LHCb Upgrade: a quasi-new detector

Goal: run at x5 instantaneous luminosity L.
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https://cds.cern.ch/record/2859353
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https://cds.cern.ch/record/2859353

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

: X
Tracking system Upstream track SciFi
T1 T2 T3
Reconstruct trajectories of z
charged particles UT
Velo e
Identify pp and b-decay vertex ; el
Measure particle momentum Velo track W
from bending in magnetic field T track
Magnet

Run 2 performance:
e Long track efficiency > 96%
e Ap/p=0.5-1.0%
e AIP=(15+29/p[GeV]) um



https://cds.cern.ch/record/1978280

Int. |. Mod. Phys. A 30 (2015) 1530022

Particle identification system
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e Cherenkov detectors: identify 1t*, K*, p
e Calorimeters: identify y, °, e* T
e Muon chambers: identify p* b ov

Momentum (GeV/c)



https://cds.cern.ch/record/1978280

The LHCb trigger system in Run 3
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The Run 2 trigger limitation

Classical trigger: hardware + software stages

o . . S F veouw  LHCb simulation
e Limitation: HW trigger rate limit (1 MHz) 5 25 4 27 i
saturates fully hadronic & e*/y modes % 2__ o B0l !
o huge b and c production at LHC energy % - |
o 1.5 I
i |
: i Run2! Run3
e Solution: read full detector at 30 MHz 0.5F | —>
and apply all selections in software P D st s P 0 ol prie s vl ¢ s Lo v s pilns o ol
1 15 2 25 3 35 4 45 5

e Constraint: offline storage BW < 10 GB/s Luminosity [ x 10% cm? s
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https://cds.cern.ch/record/2859353

Run 3: a trigger-less readout

LHCb Run 2 Trigger Diagram

< U I

LO Hardware Trigger : 1 MHz
readout, high Er/Pr signatures

450 kHz 400 kHz 150 kHz
hx H/Hp e/y

- Software High Level Trigger . -
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

o O O

LHCb-FIGURE-2020-016

LHCb Run 3 Trigger Diagram

Software High Level Trigger

Full event reconstruction, inclusive and
exclusive kinematic/geometric selections

L)

Buffer events to disk, perform online

oo p—

detector calibration and alignment

2Sg

Add offline precision particle identification
and track quality information to selections

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

<5 I I
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https://cds.cern.ch/record/2730181/files/LHCb-FIGURE-2020-016.pdf

e Rate: 30 MHz
e Eventsize: 130 kB

The computing challenge | « sw.47es

LHCb Run 3
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. Multi-MB events,
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= trigger rate ‘ S—
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E » CDF / Dzero
B @ ALICE
5.00E+02 Hi / ZEUS ——
Petabyte storage
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https://indico.cern.ch/event/1109611/timetable/?view=standard#745-trigger-upgrades-at-lhc-ex

LHCb Run 3 trigger overview

REAL-TIME

ALIGNMENT &
CALIBRATION

4 TB/s
30 MHz non-empty pp

4 - 0.5-1.5
PARTIAL DETECTOR) -,

FULL TB/s MHz
DETECTOR ' RECONSTRUCTION .
READOUT & SELECTIONS
(GPU HLT1) 70-200
GB/s

All numbers related to the dataflow are
taken from the LHCb

r Tri ran nline TDR
Upgrade Computing Model TDR

Y

—

FULL DETECTOR
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(CPU HLT2)

—

10
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LHCb-FIGURE-2020-016
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FULL
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s o PRODUCTIONS &
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https://cds.cern.ch/record/2730181/files/LHCb-FIGURE-2020-016.pdf

DAQ architecture

Hybrid architecture:

e HLT1: GPUs installed in
Event Builder servers

e HLT2: CPUs in Event
Filter Farm

Up to 100 HLT2 sub-farms (4000 servers)

200G IB

100GbE

Gy | Event Builder
servers
Three TELL40

readout boards
per EB server
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Runs at 30 MHz

Reduces rate x30
Fast reco largely based on tracking:
Event Cut
VELO: tracking, vertex reconstruction |
UT: tracking, p estimate, fake rejection Velo decoding
. & clustering
: track reconstruction,

momentum measurement T e ";‘;‘m‘;"
e Muon: fast muon PID

Muon ID

!

