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e Introduction

Physics motivation
The LHCb Experiment

« Real time analysis
« Advanced High Level Trigger 1 algorithms
« Physics impact for long lived particles

 Summary
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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



The Big question
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Study of behaviour of fundamental particles in the early universe could help in answering many questions



Long-lived particles (LLPs):

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

Particle Mass m [MeV]

Particle lifetimes in the SM range from 1 ~ 2 x 1025 s (the Z boson ) through to Tt ~ > 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 (HNLSs) \




Long-lived particles (LLPs)
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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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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: the LHCb experiment



Proton-proton collision

2028 bunches of
protons per beam

10! protons per
bunch

Beam energy of ~7 TeV

Bunch crossing rate
40 MHz,



The LHCb experiment

Single arm forward spectrometer
~ 4% of the solid angle (2 < n < 5),
~ accepts 27% of the b hadrons produc

LHCb MC

bb production cross-section ~ 600 ub at 13 Te
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The LHCb experiment: Physics highlights
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The LHCb experiment

| = [CERN Courier: LHCb’s momentous metamorphosis] o
\[LHCb Upgrade-I detector]
i Rung and Rung \
i 1
side view
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New detector with over 90% of active detector channels replaced =


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

The LHCb experiment
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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



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.
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VEL0). .

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



Computing Challenges (The problem now)
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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 ‘ 110 kHZ E | l l l l | | l l
X Y— T N I T I Syt
= Calibration Luminosity [ x 10°2 cm2 s
5 110 kHz
(8 High Level Trigger 2 » At high luminosities, hardware trigger cannot cope with the
full event reconstruction event rate and starts rejecting interesting events.

‘ 12.5kHz > Need to study properties of events in real time of collision.
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Trigger system: (Run-IIl)

What to keep and what to discard ?

we have to be also very careful with what we dismiss..

18



Real Time Analysis

19



Real Time Analysis (RTA)

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

e » Need to reduce the event size
v PV 5w K Instead of raw data from the detector, store only the
“ - relevant information of interesting events.

» Need to reconstruct and analyse the events to
select them in real time.

PV

[LHCb, JINST 14 (2019) P04006]

v 25
O [LHCB-TDR-018]
- Run 2
£ 20 -
= fraction
/ \ 215 Baseline
K / 3 Run 3
o fraction
/ ~ \ T 310 —>e
5 0}
/\ \ ; 5 LHCb, upgrade conditions (2021) o
o
Raw banks: VELO RICH e ECAL g 0
0 20 40 60 80 100

Physics programme using RTA model [%]
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New trigger strategy

LHCDb Trigger Run 2
[ Bunch crossing rate J
¥ 40 MHz

0 Hardware trigger
igh pr/ET signatureg

INSYi:74
y A

h ]
[©5)
o0
a0
™
4:) lignment &
C’-'U Calibration
§ 110 kHz
- igh Level Trigger
full event reconstruction
N\ J

v 12.5kHz

— Siorage

LHCb Trigger Run 3

pp collisions ]

40 Tbit/s ¢

-

.

N
0(250) ("event building )
x86 servers

=l

J

1-2 Thit/s ¢

0O(1000) x86 servers

buffer on disk
calibration and alignment

Y

( HLT2 )

\. J/

80 Gbit/s ¢

( storage J
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LHCb Rung Trigger

REAL-TIME
ALIGNMENT &
CALIBRATION

5 TB/s
30 MHz non-empty pp
y 4

0.5-1.5
PARTIAL DETECTOR ane FULL DETECTOR

FULL TB/s MHz
RECONSTRUCTION RECONSTRUCTION
o s » | sELECTIONS gl BUFFER » | & seLECTIONS

REAROS (GPU HLT1) 70-200 (CPU HLT2) l
GB/s
All numbers related to the dataflow are
taken from the LHCb . . 68%
Uparade Triaaer and Online Tor | HLT1 Data reduction HLT2 Data reduction TURBO _’2 .
vpgrade irigger a : .
Ui Carinia MaaAsl TOR of factor of ~ 20 - 40 of Factor of ~400 EVENTS GB/s

