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Introduction

Standard Model of Elementary Particles
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ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary
August 2023 V=13 TeV
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Introduction

Longlived particles in the SM and Beyond

[Prog in Part. andNuc Phys106 (19)210] Unexplored
] Detegtor-Prompt c c = Detector-Stable region 7
5 o
A
105 _E o U t‘ ¥
] Wiz
S
Q
2 4
R /y
% Oj Di/DO
o 20 A .
% 10° E Op © ° 0 0 ® p
a ] 0’7 OKS OKL
0 mt
2 On (0] OH

1027 10-2® 10°'°®* 1015 101! 1077 103 10! 10°
Proper Lifetime T [s]

Effect ofLHCHlrigger in Run2:
[Front. Big DataQ2 H H DataAaidd Al iHEH 9



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

Introduction

Longlived particleBeyond the SM?

s

Thedark sector:

Mediator

@

Standard Model Dark Sector
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The LHClexperiment

Thebb cross section in pp collisions is large, mainly from gluon fusion b b
~ 300> & sKk7TeV !
~600> X K aTew o R

p + b, C > -

[PRL 11§2017)052002] weome D, b
[JHER2 (2021)023] Py — b,e ey

Theb quarkshadronizein B, B, B*, b-baryonsX
- averageBmesonmomentum~ 80GeV

Q TheLHChdea: to build asinglearmforward spectrometer
~ 4% othe solidangleH f ), f
~30% othe b hadronproduction
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The LHClexperiment

Taking data since 2011

Total recorded luminosity — pp —31.7 fb™!

30 Run 3-2256/fb

1LHCH
2025 (13.6 TeV): 11.81/fb

2024 (13.6 TeV): 9.56/fb
2023 (13.6 TeV): 0.37/fb
2022 (13.6 TeV): 0.82/fb

25
Run 2-5.90/fb

2018 (13 TeV): 2.19/1b
2017 (13 TeV): 1.71/fb
2016 (13 TeV): 1.67/1b
2015 (13 TeV): 0.33/fb

20

15 Run1-3.23/fb

2012 (8 TeV): 2.08/fb
2011 (7 TeV): 1.11/fb
2010 (7 TeV): 0.04/fb

10 LS2 -

Recorded integrated luminosity [fb™']
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The LHClexperiment

Nature 643 (2025) 1223 LHCEPAPER025041
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The LHClexperiment

[PRLL15 (2015p72001]

Events/(15 MeV)

Spectroscopy
1 1 . 5 1 1 L 1 1 1 1 1 1 1 1 1 L m g, [GeV]
11.0 A 70 new hadrons at LHCb ® b ® ccqq W bag
. ® b9 ® cccc cqq
10.5 7 ® cc_ ) () ccz ) [ cc_q ]
cc(qq) ® cgqqq B cfqqq
7.5 _
7 Tezcz(6900
70 B.(6750)*
Ay(6152)° 06320} ®5.6700)*
> (62270 Nsrace @ H(E€227)° mE(E327 =4(6095)°
6.0 - Ns(5920)° =5(5955)y g B)(5970)* a =0(6333) B:.(6087)°
' Np(5912)° = (5935)!. By(5840)*-° Z,(6097)"  An(6070)° B (6114)°
— 55 - £(6097) - B (6063)°
NU .
~
2 5.0 1
w Xc0(4700) Xc1(4685)
— Pz(4450)* Xc0(4500) Pce(4457)" X(4630)
n 457 Xaa(4274) P.c(4440)* - . o Pees(4338)° he(4300)
wn + + ch51(4220) . .
© P.c(4380) Pec(4312) T (4000)* T (40000 Xa(4010)
s 4.0 ¥(3842) ® 5512000
. ® T.\(3g75) X(3960)
3.5 1 ; 0
0/13000) et ey
3.0 - D,(3000)°@ D.;,(2860)* A(2860) 92(3056)0 ?(2955)0 T.1(2900)° T (2900)* =.(2923)*
i Gt RN emino  enam
D)(2740)° DI (2760) Q.(3000) ° 50
2.5 - D)(2580)° : Dso(2590)*
2.0

2012 2013 2014 2015 2016 2017 2018 2019 2020

patrick.koppenburg@cern.ch 2025-07-04

Date of arXiv submission

2021 2022

2023 2024 2025



The LHClexperiment

TheLHClupgraded detector (operating since 2023):

Silicon strips

vertex é&:,
locator ~ [1*
(VELO) 7

LY

side view

EcAL HCAL
mg M5
M2 M3
tracker ===
T w3 r—..——l | T O

Scifi  RICH2

And a new fully software trigger
based on GPUSs!