Select events

A

Straight line fit SciFi tracking

Selections: inclusive and exclusive

Finq primary Parameterised

. ' man Filter Beomtecouen
Extra since TDR: — s ;

e ECAL:reco, e*ID and brem recovery
e Donwstream tracking — |. Zhuo talk
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https://indico.cern.ch/event/1444132/contributions/6138361/

Runs at 30 MHz

HLT1

Fast reco largely based on tracking:

Reduces rate x30

VELO: tracking, vertex reconstruction
UT: tracking, p estimate, fake rejection
° : track reconstruction,
momentum measurement
e Muon: fast muon PID

Selections: inclusive and exclusive
Extra since TDR:

e ECAL:reco, e*ID and brem recovery
e Donwstream tracking —

Highly parallel tasks — exploit
GPUs: Nvidia RTX A5000

RTX'A5000

16



https://indico.cern.ch/event/1444132/contributions/6138361/

Alignment & calibration

Use HLT1 selected data to derive alignment and calibration constants

e dedicated task for each detector, running on HLT2 farm
e jobs run automatically when enough events collected
e results stored in conditions database

VELO closed

= enables offline-level quality in HLT2

End of run
Entrof run
Emrof run
Encil-'of run
EncTof run
En(Tof run
EntTof run

——————
End of run
—

e e
Time

Lalorimeter Calibration

VELO alignment
Tracker alignment

RICH calibration

|

LMuon alignment

|

\RICH mirror alignment 17




HLT?2

Runs at 500 kHz
Reduces BW to 10 GB/s

Full event reconstruction with offline quality:

e Persistence of reco’ed objects for offline usage

LHCb-FIGURE-2022-005

More complex tracking algorithms, using all alignment conditions

Full Kalman fit for precise track momentum determination

Full calorimeter reconstruction, including cluster corrections, neutral PID, jets, etc.
RICH reconstruction and combined PID variables 1xuco simuation
Selections for full physics programme O(103)

Throughput = 505.0 events/s/node

HLT1
2.3%

Track Fit
23.6%

Downstream
4.1%
Converters
5.3%
Forward
5.6%
Calorimeter
8.5%

Protoparticles
13.0%

RICH
22.6%

Seed Tracking
13.1%


https://cds.cern.ch/record/2810226/files/LHCB_FIGURE_2022_005.pdf

HLT2: the turbo model

BW(kB/s) = rate(Hz) x event size(kB):

4 TB/s input — 10 GB/s offline limit AP
e huge signal rate — reduce evt size § i
e rare signal — can write more info ;10 :%:

z| 8
3|4

Flexible persistence model: s
e Turbo (35 kB): signal only

Full (70 kB): all reco’ed objects
Selective: signal + selection of
reconstructed objects and raw
bankS Raw banks:

JINST 14 P04006
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https://doi.org/10.1088/1748-0221/14/04/p04006

Performance in 2024

—_
o

— 2024 (13.6 TeV): 8.35 fb™

— 2023 (13.6 TeV): 0.37 fo
| —2022(13.6 TeV): 0.82 fb™"

— 2018 (13 TeV): 2.19 fb™

— 2017 (13 TeV): 1.71 o
61— —2016 (13 TeV): 1.67 b

— 2012 (8 TeV): 2.08 b
—2011 (7 TeV): 1.11 fbo

[e¢]

Integrated Recorded Luminosity (fb™)

|
Mar May Jul Sep Nov
Month of the year




The challenges in 2024

e Pile-up increase: started at 1 and increased in steps until 5.3
o HLT1 thresholds optimised at each step for max physics output (BW division)
o HLT2 selections monitored and tuned when needed for different pile-ups
o HLT1 & HLT2 throughput continuously monitored and improved
e UT detector included in data taking since June
o tracking without UT delibered first, optimised for low and high pile-up
o tracking with UT delibered since then in both HLT2 and HLT1 — background reduction
o full alignment of tracking system first without UT, then largely improved with UT

21



The challenges in 2024

e Pile-up increase: started at 1 and increased in steps until 5.3

o HLT1 thresholds optimised at each step for max physics output (BW division)
o HLT2 selections monitored and tuned when needed for different pile-ups
o HLT1 & HLT2 throughput continuously monitored and improved

e UT detector included in data taking since June

o tracking without UT delibered first, optimised for low and high pile-up
o tracking with UT delibered since then in both HLT2 and HLT1 — background reduction
o full alignment of tracking system first without UT, then largely improved with UT

sooof-— — Full model
F Ky > o7
2500f— — — Combinatorial bkg

F_ LHCb preliminary 2024
E HLTI

Online monitoring of low and high-level
metrics has proven critical!