HLTi: 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 22




LHCb Run3 Trigger

RICH SciFi Calo| | Muon

JI\C(J\;\FFﬁNH

| ~2000 full-duplex
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Network -
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Event filter second pass (up to 4000 servers)



HLT1 software framework
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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

3 25




HLT1 software framework
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o Allen software project: Framework

developed for processing LHCb"s e ——————————————
HLTl On GPUS ; i"""""""'""""'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_Zgilil:lzj'_ZI}{l'_?'_lf_?'.'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'.'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_'_
_____________________ Performance portability layer Python
. P (Backend header only files, BackendCommon.h, configuration
o Standalone software project: ke | CPUIDK, CUDABackend.h, HIPBackend.n) | (sequences, | |
https://gitlab.cern.ch/lhcb/Allen Compilers | selectionlines) | |
L . | (GCC, CLANG, CudaClang, HIPClang, NVCC, HIPCC) | ! '
e Primarily developed using CUDA to 5 Allen base algorithms ( CUDA / C++) |
PTOCESS events 1n pa1.*a11el %ﬂd 5 N External base libraries: |
eXp101t data—parallehsm within . { CUDA libraries, ROCm, HIP, boost-devel, zeromg-devel, zlib-devel, GSL or gls-lite, catch2 | |
events i umesimd, ROOT, Python3 with (wrapt, cachetools, pydot, sympy)) |
50
e Single Instruction Multiple Threads .
(SIMT) design with custom )
performance portability layer. g —
é 20 _—
10
: —
Cuda C++ Python CMake Shell

Used programming language 26


https://gitlab.cern.ch/lhcb/Allen

HLT1 framework: Performance Portability Layer (PPL)

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

i

1

|
0 20 40 60 80 100 120 140 1
Allen Forward sequence throughput (kHz)

- allenpr ot 6:33 PM
Throughput of branch master (cba2475b) , sequence hltl pp_default over dataset upgrade-magdown-siml@-up@g-30000000-digi 01 retinacluster build options default:
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Allen software project: GPU based HLT1 at LHCb

Computing and Software for Big Science (2020) 4:7
https://doi.org/10.1007/s41781-020-00039-7
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Allen: A High-Level Trigger on GPUs for LHCb
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Abstract

We describe a fully GPU-based implementation of the first level trigger for the upgrade of the LHCb detector, due Lo start data
taking in 2021, We demonstrate that our implementation, named Allen, can process the 40 Thit/s data rate of the upgraded
ILHCb detector and perform a wide variety of pattern recognition tasks. These include finding the trajectories of charged
particles, finding proton—proton collision points, identifying particles as hadrons or muons, and finding the displaced decay
vertices of long-lived particles. We further demonstrate that Allen can be implemented in around 500 scientific or consumer
GPU cards, that it is not /O bound, and can be operated at the full LHC collision rate of 30 MHz. Allen is the first complete
high-throughput GPU trigger proposed for a HEP experiment.

Keywords GPU - Real-time data selection - Trigger - LHCb
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Long-lived particles and Tracking



Particles with displaced secondary LcoooF LHCb simulation
vertex (LLPs) ~ a-BSMa, (> u* p),M=0.5GeV
14000 o BOSM H(—=p* W), M=05GeV..
. . = -
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secondary vertex >~ 3 m 3 -
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g 8000
— . . eh —
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1011-10710g ¢ > 4000{-
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=]
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Frontiers in Big data 2022.1008737
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LLPs in SM

e A are decay products of b-baryon decays which have a rich spin structure  os T
Y E
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BSM /NP Long-Lived Particles and Tracking (Why?)

BSM: sensitivity to B* - K" H’ [ p'p] Frontiers in Big data 2022.1008737

HLT1 effect when triggering on the H decay v C—

products:

Decent efficiency (30-50 %) for low

lifetime =
Poor efficiency (< 10 %) for T > 100 ps €
Loss in sensitivity for small H mass @

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

500 1000 1500 2000 2500 3000 3500 4000 4500
M (H') [MeV]

LHCb simulation
— ' lifetime

_#—\.

