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Triggering new discoveries: Advancements in Real-
Time Analysis for Expanding %hysics Reach at LHCDb
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HHINe Eur.Phys.).C 84 (2024) 6, 608

e Introduction

- Physics motivation
- The LHCb Experiment

« Real time analysis
« Advanced High Level Trigger algorithms
« Physics impact for long lived particles

 Summary
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http://cds.cern.ch/record/2881886/
https://doi.org/10.1140/epjc/s10052-024-12906-3

Fundamental particles
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Hadron spectrum

Provides framework for understanding the
behaviour of the fundamental particles and
their interactions through strong, weak and

EM forces

Amazing predictive capabilities
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The Big question

The Big questions Dark Energy it S e S e

Accelerated Expansion Normal Mat 5
Afterglow Light ‘ ; 1 , 0.1-2%
Pattern Dark Ages Development of h : s

375,000 yrs. Galaxies, Planets, etc.
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Matter and about 400 million yrs. ) Today_: almost
~ no antimatter

D9 Bang Expenesa inthe universe | ., ' 104 1270 4200
13.77 billion years it ) 171200

Antimatter created

Study of behaviour of fundamental particles in the early universe could help in answering many questions
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Dark Matter: a huge range of possible masses 3.Phys.G 47 (2020) 1, 010501

DM as a thermal relic from the Early Universe

\ - Fritz Zwicky's 1933 Paper: The Redshift of Extragalactic Nebulae: Coma cluster ,’
\\\ - Vera Rubin & Kent Ford’s 1970 paper on rotation curves of spiral galaxies e
\ ’
N WIMPs /
e \ - ’ ,
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—my N Me My, Mp /mpL, Mg
Neutrino ™. Electron Proton Higgs /" Planck Earth
S ’
| theml ~ Nomtemal
Moy MeV GeV  m, > 100 TeV

Neff/BBN i ] Too much

Light DM Standard WIMP paradigm

/ This is the range around the EW scale (Higgs)
This 1s the range of familiar matter (electron, proton,....)
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The Long-Lived Particle projects at the LHC 3.Phys.G 47 (2020) 1, 010501

WIMPs
— — 2 =
Interactions with SM particles are 1073 1010 1073 1 10 / 109 104 10°
able to
depllete the DM abﬁncllanclze li{n the — 1M, Me My mp mprL M s
fgg;’yUmVerse to the levels known Neutrino Electron Proton  Higgs Planck Earth

in agreement with observations in

el I - | —
. th |

-> DM has to interact to SM (

particles to deplete its initial <Mev ~ MeV GeV my > 100 TeV

abundance Neff/BBN | J Too much

Light DM\ Standard WIMP paradigm

Portal framework:

. Portal C I
- Expand the SM with the orta ouping

. r = I s
minimal set of operators of iﬁe bestl Il).Oi'lta;)s fol:M Vector: Dark Photon, A me B* BC1, BC2, BC3
ermal light Dar atter

lowest dimension gauge- Scalar: Dark Higgs, S (uS + AgsS2)HTH BC4,BCs

invariant and renormalizable  Couplings too tiny  |Fermion: Heavy Neutral Lepton, N yyLHN BC6, BC7, BC8
(all but the pseudo-scalar). This to produce thermal

. . : v} pr  _a ;_W E”u T
guarantees that the theoretical DM Pseudo-scalar: Axion, a  £-Fl,, P17, £-Gy 0 G, =0niy*Y
. BCo, BC , BC
Strgcturel\(r)lj; t.he. SM 1s p reslerved Axion is an excellent DM > oo
and any 5] us.t asimpte Candidate but in the
(natural?) extension of what micro-eV range

we already know..
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Long-lived particles (LLPs):

Long living particle are a excellent probes for new physics searches in SM and beyond.

e Particle lifetimes in the SM range from 1 ~ 2 x 10725 s (the Z boson ) through to t ~ > 1034 years
(stable) (proton, electron).
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LLPs beyond the SM:

Some BSM scenarios which can include LLPs:

/ Hidden Sector particles / Heavy Neutral Leptons (HNLs) \

P

\
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The Long-Lived Particle projects at the LHC

CODEX-b @ LHCh IP RS _—
MOEDAL/MAPP@LHCbIP |

ANUBIS @ ATLAS shaft
= 2 (01 ATLAS ceiling)
MilliQan @ CI\IS IP === ;;.",._ S
FACET @ CMS IP