Candidates / (1 MeV/c?)

LHCb-FIGURE-2024-013 SO /TRPIVIIN . S- | 22
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https://lbfence.cern.ch/alcm/public/figure/details/3597

HLT1 performanc
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https://lbfence.cern.ch/alcm/public/figure/details/3585
https://lbfence.cern.ch/alcm/public/figure/details/3599
https://lbfence.cern.ch/alcm/public/figure/details/3573

Normalised entries

0.1F LHCb Preliminary 2024
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Alignment & Calibration performance

Several alignment iterations improving momentum and mass resolution.

Ultimate performance after UT inclusion.

L B LA T
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LHCb-FIGURE-2024-009

Candidates / ( 23 MeV/c?)
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https://lbfence.cern.ch/alcm/public/figure/details/3577
https://lbfence.cern.ch/alcm/public/figure/details/3997
https://lbfence.cern.ch/alcm/public/figure/details/4001

HLT2 performance

Good track reconstruction and excellent vertex resolution.

Stable PID performance with pile-up.
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https://indico.cern.ch/event/1444132/contributions/6142944/attachments/2939019/5162910/ElectronIDPerformance_COMCHA.pdf
https://lbfence.cern.ch/alcm/public/figure/details/3583
https://lbfence.cern.ch/alcm/public/figure/details/3579

Plans for Run 4 and beyond

current LHCb —— Upgrade | ——» Upgrade Il—»
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LHCb trigger in Run 4

New prototype detectors in Run 4, but no major upgrade for LHCb. Also, same
instantenous luminosity than Run 3 — similar trigger strategy to Run 3.

R&D prototypes to prepare for Run 5, focusing
on most consuming algorithms:

e downstream tracker in FPGAs: pre-build Scifi
track in FPGAs to speed up HLT1 & HLT2

e RICH reconstruction in GPUs: would enable
much cleaner exclusive selections in HLT1

e full track fitin GPUs: would enable more precise
momentum determination in HLT

LHCD Simulation Throughput = 505.0 events/s/node

HLT1

2.3%

Track Fit

Downstream
4.1%
Converters
5.3%
Forward
5.6%
Calorimeter
8.5%

Protoparticles

23.6%

RICH

13.0%

Seed Tracking
13.1%

22.6%



CERN-LHCC-2024-001

Run 4: downstream tracker in FPGAs

Use RETINA architecture based on human vision

e used in Run3 for Velo clustering
e developing Scifi seeding for Run 4 (~10% of HLT2)
e promising results on MC and first tests with real data on Run 3 testbench

L PR T T T N T T T 1 PR T T T N R
750 800 850 900 950
z [em] 28



https://cds.cern.ch/record/2886764

LHCb trigger in Run 5 CERN-LHCC-2024-010

Major upgrade proposed for LHCb Run 5:x7.5L __ — 1.5x10**cm™*s”
Timing information critical — 4D reconstruction

e demonstrated performance with proposed detectors
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https://cds.cern.ch/record/2903094

CERN-LHCC-2024-010

LHCb trigger inRun 5

Major upgrade proposed for LHCb Run 5:x7.5L __ — 1.5x10**cm™*s”

Baseline trigger design follows Run 3 approach:

e triggerless readout: HLT1 + disk buffer (Ali & Cali) + HLT2

o both would need to run on GPUs to achieve necessary throughputs
e alternatives being considered:

o run reconstruction in GPUs but selection in CPUs

o open to new technologies (IPUs, ARM, RISC-V, etc)

o energy consumption should be kept in mind

30


https://cds.cern.ch/record/2903094

Conclusions

: : - i | STILL HAVE A LONG
Wide range of physics at LHCb — flexible trigger Ry T 8
Unique trigger-less readout and Turbo model allow nt

to benefit from x5 lumi — 2024 data = Run 1 + Run 2
BUT I'M ALKEADY 30 FAR

. _ _ . 4
Strong progress in 2024 reaching nominal pile-up FROM WHERE ) UsED oD

and anticipated trigger gains, specially for:

e hadronic and electron final states ANS M PROUD 0F THAT.
e charm decays
e |ong-lived particles

Stayed tuned for first physics results! i}
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LHCb dataset in Run 1 and 2

Integrated Recorded Luminosity (1/fb)

o 4 N W b~ OO O N O O

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

All b-hadron species! [PRD100(2019)031102]