_———N.

—50
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HLTi1 Algorithms
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Algorithms: LHCb track types

Upstream track

Long track

Downstream track



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

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 \ :53: 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,
‘ 12'5 kHZ Figure 4: Sketch of the HLT1 track and vertex reconstruction.
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Algorithms: HLT1 sequence (Run-3)

X

L@ -
-

-_____.-H._\_\__\_
o

- " Global
aw Data ~ -
~__ Eventcut

- -
—, -
e -

-

o

[Allen, Com. Softw Big Sci 4, 7 (‘20)] |

Y

SciFi decoding

SciFi Seeding

h J

L 4

Muon

Calo decodi
decoding e e
Muon ID Calo clustering

VELO-SciFi

Matching

Filtering used SciFl

seeds & UT hits

v
VELO (Retina) UT decoding |
clustering
vaie . UT Tracki
4~ | VELO decoding ((:nm;r:;slﬂ%
¥ |
VELO tracking Forward
Tracking i
Find primary —
S Parameterized

Kalman Filter

|

l

Downstream
tracking

Selection lines (Inclusive & exclusive)

Contribution in red block

l

Electron ID

h 4

Brem recovery

[ Selected event J >

Written to storage buffer
for HLT2 processing
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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),

« 3 stations spread over 1.8 meters ub x-u-v-x
geometry, u and v being layers titled by a +/- 5° o
stereo angle

> Two iterations with two main components of algorithm
Seeding X7
Seeding confirmTracks

Xz-projection

Velo-SciFi Matching Velo
 SciFi seeds matched to Velo tracks to produce Long tracks ‘ | | | | _I “
 Start with SciFi seeds and parallelize over SciFi loops Ny, T E——— r
* Velo/SciFi seeds extrapolated to magnet as lines (“Kink” E}Ax

approximation)

"
—‘
-
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Algorithms: Performance: Seeding + VeloSciFi Matching

Matching produces standard long tracks covering entire detector

NVIDIA GeForce
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Algorith
ms: Perfor
mance: Seeding + VeloSci
ciFi Matchi
ing
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Downstream algorithm: design strategy

Upstream tracl:<

T1 T2 T3

Extrapolate SciFi seeds to UT

e —— - b L ) v - Take the output of SciFi seeding

- Filter out the used seeds

~
~
~
~
~
~
S
~

- Extrapolate to UT stations
(through magnet point)

UTbX
UTbV

UTau
UTaX

xz-projection
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Downstream algorithm: track model

Track state: T
~200 \"“‘:. )
~ . ) T ,n:‘:
Si = (x,y,tz, ty,q/p)" |17 —
o : ;s;ag::twlmdcw
= f o aurhs
Tracking model: =
Slope and Tol ]| scifi seed
olerance i
momentum T
A l
. . ~4000 4
Hits iIn UT | | L | |
Magnet point I (mm)
Best
Update . ) | Fake and
» candidates >
momentum : clone removal
selection
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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
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Downstream algorithm: ghost killer neural network

True track

e Asingle hidden (14 nodes) layer fully connected NN

e It utilizes 8 variables as input: o )
o  Downstream track state (x,y,t,,t,,q/p, X?) £~ y

o SciFi track properties (q/p, X?) " i z f;

e Themodel was trained using B, — ¢¢ events. Ghosttrack o/ :

e In order to boost speed, certain C++/CUDA tricks are applied, chi2 i
such as using static structs, employing fast math SS::I::]/IZ

functions, and unwinding for-loops.

namespace ActivateFunction {
/! rectified linear unit
__deviee__ inline float relulconst float x) {

namespace DownstreamGhostKiller 4 PetuPrn x > B 2 X : O
? x o: 0;

I3
namespace Model { // sigmoid
constexpr unsigned num_node = 1&; __device__ inline float sigmoid(const float x) {
constexpr Unﬁigned nUI'I'I_iI'][JUt = E;: | return __fdividef(1.0Ff, 1.0Ff + __expf(-x));
H