ACCESS TUNNEL
ST1395417_01 3D view

+ an active community inside ATLAS, CMS, and LHCDb collaborations




The Long-Lived Particle projects at the LHC

03-10-2024

+ an active

Experiment lab beam particle yield/£ | technique | portals timescale
current

ATLAS [ 1 CERN pp, 13-14 TeV upto3ab ! visible, invis. (1,2,3.4) 2042
Belle I1 [ 1 KEK ete .11 GeV up to 50 ab~1 visible, invis. (1,2,3.4) 2035
CMS [1383] CERN pp, 13-14 TeV up to 3 ab— ! visible, invis. | (1,2,3.4) 2042
Dark(Spin)Quest [1256] FNAL p, 120 GeV 1018 — 1020 visible (1,234 2024
FASER [1052] CERN pp, 14 TeV 150 fb—1 visible (1234 2025
LHCb [1384] LHC pp, 13-14 TeV up to 300 fb—! visible (1,2,3.4) 2042
MicroBooNE [1385] FNAL | p, 120 GeV (NuMi) ~ T % 1029 pot visible 2.4) 2015-2021
NAG62 [ ] CERN K*,75GeV afew 1013 K decays visible, invis. (1,2.3.4) 2025
NA62-dump [1386] CERN p, 400 GeV ~ 108 pot visible (1.2.3.4) 2025
NA64, [1387] CERN e~ let, 100 GeV uptol- 1013 = jet ., visible (1,3) < 2032
PADME [ 1 LNF et, 550 MeV 5-1012 etot missing mass (1) < 2023
T2K-ND280 [1388] JPARC p. 30 GeV 1021 pot visible ) running
proposed

BDX [1389] JLAB e~, 11 GeV ~ 1022 eotfyear recoil e (1,3 2024-2025
CODEX-b [1030] CERN pp, 14 TeV 300 fb—1 visible (1.2.3.4) 2042
Dark MESA [1290] Mainz e, 155 MeV 150 pA visible (1 < 2030
FASER2 [1068] CERN pp, 14 TeV 3ab—1 visible (1,2.3.4) 2042
FLaRE [1068] CERN pp, 14 TeV 3ab—1 visible, recoil (1) 2042
FORMOSA [1068] CERN pp, 14 TeV Jab—1! visible (1) 2042
Gamma Factory [ ] CERN photons up to 1025 ~/year visible (1,3) 2035-20387
HIKE-dump [1392, 1 | CERN p, 400 GeV 5-1019 pot visible (1,23.4) <2038
HIKE-K™* [1392, 1 CERN K+,75GeV 10'* K decays visible, inv. (1,2.3.4) <2038
HIKE-Kj [ 1 CERN Kp,,40 GeV 10'* K decays visible, inv. (1234 <2042
LBND (DUNE) [1393] FNAL P, 120 GeV ~ 1021 pot recoil e, N (1,23.4) < 2040
LDMX [1271] SLAC e”, 4,8 GeV 2-10'6 ot . visible (1) < 2030
M3 [1294] FNAL . 15 GeV 109 (10'3) mot i (1) proposed
MATHUSLA [1395] CERN pp, 14 TeV 3ab—1 visible (1.2.3.4) 2042
milliQan [1070] CERN pp, 14 TeV 0.3-3ab—! visible (1 < 2032
MoeDAL/MAPP [1396] CERN pp, 14 TeV 30—t visible @) < 2032
Mu3e [1397] PSI 29 MeV 108 — 1010./s visible (1) < 20387
NA64,, [ 1 CERN ., 160 GeV up to 2 x 1013 mot ﬁi (1) < 2032
PIONEER [ 1 PSI 55-70 MeV, :‘T+ 0.3-1067/s visible 4) phase I approved
SBND [1400] FNAL , 8 GeV 6 - 1020 pot recoil Ar (1 < 2030
SHADOWS [1401] CERN p, 400 GeV 5- 1019 pot visible (2,3.4) <2038
SHiP [1402] CERN p, 400 GeV 21020 pot visible, recoil | (1,2,3.4) <2038

Brij Kishor Jashal, Physics seminar at u. warwick

arXiv: 2305.01715

(UBIS @ ATLAS shaft
(or ATLAS ceiling)

SHAFT
ST1395418_ 01—

CAVERN
S§T1395416_01

ACCESS TUNNEL
ST1395417_01



Long-lived particles (LLPs)
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CrossMark
Abstract
In this paper, we describe the potential of the LHCb experiment (o detect stealth physics. This
refers to dynamics beyond the standard model that would clude searches that focus on
energetic objects or precision measurements of known processes. Stealth signatures include
long-lived particles and light resonances that are produced very rarely or together with
overwhelming backgrounds. We will discuss why LHCb is equipped to discover this kind of
physics at the Large Hadron Collider and provide examples of well-motivated theoretical
models that can be probed with great detail at the experiment.