g

e [LHCBTDR021]
o
TCO\*F(LSGIIW for BigSci.6, 1 (2022)]
T [JINSTLO (2024)P05065]

--------------

New pixel detector

10 m

Scintillator fibers
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https://arxiv.org/abs/2105.04031
https://inspirehep.net/literature/2707802
https://arxiv.org/abs/2305.10515

The LHChexperiment

TheLHCHrackers:

1719 mm

1338 mm

1528 mm

4 layers x 3tations. Ave400 hits/layer
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The newLHCIrigger

It isimpossible to select all the data: need to select the events of interest

Traditional trigger systems:

@ D N (@
First level Y’N: First High Y:’N> Second Higm-’@
(LO/LD) Level Level =
(HLT1) (HLT2)
vy J

Custom electronics (FPGAS),
Information from calorimeters  Processors farm,
and muon stations fast Information
from tracking

Processors farm,

detailed information
to reconstruct the event

X
no B field inVelo region




The newLHCIrigger

Aim of LHCHRunN3: Increasing the luminosity x 5 as compared to Run2 (L =*2caids?)
The problem: the trigger rate saturated for b and charm physics

N i . .
L 10, LHCb Simulation
> E R Run 3 signal rate
B 15 "fimg,, LHCh-PUB-2014-027
= m
:iooonoo:!"..
107 N '|=:°-o.
= A H g g
B A, R
102 '
=« BEAUTY LI
40°L * CHARM 4 F 4y
E . STRANGE P
- (> 0.2 ps)
10%¢
O El 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 I
0 2 4 6 8 10
pt cut (GeV/c)

We were already selecting all the possible signals in our Run2 trigger scheme!
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The newLHCIrigger

Removing oubottleneck:

First level
(LO/L1)

Custnm Alartrndire (I:D(‘As)

nfor” Remoxed !ers

/ . ) \ Y/N /

First High : Second Higm-' G
Level Level s
HLT1 HLT2
(HLTL) - (HLT2)

from tracking

Full softwaretrigger with farm,
detector readoutat 30 MHz |rmation
< the event

X
no B field inVelo region

VELO




The mewLHChrigger

Llem 2%s7 1]
pile-up
reconstruction rate
reconstructed tracks/s

LHCb
2 x 10%
5

30 MHz
1800 M

2 x 103
60

100 kHz
o0 M

2 x 10*
60

100 kHz
90 M

ALICE
6 x 10%
1

50 kHz
10M




The newLHClrgger s /’{é___

Exploiting hardware accelerator technologies in event reconstruction:

- Use more than one kind of processor or cores to maximize performance or
energy efficiency.
- Exploit the high level of parallelism to handle particular tasks.

Graphic Processor Units (GPUSs) Field Programmable Gate Arrays (FPGAS)

- Programmablend flexibledevices

- Low latency

- Lowpowerconsumption

- Ideal for computeand dataintensive workloads

- Multicore processors, highly commercial
- High throughput
- Ideal fordatarintensiveparallelizable applications

23



The newLHCIrigger

Allen:the LHChhighlevel trigger 1 (HLT1) application GPUs.
[LHCBTDRO21]- Fast detector reconstruction @(500Q Nvidia RTA5000
{ Portable: executedn severalarchitectures: CPU, GPU

1 Modular:design allows various execution sequences
1 Totalof approx. 250 algorithms used diata-taking

Raw data

Selection decisions

P It has to reducen real time40 Thitds by a factor 50
[ ‘ " Global
Raw Data < g
~—_ Eventcut —
J m\kx ’///
¢ ¥ = h 4
VELO (Retina) ; —1 SciFi decodin uon i
g . Calo decoding
clustering UT decoding decoding
1 1 ’ T RN ! !
. /
VELO decoding UT Tracking | | SciFiSeeding | Muon ID Calo clustering
(CompassUT) I
l l I I : v | l
L[ VELO-SciFi Filtering used SciFl | |
VELO tracking | =] L | Matching 1 <eeds & UT hits : Electron ID
Tracking I l
! | [
B } : I
Find primary - Downstream Brem recovery
vertices Parameterlzed “ l tracking !
Kalman Filter N T _7
Selection lines (Inclusive & exclusive)
[Allen projeck |

Written to storage buffer 24
[Com.SoftwBigSci4, 7(2020)] [ selected event ‘ for HIT2 processing



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

The mewlLHCrigger

Comparison to other LHC experiments:

Trigger schemes:

ATLAS & CMS
M| ~100 kHz
—
_ > [ Level 1 trigger ] [ High Level Trigger ]
&’TEI!T@NST (hardware: muons, calo, global (full reconstruction
ASIC/FPGA) CPU/GPUs)