} /[ namespace ActivateFunction

[/ First layer
DownstreamHelpers::unwind<@, Model::num_node>([&] (int 1) {
DownstreamHelpers::unwind<0, Model::num_input>([&](int ) {
hilil += input[j] * Model::weights1[il[j];
i
hi[i] = ActivateFunction::relu(hl[i] + Model::bias1[i]):
r;
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Downstream algorithm: Physics performance /4 and K, LHCb-FIGURE-2023-028
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Trigger lines using 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 - @
A Track B pT O <
® p IP Chiz ©- ~ &
z DOCA - oA
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Downstream algorithm: Throughput of HLT1 sequences (Today)

HLT1 sequence for long and downstream tracking reconstruction:
LHCb-FIGURE-2023-028

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

Simulation

82.93 kHz Matching(Without UT) + Forward(With UT)+ Rest HLT1 + Downstream

I 1 I 1 I 1
0 50 100 150 200 250 300 350 400

Throughput in "NVIDIA RTX A5000" (kH2) - RTA A= 00 [KHZ]
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Downstream algorithm: Throughput of HLT1 sequences (Today)

HLT1 sequence for long and downstream tracking reconstruction:
LHCb-FIGURE-2023-028

140

Power Consumption —— downstream reconstruction

—— veloscifi_matching + ut_decoding
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| J
Oé £0
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o e = e F
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Physics impact of Downstream
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Physics impact of Downstream: SM

Channel DD/LL proportion Interest
b-hadron decays
A)— Ay 3.4 7 polarization, BR
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Physics impact of Downstream: BSM

LHCb’s capabilities of probing BSM physics can significantly B — H'(— pu~)K
increase due to Downstream tracking at HLT1 o Lrcs smatton| 0.7

~ — 1" lifctime

Dark boson in the Hidden sector: the SM Higgs mixes with H’
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7 -2 LHCb simulation
b -t - - g — H' lifetime

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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Physics impact of Downstream: Growing interest 2312.14016

LHCb potential to discover long-lived new physics particles with
lifetimes above 100 ps

Volodymyr Gorkavenko'® Brij Jashal®#", Valerii Kholoimov'2¢, Yehor Kyselov'", Diego Mendoza®®, Maksym
Ovchynnikov!!, Arantza Oyanguren®®, Volodymyr Svintozelskyi'*", Jiahui Zhuo?

Taras Shevchenko National University ol Kyiv, Kyiv, Ukraine

IFIC, Universitat de Valéncia-CSI1C, Apt. Correus 22085, E-46071 Valéncia, Spain
TIFR, Tata Institute of Fundamental Research, Mumbai, India

KIT, Institut fiir Astroteilchen Physik, Karlsruher Institut fiir Technologie, Germany

A e N

the date of receipt and acceptance should be inserted later

Abstract. For years, it has been believed that the main LHC detectors can only restrictively play the role
of a lifetime frontier experiment exploring the parameter space of long-lived particles (LLPs) — hypothetical
particles with Liny couplings o the Standard Model. This paper demonsirates thal the LHCb experimeni
may become a powerful lifetime frontier experiment if it uses the new Downstream algorithm reconstructing
tracks that do not let hits in the LHCh vertex tracker. In particular, for many LLP scenarios, LHCb may
be as sensitive as the proposed experiments beyond main LHC detectors for various LLP models, including
heavy neutral leptons, dark scalars, dark photons, and axion-like particles.

PACS. IMSc/2023/06/09
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Physics impact of Downstream: LHCD as lifetime frontier experiment -310.14016
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Dark scalars (BC4)
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Summary

« LHCD as lifetime frontier experiment

In Runi 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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LLLLPs in the SM:

Strange particles:

e K, are common decay products in b and charm decays — important for CPV studies
e Aare decay products of b-baryon decays which have a rich spin structure

E.g - the rare radiative decay A,— A y is very sensitive to BSM physics

v — Measurement of the branching ratio

New particles . L.
P — Measurement of the photon polarization

in the loop can appear
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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
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Number of node

The score of the neural network for Ghost

Num Operation = Num Input * Num node