Keywords: LHCb, stealth physics, BSM physics, hidden sectors, long-lived particles, dark
matter
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Effect of the high-level trigger
for detecting long-lived
particles at LHCb

Lukas Calefice?, Arthur Hennequin®, Louis Henry?,

Brij Jashal®, Diego Mendoza®, Arantza Oyanguren®*,

Izaac Sanderswood®, Carlos Vazquez Sierra®, Jiahui Zhuo® and
part of LHCb-RTA Collaboration

!Laboratoire de Physique Nucléaire et de Hautes Energies, Sorbonne Université, CNRS/IN2P3, Paris,
France. ?Fakultat Physik, Technical University Dortmund, Dortmund, Germany, *Laboratory for
Nuclear Science, Massachusetts Institute of Technology, Cambridge, MA, United States, *European
Organization for Nuclear Research (CERN). Geneva. Switzerland, *Instituto de Fisica Corpuscular
(IFIC). Consejo Superior de Investigaciones Cientificas. University of Valencia. Valencia. Spain

Long-lived particles (LLPs) show up in many extensions of the Standard Medel,
but they are challenging to search for with current detectors, due to their very
displaced vertices. This study evaluated the ability of the trigger algorithms
used in the Large Hadron Collider beauty (LHCb) experiment to detect long-
lived particles and attempted to adapt them to enhance the sensitivity of this
experiment to undiscovered long-lived particles. A model with a Higgs portal
to a dark sector is tested, and the sensitivity reach is discussed. In the LHCb
tracking system, the farthest tracking station from the collision point is the
scintillating fiber tracker, the SciFi detector. One of the challenges in the track
reconstruction is to deal with the large amount of and combinatorics of hits
in the LHCb detector. A dedicated algorithm has been developed to cope with
the large data output. When fully implemented, this algorithm would greatly
increase the available statistics for any long-lived particle search in the forward
region and would additionally improve the sensitivity of analyses dealing with
Standard Model particles of large lifetime, such as Kg or A? hadrons.

Development of reconstruction strategies and algorithms at high level trigger to detect long-lived particles
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IntrOdUCtion History of LHCb: 10.1140/epjh/s13129-021-00002-z

LHCb: a general purpose spectrometer in the forward direction
(2<n<5), optimized for high-precision heavy--flavour physics.

LHCb MC
Vs=14TeV

~ 4% of the solid angle (2 < n < 5),

bb production cross-section ~ 600 ~27% of the b hadron production
ub at 13 TeV (300 ub at 7Tev)

0y rad) Brij Kishor Jashal, Physics seminar at u. warwick
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https://doi.org/10.1140/epjh/s13129-021-00002-z
https://doi.org/10.1140/epjh/s13129-021-00002-z

Introduction

LHCb was originally designed for the study of CP violation and rare decays in
beauty and charm — and now a general purpose detector
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The LHCb experiment: Physics highlights
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The LHCb eXperiment [CERN Courier: LHCb’s momentous metamorphosis]

—— _——

mb Upgrade-I detector]

side view ECAL HCAL
RICH2 M2 M

Dipole

magnet4Tm  g.ir;

10 m 15 m 0m  Z

New detector with over 90% of active detector channels replaced =


http://cds.cern.ch/record/2859353
https://cerncourier.com/a/lhcbs-momentous-metamorphosis/

The LHCb experiment

Lo
g W oR = - N W A
: S5 e : = : c

ey

:::::::::

VELQO: Silicon plxel detector, Mag  uT: Silicon strip CH:
52 planes, 41 million channels.

op=(15 X 29/p)um

SciFi: Scintillating
detector, 4 planes Fibre detector

(12 planes of 2x2.5 m)

10 m 15 m 0m  Z

Tracking detectors: detect charged particles and localise the decay vertex V7



The LHCb experiment

side view ECAL HCAL

M5
RICH2 Mo M3 M4

e

5m \Qn 15 m 20 m Z

Dipole Magnet (~4 Tm): bend charged particles path to measure momentum @




The LHCb experiment

Richl: 2<p<60 GeV/c

Y. (CaFio) RICH2: 30<p<100 GeVic (CF;

sideview  _ . uecal
l
SciFi ! RICH2

tracker.

......
§

23 i;l";},’.;.(

VEL0). .

RICH1 and 2, calorimeters, and muon chambers for particle identification *°



Computing Challenges (The problem now)
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https://cerncourier.com/a/lhcb-looks-forward-to-the-2030s/

Trigger system: (Run-IIl)

What to keep and what to discard ?

we have to be very careful
with what we dismiss..
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Real Time Analysis
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The LHCDb experiment: Trigger system

LHCDb Trigger Run 2

3
3 o 3r
Bunch crossing rate ) U :s_"”‘““’ LHCb simulation
\. - - A — T
‘ 40 MHz S 250 e B0y
~ = = B B.—>DK
LO Hardware trigger ‘é oy
high pr/ET signatures © -
- @ -
4 1MH = e
. High Level Trigger 1 1;_
© | partial event reconstruction B
% 0.5
E J 110 kHZ E l l l l l | | l l
X Y— T N I T I Syt
= Calibration Luminosity [ x 10°2 cm2 s
5 110 kHz
© ( Hich Level Triccer 2 > At high luminosities, hardware trigger cannot cope with the
L g gg g g p
full event reconstruction event rate and starts rejecting interesting events.

‘ 12.5kHz > Need to study properties of events in real time of collision.

