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What is dark matter? Where is antimatter? Which particle is describing gravity?




Introduction

ATLAS
(PbPb)

L]
2

ALP mass (GeV)



ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

August 2023
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Introduction

Long-lived particles in the SM and Beyond

Particle Mass m [MeV]
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Introduction

Long-lived particles Beyond the SM?
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Standard Model

The dark sector:

Dark Sector
Portal examples:
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The LHCb experiment

@ The bb cross section in pp collisions is large, mainly from gluon fusion

~ 300 pb @ Vs=7 TeV b, b
~ 600 ub @ Vs=13 TeV R
[PRL 118 (2017) 052002] P > b,c ove b B
[JHEP 02 (2021) 023] b — Bs e o

The b quarks hadronize in B, B,, B*(s), b-baryons...
— average B meson momentum ~ 80 GeV

® The LHCb idea: to build a single-arm forward spectrometer:
~ 4% of the solid angle (2 < n < 5),
~30% of the b hadron production
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The LHCb

Taking data since 2011:

Recorded integrated luminosity [fb™']
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Total recorded luminosity — pp —31.7 fb™!

Run 3-22.56/fb

2024 (13.6 TeV): 9.56/fb
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The LHCb experiment
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The LHCb experiment
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The LHCb experiment

The LHCb upgraded detector (operating since 2023):

Silicon strips

side view

i tracker,

vertex E»&a
locator - [[1*
(VELO): /-

LY e

ALELTINS

SciFi  RICH2

And a new fully software trigger
based on GPUs!

[LHCB-TDR-021]

\‘W. for Big Sci. 6, 1 (2022)]

T 19 (2024) PO5065]

~—

New pixel detector Scintillator fibers
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The LHCb experiment

The LHCb trackers:

1719 mm

1338 mm

1528 mm

4 layers x 3 stations. Ave: 400 hits/layer

XuvXx




The new LHCb trigger

It is impossible to select all the data: need to select the events of interest

Traditional trigger systemes:

Y/N

First level
L)

Custom electronics (FPGASs),
Information from calorimeters
and muon stations

@ D
First High

Level

(HLT1)
A 4

Processors farm,

fast Information
from tracking

X
no B field inVelo region

Y/N

—

Lusnl

VELO

e D
Second High
Level
(HLT2)

U 4

Processors farm,

detailed information
to reconstruct the event




The new LHCb trigger

Aim of LHCb Run3: Increasing the luminosity x 5 as compared
to Run2 (L=2x 1033 cm=2s1)
The problem: the trigger rate saturated for b and charm physics

10

rate (MHz)
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2N LHCb Simulation

- N Run 3 signal rate
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We were already selecting all the possible signals in our Run2 trigger scheme!
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The new LHCb trigger

Removing our bottleneck:

First High — Second High

Level Level

(HLT1) (HLT2)
. Y < /

First level
(LO/L1)

Custom eMrtranifc IED(:Ag)'

the event

Full software trigger with  [farm,
Inform | ers .
Removed ) detector readout at 30 MHz }mat'on

from tracking

X
no B field inVelo region

Lusnl

VELO




The new LHCb trigger

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 new LHCb trigger = /,//éé._

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 (GPUs) Field Programmable Gate Arrays (FPGAs)

- Programmable and flexible devices

- Low latency

- Low power consumption

- Ideal for compute- and data-intensive workloads

- Multicore processors, highly commercial
- High throughput
- ldeal for data-intensive parallelizable applications

23



Raw data

Selection decisions

“Global

The new LHCb trigger

Allen: the LHCb high-level trigger 1 (HLT1) application on GPUs.
[LHCB-TDR-021] —> Fast detector reconstruction in O(500) Nvidia RTX A5000

e Portable: executed on several architectures: CPU, GPU
e Modular: design allows various execution sequences
e Total of approx. 250 algorithms used in data-taking

e It has to reduce in real time 40 Tbits/s by a factor 50

Raw Data )—__hi'“mm_%_ Event cut /,.---f’
T
¢ M h 4
VELO (Retina) A — SciFi decodin uon i
g . Calo decoding
clustering UT decoding decoding
l I 1 ~. ] ]
: /
VELO decoding UT Tracking | | SciFiSeeding | Muon ID Calo clustering
(CompassUT) : : I
l : I v T 2— | l
. 3 *  VELO-SciFi Filtering used SciFl | |
Electron ID
VELO tracking Forward | | : Matching seeds & UT hits | | ectron
l Traclklng : l : l
Find primary Downstream Brem recover
i Yy
vertices Parameterlzed « l tracking !
Kalman Filter \

[Allen project]

|

[Com. Softw Big Sci 4, 7 (2020)]

Selection lines (Inclusive & exclusive)

l

Sel d ‘ Written to storage buffer
elected event for HLT2 processing
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https://gitlab.cern.ch/lhcb/Allen

The new LHCb trigger

Comparison to other LHC experiments:

Trigger schemes:

g ATLAS & CMS
M ~100 kHz
— [ Level 1 trigger ] [ High Level Trigger ]
EAm-IE-!Tnﬁé (hardware: muons, calo, global (full reconstruction
ASIC/FPGA) CPU/GPUS)

[ LHC collisions at 40 MHz ]

% [ 30 MHz (non-empy) ] mh

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

(fast reconstruction on GPUs)  (full reconstruction CPUs)

QOutput streams:

Standard
Parking
Scouting /
Trigger Level Analysis
(TLA)

Output streams:

Calib
Full
Turbo

few kHz

~100 kHz
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Downstream tracks

Track types at LHCb:

SciFi
uT Upstream track
" Long track
VELO - :
o g N - l‘ - — =
VELO track =

Downstream track




Downstream tracks

e Tracking detectors have very high occupancies:

— Until now it was impossible to reconstruct and select downstream tracks at the
first level of the trigger (very low efficiency for long-lived particles!).