[ LHC collisions at 40 MHz ]

% [ 30 MHz (hon-empy) ] m

LHCb — [ High Level Trigger 1 ] [ High Level Trigger 2 ]

(fast reconstruction on GPUs)  (full reconstruction CPUs)

QOutput streams:

Standard
— R
——  Parking
Scouting /
Trigger Level Analysis
(TLA)

Output streams:

Calib

—
p— Full

Turbo

few kHz

~100 kHz
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Downstreamtittacks

Track types at HCb

Nalal

uT Upstream track

VELO Long track

wc d‘:q {

s s

P
VELO track pr

Downstream track




Downstreamttracks

1 Tracking detectors have very high occupancies:

- Until now it was impossible to reconstruct and seleéctvnstreamtracks at the
first level of the triggervery low efficiency for longived particles).

- TheSciFdetector has 3tations of fibers witkan average of 408its per layer
(400° combinationg in each event.

8 Hits from tracks —  Realtracks

¢ Background hits —  Faketracks

- TheUTdetector has 4 layers of strigletectors,and
each layer mayave up tol000hits per event

- Tracks reconstructeffom incorrecthit combinations |
are namedake tracks(or ghosttracks). \\ Xﬂ
=
~m =1
/ \ /X/ >~x\__1
Challenges: B
// \

AN

- Algorithm design  very high throughput
- Fake track suppression fast ML approach

\ / UT detectors




Downstreamitracks

. .- SciFi
The new Downstream algorithm: L
Reconstructingand vertexing downstreamtracks at the T Tetragk
first high level trigger (HLT), taking into account the veo VT ' :
magneticfield in the UT Thesetracks are then paired - R . i
usinga streamlinedNNto selectthe proper vertices i ymagnet ;
. ) ! magnet |,
Through r ~5kHz, very f Igorithm! |
oughput decreases ~ 5 , very fast algorit “.._|Magnet |
= 1T !
E F:rlr'easrtﬂl'lllt}glll Matching (With UT) Seo N
O RTOR
o \"-J
o ) "
o Forward then Matching (With UT)
LO + Rest HLT1 + Downstream
I% LHCb 2024
D: Run 306411 —_
= 150k —— PDG Val
Throughput (kHZ) % 150 Withou?:flznexing
E 125 I With vertexing
P ON ‘d"
Track A pT O~ Z100F
IPChi2 O~ 8
P o~ g I5F
Track B pT O<—¢ : 'g
IPChi2 O==aylee ~ . s S0
DOCA O~ - \ “
Vertex { Chi2 O sl 25F
Z O 0 I 1 I 1
Moth FT) : 1080 1090 1100 1110 1120 1130 1140 1150
omer IPCP?iZ o A Mass (MeV/c?)

- Bias forl. decays ~ 1 cm -


https://arxiv.org/abs/2503.13092

Momentum resolution [%)]

Performance:

Downstreamttracks

Track momentum resolution;

1-2 %

L s m e e e o A

E A,—Ay. 2024 conditions LHCD Simulation 3
E HLTI1 Downstream .
sE =
s .
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o . .
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= e —— [ e o ]
0_||||I|||||||||||||||||||||||||||||I||||I||||I||||_
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 500«

P (MeV/e)

Efficiency

Efficiency
~ 80 %

0.8

0.6

04

A,—Ay. 2024 conditions

e

HLT1. noVelo, isDown, fromSignal. P>5 GeV. pt=>500 MeV

LHCD Simulation

Distribution

III|III|III|Il‘+1III|IIIIIII

— Efficiency

=2

5000 10000 15000 20000 25000 30000 35000 40000 45000 500

- Independent of the physics channel.
- Hficiency also flat in other variables such as angular acceptance, track multiplicity,

P (MeV/c)

Ghost rate

Ghost rate
Less than 20%

MRS RARAS LA LaRas LAALS AL RARES RARAL ALES RARES

- Ay—Ay. 2024 conditions LHCDb Simulation 1

I HLT1, noVelo, isDown - ]

B Distribution i

R — Ghost rate -

08— —

0.6 —
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- g T
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0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

P (MeV/c)

29



Downstreamttracks

Performance:

Mass resolution after pairing two downstream tracks:

x10°

(o]

2 8000
© 7000
& 6000
~ 5000
QCI‘).
£ 4000
=
5 3000
o=
< 2000
1000
0

—®— Data

LHCD preliminary
Run 307848 (7.07 pb™)

= Signal

Background

Downstream tracks

Klsrxx

I 55IO
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450 500
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