03-10-2024 Brij Kishor Jashal, Physics seminar at u. warwick
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LHCb Rung Trigger

[Bandwidth [GB/s] ~ Trigger output rate [kHz] x Average event size [MB]]

REAL-TIME

ALIGNMENT &
CALIBRATION

5 TB/s
30 MHz non-empty pp
y

0.5-1.5
PARTIAL DETECTOR e FULL DETECTOR

FULL TB/s MHz
RECONSTRUCTION RECONSTRUCTION
g » | & sELeCTIONS gl BUFFER » | & sELECTIONS

REAPOUY (GPU HLT1) 70-200 (CPU HLT2)
GB/s
All numbers related to the dataflow are ! !
taken from the LHCb
Uparade Triaaer and Online TOR | HLT1 Data reduction HLT2 Data reduction
Ypgrade Irigger and Ynline 1URK
U o C ting Model TDR of factor of ~ 20 - 40 of Factor of ~400

HLT1: Partial reconstruction of charged particle trajectories and few simple selection lines
HLT2: Full reconstruction and selection based on different decay chains and signatures
Must reduce without the loss in fidelity 24




LHCb Run3 Trigger

- | m‘; v__ ¥ — 2 2 T Ep— ﬁﬂlﬂ

I | RN | || ~2000 full-duplex
11000x half-duplex DAQ links (Versatile Link / GBT @ 4. BG 300 m) control links

32 Th/s (Versatile Link)

Experiment
Control
System

(ECS)

32 Thls Event Builder . Timing

: Network :: and Fast

(InfiniBand 200G) ] Commands
= (TFC)

llbes {
gaige o]e] Jo]e]

Up to 40 PB disk storage

Buffer storage
Network ¢
(Ethernet 10G/100G)

1 Th/s

Event filter second d pass (up to 4000 servers)

: /KlshorJashaI Ph

03-10-2024 L I\l



What is tracking and why do we need it ?

Track reconstruction (Tracking)

What
» Tracking deals with converting the signal from a subdetector (hits,
clusters...) into a trajectory.

» Roughly speaking, two phases: pattern recognition and track
fitting

Why
» We need to reconstruct trajectories of particles in our detector to:
> Build vertices, measure decay topologies;
» Measure momenta — measure invariant masses, angular
variables (so... do physics).

Intra-event: Tracks, vertices, ... Events Event batches

4 \\
= -
\

AN Y, 2
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HLT1 software framework Comput Softw Big Sci 4, 7 (2020)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

o Allen software project: Framework

developed for processing LHCb"s S ————
HLTl On GPUS ; i""""""""""""_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_ZEZIS_IZ[{J'_'_M?ZIS_?'.'_'_'_'_'_'_T_T_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'.'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_
_____________________ Performance portability layer Python
. P (Backend header only files, BackendCommon.h, configuration
o Standalone software project: ' Make | . CPUIDh,CUDABackend.h, HIPBackendh) (sequences,
https://gitlab.cern.ch/lhcb/Allen Compilers | selectionlines) | -
P . | (GCC, CLANG, CudaClang, HIPClang, NVCC, HIPCC) | i '
e Primarily developed using CUDA to 5 Allen base algorithms ( CUDA / C++) |
PTOCESS events in pa1.‘allel %ﬂd L External base libraries: |
eXp101t data—parallehsm within . { CUDA libraries, ROCm, HIP, boost-devel, zeromg-devel, zlib-devel, GSL or gls-lite, catch2 |
events 1 umesimd, ROOT, Python3 with (wrapt, cachetools, pydot, sympy)}
50
e Single Instruction Multiple Threads .
(SIMT) design with custom )
performance portability layer. g —
§ 20 —
10
i —
Cuda C++ Python CMake Shell
Used programming language 27
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https://gitlab.cern.ch/lhcb/Allen

HLT1 framework: Performance Portability Layer (PPL)

03-10-2024

-

Comput Softw Big Sci 4, 7 (2020)

Framework supports multiple platforms and architectures: Heterogeneous

Quadro RTX 6000

Tesla V100

Geforce RTX 2080 Ti

AMD MI50 hip-clang 3.2.2

AMD MI50 hipcc 3.3

2x Intel Xeon Broadwell E5-2630

allenpr Bot 6:33 PM

T
0 20 40 60 80 100 120
Allen Forward sequence throughput (kHz)

|

|

|

|

T
140

Throughput of branch master (cba2475b) , sequence hltl pp_default over dataset upgrade-magdown-siml@-up@g-30000000-digi 01 retinacluster build options default:

NVIDIA GeForce RTX 3098 |INREREERE NN NNl 154.99 kHz (1.@1x)
NVIDIA RTX A6o80 |HNNERRRRERERRRRRR NNl 193.36 kHz (1.82x)
NVIDIA RTX A5@00 WITTIIT0T (T Tty | 156.89 kHz (@.98x)
MIlee L 124.00 kHz (1.00x)
nvinia ceForce RTX 2032 Ti |[JEENENEEEEERERRRREENR 123.29 kHz
AMD EPYC 7502 32-Core ||| 21.33 kHz (1.eex)

b1 1 11+ 4 ¥ 1 ‘1 1 4 1 1 1 1 _1_1

T | 1 I T 1 | | I |

20 40 60 80 100 120 140 160 180 200

Brij Kishor Jashal, Physics seminar at u. warwick
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Long-lived particles and Tracking