= 2 L] 2018 (6.5 TeV): 2.19 /fb
:_ L] 2017 (6.5+2.51 TeV): 1.71 /b + 0.10 /fb 2
= L] 2016 (6.5 TeV): 1.67 /fb I
f_ 2015 (6.5 TeV): 0.33 /fb B . fs
IR s / * B¢ 757 =0.12240.006
= sl dTJu
E 2010 (3.5 TeV): 0.04 /fo I
- . Ia
: , 4 o A ™ _ 025940018
: LS / fat 1,
: / Wit
- — *
- Vi and more: =, Q_, B, B" ...
=/ C
= |
2010 2011 2012 2013 2014 2015 2016 2017 2018
Year

Total recorded luminosity ~9 fb™':

Run 1 (2010-2012) ~ 3 fb""
Run 2 (2015-2018) ~ 6 fb""

x2 b-quark production from 7 to 13 TeV pp collisions
— around x4 b-hadrons in Run 2
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http://arxiv.org/abs/1902.06794

Run 3: physics & constraints

Heavy flavour physics at LHC:;

L. =210, x5 that of Run 2
e huge b and c productions

Trigger goals:

e Select interesting events: O(10°° Hz)
e Reduce bandwidth: 4 TB/s — 10 GB/s

o (nb)

10° ¢
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GPU choice

GeForce RTX 3090 (GPU)

RTX A6000 (GPU)

RTX A5000 (GPU)

GeForce RTX 2080 Ti (GPU

AMD MI100 (GPU)

2 x AMD EPYC 7502 (CPU)

2 x Intel Xeon E5-2630 v4 (CPU)

C. Agapopoulou @ICHEP 22

~170 kHz!

Allen throughput [kHz]
o
o

e Quadro RTX 6000
LHCb ° geForce RTX 2080 Ti

Tesla V100 32GB

o GeForce GTX 1080 Ti

o GeForce GTX 1060 6GB

00
en throughput (kHz)

75 A
501
LHCb 2021
Allen v1r7 25 A
; 0
160 180 200 220 240 0

LHCb-FIGURE-2020-014

T T T

5 10 15 20
Theoretical 32 bit TFLOPS
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Efficiency

HLT1 performance: Velo

LHCB-FIGURE-2020-014

Same performance at x5 luminosity: high efficiency, good &p, low fake rate
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https://cds.cern.ch/record/2722327

HLT1 performance

LHCB-FIGURE-2020-014

Same performance at x5 luminosity: high efficiency, good &p, low fake rate
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https://cds.cern.ch/record/2722327

efficiency

HLT1 Without UT LHCB-FIGURE-2022-007

Same signal efficiency but larger fake rate
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LHCb Upgrade

e 3.5mm to beam (5mm Run1/2)
rici ®  41M pixels of 55x55 ym
== e improved PV and IP resolutions
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LHCb Upgrade
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LHCb Upgrade Upgraded RICH

detectors

Optimised optical system
Higher photon yield and improved
resolution
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HLT1 performance on MC:

LHCB-FIGURE-2020-014

Same performance at x5 luminosity: high efficiency, good &p, low fake rate

Efficiency

(S

E
5

I
o

o
o

o
~

e
o

o

LHCb simulation
Forward tracks

E Allen, not electron

——eo—— pt distribution, not electron

Long from B, 2 <n <5

M"WM"W"'M
ot

Illllllllllllll]l

(@)

'AANLANN RSNV SNNY
1000

'ANARNNN ANRIANNERANY
2000

ASANANNHNNVANNY
3000

NN
4000

p, [MeV]

- ' ' ' l ' ' j ' —
B LHCDb simulation ]
;’_ -0--0--0-"""""."* :
E —e— Allen E
N —e— pdistribution Allen ]
- NN NN | AR .
0 10 20 30 40 50
p [GeV/c]

43


https://cds.cern.ch/record/2722327

HLT2 performance on MC

Full reconstruction of tracks and neutrals, and PID with offline-quality
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Run 4: downstream tracker in FPGAs

Use RETINA architecture based on human vision (used in Run3 for Velo clustering)

Step 1: Track space mapping Step 3: Find the local maxima and compute centroid
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— Step 2: Accumulating welghts (each cell)

-

t, mapped intersection
hits R is close to N (# of Iayers

for I layer
(ml tz) only if we have a set of hits
R = E e near the mapped track 45
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