Tracking: LHCDb track types

/4

Downstream track



https://cds.cern.ch/record/2730181/files/lhcb_figure_2020_016.pdf

LLPs in SM

A are decay products of b-baryon decays which have a rich spin structure om0

o
y —
{\ij\-"\” L 0.25 LHCb simulation
b ( ) s AS S . yw B
Ab d db A Sk SV“ cT =~ 8cm § 0.2 ;_ —|— A, =AY
PV S C
u u p E 0.15— _I_f'
E I
= C
Z 01 ’
LL DD T HLT1 eff C .
(TOS) - =
0 C == —ee]
A 12% 51% 37% <10% b T IO I I |
0 1000 2000 3000 4000 5000 6000 7000 8000
Without downstream A End Vertex Z [mm]
K, are common decay products in b and charm decays — important for CPV |
studies . ey » H . zZI;L()
F_JJJ"" ; - | LHCb simulation
e 0.7
+, - . E
KS%“ M '.l“ .IH" —.-{:L’J_:\ﬂ " é ().():T‘l K‘ —) “’ p
-_“1"% -;: 0.5 z—
— 3 oaf
without downstream = F
03 =
LL DD TT HLT1 eff z 0E
(TOS) N
0.1
KSO 46 % 38 % 16 % < 25%  imn w—— e |
0 1000 2000 3000 4000 5000 6000 7000 8000
K, End Vertex Z [mm] 31
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« Particles with displaced secondary L6000 LHCb simulation
vertex (LLPs) ~ a-BSMa, (> u* p),M=0.5GeV
14000 o BOSM H(—=p* W), M=05GeV..

: : g =

> Distance between primary and E 12000
secondary vertex >~ 3 m 3 -
>~ TFor Ks® A°, & with typical £ '%°C
boost of 3y ~10-100 and 2 go00f
lifetime T ~ 10 11-10 10s5.¢, & -
= 6000
(L =By.c.t) 5 -
= 4000 [

> No dedicated reconstruction or 2000 -
selection at HLT1 level in Runi1 -

=]

| 1000 |
Lifetime [ps]

and 2

32
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https://doi.org/10.3389/fdata.2022.1008737

BSM /NP Long-Lived Particles and Tracking (Why?) 2022.1008737

BSM: sensitivity to B' - K" H’ [ p'p]

102 LHCDb simulation | __ 50

HLT1 effect when triggering on the H’ decay
products:

— ' lifetime

-——_———\.

- Decent efficiency (30-50 %) for low
lifetime

- Poor efficiency (< 10 %) fort> 100ps €
- Loss in sensitivity for small H mass @

(o)
(=
HLT1 efficiency (TOS on H') [%]

Need for dedicated LLP trigger if H’ is
long-lived

[E—
(e}

llllllllllllllllllllllll
500 1000 1500 2000 2500 3000 3500 4000 4500

M (H') [MeV]

0
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https://doi.org/10.3389/fdata.2022.1008737

HLTi1 Algorithms
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Algorithms: HLT1 sequence (Run-2)

LHCb Trigger Run 2

[ Bunch crossing rate |

. =

¥ 40 MHz

[ LO Hardware trigger |
high pr/Er signatures

LHCb Run2 HLT1 trigger configuration

RECONSTRUCTION STEP OUTPUT OBJECTS

~= VELO tracking with
1 MHz & g
E ‘ 3 @ simplified Kalman Filter e
. . O
. ngh Level 'I‘I‘lgger 1 \ % Primary Vertex finding e Primary Vertices (PV)
gJD partial event reconstruction =
=
a0 ‘ O VELO — TT tracking
. ck
» 1 ]'O kHz E: inital momentum estimate upstream tracks
-~ g
O 10 PB Alignment & a
P buffer Calibration TT — T stations tracking
© with pr > 500 MeV /c long tracks
£ 110 kHz
o) 4 < Full Kalman Filtering
0 p] ngh Level Trlgger 2 fitted long tracks
full event reconstruction Fake track rejection
N v,

¥ 12.5kHz
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Figure 4: Sketch of the HLT1 track and vertex reconstruction.
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Algorithms: HLT1 sequence (Run-3)

P

.. GI ob al [Allen, Com. Softw Big Sci 4, 7 (‘20)] &8
Raw Data '——kﬂf_; - F
i[ ~—_Event cut —

- —
e, -

-

¢ y k 4 L 4
VELO (Retina) . SciEi decodin Muon )
- g . Calo decoding
clustering TG ERE I decoding
Vg _ UT Tracki e .
_# | VELO decoding (Cnm;csslﬂf') SciFi Seeding Muon ID Calo clustering
| .
h 4 ¥ L ¥
3 VELO-SciFi Filtering used SciFl
i Electron ID
R | Forward | Matching seeds & UT hits ectron
Tracking l
Find primary : Downstream Brem recover
i Y
vertices Parameterlzed tracking
Kalman Filter

Ve

Selection lines (Inclusive & exclusive)

l

" : Brij Kis sics seminaYVatten to storage buffer
03-10-2024 J KishQErlaghalyeqh > T2 orotaaing ”




Algorithms: SciFi Seeding and Velo-SciFi Matching

Standalone SciFi seeding algorithm (HybridSeeding)
« 2.7 meters long fibers, 250 um diameter

. 12 layer with ~450 hits each (average), s
« 3 stations spread over 1.8 meters ub x-u-v-x L
geometry, u and v being layers titled by a +/- 5° xz'prcz’leCtlon
stereo angle =g
> Two iterations with two main components of algorithm
Seeding X7
Seeding confirmTracks : SciFi
Velo-SciFi Matching Velo : LA
 SciFi seeds matched to Velo tracks to produce Long tracks ‘ I | | | | _I “ E o "
» Start with SciFi seeds and parallelize over SciFiloops Fiiu, | ———_ .
* Velo/SciFi seeds extrapolated to magnet as lines (“Kink” E}Ax
approximation) E
Zl ;natch
37
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Algorithms: Performance: Seeding + VeloSciFi Matching

Matching produces standard long tracks covering entire detector

NVIDIA GeForce 159<82§

RTX 3090 (GPU) e

NVIDIA RTX
A5000 (GPU)
NVIDIA GeForce
RTX 2080 Ti (GPU) :
100.7
2 x AMD Epyc 7502 - Matching algorithm (GEC)

32-Core (CPU)

3-3 19 Forward algorithm (with UT, GEC)

FEFEr Srararil ATATEE IV AT APAEETE AP AT AE AR | il
0 20 40 60 80 100 120 140 160 180 200
Allen throughput [kHz]

03-10-2024

> [ —T T T T T ] . B T T T T T T T ]
& i LHCDb simulation = i LHCDb simulation
] — = w — =
'S [ J**eeetengest, o %, 'S C - 4
L:_,E [ - M’Mm§#ﬂmﬁ E L .W,- '*m*MMMﬁ++ + ++ ﬁ
S8 0.8 .“M +__' (S8 08 wﬂ'm*ﬁmmﬂ’“”“ff #H,++_
i SciFi seeds, Long from B, 2 < <5 ] K - ?
06" —e— B!—s ¢t efficiency, not electrons —] 0.6 ‘. VeloSciFi tracks, Long from B, 2<n<5
B —e— B> K efficiency, electrons ] i — Bf—; ¢ efficiency, not electrons 7]
s p distribution, not electrons - L - —eo— B Kt efficiency, electrons
0.4 Qg ] 0.4 — p distribution, not electrons ]
02f. Seeding ] 02F  Matching E

0 lo— N N e e IX10° ok NN N ey IX10°

0 20 40 60 80 100 0 20 40 60 80 100
p [MeV] p [MeV]
= 25 1 T — T T ] 8035 T T N
>, FBl—o0 LHCb simulation - S F LHCb simulation 3
o L f 1 g 03F B{—00 E
" 2F —— o - ]
< f —— 1  $oasF =
B ] C VeloSciFi tracks .
1.5 - ] 0.2 :— —=e— ghost rate _:
L — . C L ]
B — VeloSciFi tracks 7] 0.15F Py distribution -
= — & presolution  — . :
B ; — p distribution ] 0.1F -
g ] N #
sE . 0.05F ", gy
05F Momentum resolution 1-2%/ e ceareers ]
L - ) i S S VNS U S S
oL S ey IXI10° 0 1000 2000 3000 4000 5000
0 20 40 60 80 : 1]00 p, [MeV]
p [MeV
38
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Downstream algorithm: design strategy

Upstream tracl:<

T1 T2 T3

o Extrapolate SciFi seeds to UT

e — o el es N - Take the output of SciFi seeding
VELO track * ; rack ‘ j i .
m Filter out the used seeds

g, m Ttrqck
\ .
Extrapolate to UT stations

(through magnet point)

xz-projection
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Downstream algorithm: track model

Track state:

—

S = (

Track model:

2, Yibiss Ligy TIDJ"

BT

Slope and
momentum

A

Tolerance

!

Magnet point

Hits in UT

3}

03-10-2024

Update
momentum

X ()

=400

=500

-&00

~700 4

x * %
= L = »
x x eyx =
E o F s Fa—
L/
I i
Iy g

-
-
-
-
-
-
-~ =
-—
-
-
-
-
-
-
-
-

A 4

Best
candidates
selection

~4000

—— 5ciFi seed
=== Search window
. Magnet
Scifi stations
«  UT hits
= True UT hits

SciFi seed

H‘ﬁ\\_

2000

A 4

Fake and
clone removal
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4000

Z {mm)

6000

8000

10000
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Downstream algorithm: implementation

Kernel function 1:
128 SciFi seeds per thread block

o Filtering used SciFi seeds

e For each input SciFi seed,
extrapolate to last x layer
(UTbhX)

e Store up to 10 best
candidates

o Update slope of each
candidate using magnet
point and hit position.

Kernel function 2:
256 candidates per thread block

e Add hits from rest of the UT
layers

e Find best combination of
U/V hits

o Compute the scores based on
distance b/w extrapolation
and real UT hit positions

Prepare output:
o Copy hits and tracks to output (compact SOA container)
e Create standard multi-event viewer

Algorithm is divided into 3 main kernel functions:

Kernel function 3:
256 candidates per thread block

o Find best candidate based
on the scores from previous
function

e Check for hit duplication

e Perform ghost killing

41



Downstream algorithm: ghost killer neural network

True track

e Asingle hidden (14 nodes) layer fully connected NN
ey e ° o —200 A

o Itutilizes 8 variables as input: y

o  Downstream track state (x,y,t,,t,,q/p, X?) £~ y

S . . tx
o SciFi track properties (q/p, X?) ~400 1 o
ty A
e Themodel was trained using B, — ¢¢ events. Ghosttrack o/ :
X

e In order to boost speed, certain C++/CUDA tricks are applied, chi2

SciFi g/p
such as using static structs, employing fast math <ciFi chin
ciFi chi
functions, and unwinding for-loops.
namespace ActivateFunction {
// rectified linear unit
. - __device__ inline float relu(const float x) { _
namespace DownstreamGhostKiller 4 return X > 8 ? X - @° !/ First layer
} . B EIm'.'r151"E-‘:1||‘HELuE"5::urmim.iﬁEl, Hude'_::num_nnqebi[&](int.ij JL
namespace Model _[ 1/ sigmoid UEII.'-'H&FT':."EHZH‘:_‘].[JEF‘E}:_:UrTﬂlndiEliLHUL_H:"'_::ﬁul‘!‘l_ll‘_lpl:.lt}([&]tll‘lt i) {
constexpr unsigned num_node = 14; __device__ inline float sigmoid(const float x) { }3?1-1] R e
constexpr unsigned num_input = 8; | return __fdividef(1.0f, 1.0f + __expf(-x)); hi[i] = ActivateFunction::relu(hl[i] + Model::bias1[i]);

H

03-10-2024

} /[ namespace ActivateFunction

9
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Algorithm design: ghost killer neural network

o Distribution of the
Ghost rejection vs number classifier output: default
of nodes in the hidden layer threshold value 0.5
o &® o [ Tracks ]
5 0.68 . &1
: 0.68 Our choice 24 eﬁg?’?‘-‘ 8000 1 1 Ghosts
2 0.66 - \ ‘ﬁf@i%%§%%3 &>
E 0.64 - .mlj?.u E 6000 7
< @’ g
s 062 P @ 4000 -
E 0.60 é
S 2000 -
= 0.58 '_"_|'_|
% o561 . H e
5 10 15 20 25 30 0.0 0.2 0.4 0.6 0.8 1.0

Number of node

The score of the neural network for Ghost

Num Operation = Num Input * Num node

43
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Downstream algorithm: Physics performance /4 and K,

Efficiency

Efficiency

03-10-2024

e L B LI L B LB LR LR
- MinBias LHCDb Simulation
12— —]
- HLT1, noVelo, isDown, fromLambda, P>5GeV, Pt>500MeV 1
i =
0.8 T ]
i ey H ] |
ool H H % |
0.4:— + _;
02— Distribution .l
| | — Efficiency ]

EE ) | I | E i e o | | ? e e i | S T i - | M ey i | ) S i B | l I D - I S I
200 10000 15000 20000 25000 30000 35000 40000 45000 50000
P (MeV)

- Good physms efflclency 25-80%

14 B [ T | L | L | L | '| I I—
- MIHBIHS LHCb Slmulatlo ]
12— —
- HLTI, noVelo, isDown, fromKs0, P>5GeV, Pt>500MeV 1
1+ =
0.8 1 —]
et . + “Pﬂr} % jL 1
ity :
0af- + + J[
02— Distribution
| | — Efficiency
[ L I | - ) E Ll L 1 | L L L L | L L L L | 1 1 1 1 | N M i | ] § I e o | I | . | I—
00 10000 15000 20000 25000 30000 35000 40000 45000 50000

o P (MeV) : : :
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Trigger lines using HLT1 Downstream

Y LHC Si

mulation

—— Signal
Low Energy
—— Phys BKG

g0 |- HLT1 Downstream

For developing the trigger (selection) lines for decays involving two tracks <
(A’s and K/’s) requires vertexing. E
s3]
- Vertex reconstruction of two downstream tracks requires
extrapolating from UT to the origin vertex
- High throughput with good background rejection in selection lines.
Y

P O~

Track A pT O
____________________________________ IP Chi2  C- 2
n p O~ @
A Track B pT O Z
° p IP Chi2 - £
DOCA - =

VELO Vertex Chi2

z ©

uT P

Mother { pT ';_)‘

SciFi P chi2

Magnet
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~ Combinatorial
- 2023 MinBias 10mm —— Partial
60 ™ Mean— 111475 +/- 021 MeV Ghosts
— Fit

40

20

=5

300

250

200

150

100

50

~ Sigma= 3.24 +/- 0.16 MeV
| Yield = 260 +/- 16

A°
1100 1120 1140
M, #text {(MeV)}
— N 1 T v ' 1 1 '_
- LHCb Simulation —— Signal ]
- L E -
— HLT1 Downstream oW nerey —
o —— Phys BKG =
[~ 2023 MinBias 10mm Combinatorial ]
[ Mean = 500.26 +/- 0.41 MeV —— Partial 7
[— Sigma = 10.58 +/- 0.44 MeV Ghosts —]
C Yield= 1000 +/- 17 — Tit 3

400 500 600
M #text{(MeV)}
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Downstream algorithm: Throughput of HLT1 sequences LHCb-FIGURE-2023-028

HLT1 sequence for long and downstream tracking reconstruction:

226.65 kHz Matching(Without UT)

202.56 kHz Matching(Without UT) + UT decoding

171.84 kHz Matching(Without UT) + UT decoding + Downstream

122.01 kHz Matching(Without UT) + Rest HLT1

107.08 kHz Matching(Without UT) + Rest HLT1 + UT decoding + Downstream

86.72 kHz Matching(Without UT) + Forward(With UT)+ Rest HLT1

LHCb
82.93 kHz Matching(Without UT) + Forward(With UT)+ Rest HLT1 + Downstream |
Simulation
(I) 5|0 160 1!;0 260 25:0 360 35:0 400
Throughput in "NVIDIA RTX A5000" (kHz) RTA A5000 [KHZ]
46
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Buffer Scanner (BuSca) scheme

Extension of the
Downstream reco. and
vertexing:

- Select high-quality
candidates through a
dedicated NN.

- Fill 2D histograms
and create trigger
lines.

—
Online Monitoring]

Create HLT1 lines

[ HLT1DownstreamBuSca ] '\ f

HLT1 BuSca_Mass
- HLT1 BuSca_PID
- HLT1 BusCa_Multitrack

- HLT1DownstreamBuSca_ prescaled

(bkgstudies)

03-10-2024

Allen 11600
Iy
trackd,_ip | ||| I
trackA_chi? . | |"| | ||
trackB_ip O | “
trackB_chi2 Q | | | ‘ || P - .'f':""_-.-.':.;_ )
daca Cj_ "l | || ——
io i | I
min_ip )
ot " Track pairs selected by a single layer NN
quality based on track and vertex quality
o.
Inpaut Layer = R? Tidden Layer £ B2 Chstput Layer € R?
BuSca
u BuSca

ol
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8
8
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https://gitlab.cern.ch/lhcb/Allen/-/merge_requests/1600

Buffer Scanner (BuSca)

| B 1 1 I 1 1 1 1 I I. 1 . I _
E 2500 [~ . LHCb Simylation —
A BuSca « . .
o B i
2000 |- —
N .o i
B [ | u [ | [ | i
1500 — . ]
C . ]
i 1 (] 7
1000 — n . ]
- . l -
N i i
500 — ]
O B 1 1 1 1 1 1 1 I 1 1 1 N
300 500 1000 2000 3000
m,.. [MeV]
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—

) pLz)/(le * P,

LHCB-FIGURE-2024-018

-*LHCb Run3 Data
~HLT1 Downstream
: - Run 297136, 297202

it
0.4 0.6 0.8
a= (P~ PP, +P[)
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https://cds.cern.ch/record/2904666/?ln=en

Physics impact of Downstream

49



PhySICS 1mpact of Downstream: SM Impact on many other decay channels
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Physics impact of Downstream: BSM 2022.100873

37

LHCb’s capabilities of probing BSM physics can significantly B — H'(= pu"u")K
increase due to Downstream tracking at HLT1
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Impact of the trigger on H’ signal (TOS) at HLT1 level:
- High suppression for low H’ mass for t < 10ps
- Strong suppression for t > 10ps in all range of H’ masses
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Upgrade-I LHCD as lifetime frontier experiment
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Physics impact of Downstream: LHCD as lifetime frontier experiment

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

« LHCD as lifetime frontier experiment

03-10-2024

In Run1 and Run2 LHCb could probe lifetimes of upto 100 ps

But now in Run3 with new HLT1 with downstream algorithm it is possible
to probe BSM physics for lifetimes from 100 ps to 2000 ps.

Not just the BSM, but also huge impetus to the physics program with SM
LLPs

Huge physics gains made possible by investing in software and algorithms.
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