— The SciFi detector has 3 stations of fibers with an average of 400 hits per layer
(4003 combinations) in each event.

8 Hits from tracks —  Realtracks

3¢ Background hits —  Faketracks

— The UT detector has 4 layers of strip detectors, and
each layer may have up to 1000 hits per event.

- Tracks reconstructed from incorrect hit combinations |
are named fake tracks (or ghost tracks). \\ //
=
e N AP
Challenges: P \
<]

AN

- Algorithm design — very high throughput

- Fake track suppression — fast ML approach

K / UT detectors




Downstream tracks

. .- SciFi
The new Downstream algorithm: o
Reconstructing and vertexing downstream tracks at the T-track
first high level trigger (HLT1), taking into account the Velo VT ;
magnetic field in the UT. These tracks are then paired - R . i
. . . i t\ |
using a streamlined NN to select the proper vertices. : ymagnet :
: magnet |
[Comput. Softw.Big Sci. 9 (2025) 1, 10] i Zmagnet/ |
Throughput decreases ~ 5 kHz, very fast algorithm! i
gnhp Y & .. |Magnet
'-§| Forward then Matching (With UT) A T~ Sa - i
8 + Rest HIT1 \\\ :
o ~d
3 iy Moy Gt D
[Tp]
<
>
g o |
0 20 a0 &0 80 100 120 140 NU
= 150 F —— PDG Value
Throughput (kHz) % Without vertexing
E 125 I With vertexing
P O~ <
Track A pT O~ — 100
IPChi2 O~ \\ B
P ol < Br
Track B pT O~ 'g
IP Chi2 O~ i B g 50
DOCA O= i ©
Vertex Chi2 o</l 25
Z O~ /
| 1 | 1
Vother g 1030 1090 1100 1110 1120 1130 1140 1150
one IPCP?iZ o A Mass (MeV/c?)

- Bias for A decays ~ 1 cm s


https://arxiv.org/abs/2503.13092

Momentum resolution [%]

Performance:

Track momentum resolution:

Downstream tracks

1-2 %

L s m e e e o A

E A,—Ay. 2024 conditions LHCD Simulation 3
E HLTI1 Downstream .
sE =
s .
- —

o . .
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= e —— [ e o ]
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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

—_—
-

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

._I_.

Distribution
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— Efficiency

=2

5000 10000 15000 20000 25000 30000 35000 40000 45000 500

— Independent of the physics channel.
— Efficiency is also flat in other variables such as angular acceptance,

track multiplicity, etc..

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
L — Ghost rate .
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Candidates / (2 MeV/c %)

Downstream tracks

Performance:

Mass resolution after pairing two downstream tracks:

x10*

T T T T T T J I ' L : : I : !
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Enhancing LHCb capabilities

Very high impact on physics with A and K_!
[Comput. Softw.Big Sci. 9 (2025) 1, 10]

LHCb Simulation TrackMVA + Downstream
2024 expected MC TrackMVA only
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Enhancing LHCb capabilities

Potential of the Downstream algorithm for LLP searches:

New scalar boson in the dark sector coming from B or H decays:
[Eur.Phys.).C 84 (2024)6, 608]
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Enhancing LHCb capabilities

Di-decays signaturs: B or H decays into a couple of scalars (B,—SS, B—>SSX, H—>SS)
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Open an unexplored
phase-space window
for high masses

Scalar boson decay rates:
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G. Dalla Valle Garcia and M. Ovchynnikov,
arXiv: 2503.01760 [hep-ph]
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BuSca (Buffer Scanner)

The new RTA trigger scheme at LHCb:

REAL-TIME
ALIGNMENT &
CALIBRATION

.
o*
-
.
o
.

5TB/s
30 MHz non-empty pp

FULL PARTIAL DETECTOR
DETECTOR | s> RECONSTRUCTION
READOUT & SELECTIONS
5 (GPU HLT1) |
PB/week :' 6%
TB/S/—” GEs 1 caus |
of o | EVENTS
'I 5 OFFLINE
] - PROCESSING
1 FULL DETECTOR |
+ New Downstream vy RECONSTRUCTION |
algorithm & SELECTIONS _>10 m
(CPU HLT2) § EVENTS

GB/s

ANALYSIS
PRODUCTIONS &
USER ANALYSIS

68%
§ TURBO
 EVENTS

BuSca: monitoring histograms &
create HLT1 lines for BSM searches (cp) \web conf. 337 (2025) 01161]

[V. Kholoimov MSc] 34



https://inspirehep.net/literature/3065086
https://repository.cern/records/chdq9-arp15

BuSca (Buffer Scanner)

High performance NN to select good track candidates at 30 MHz:

P
7, 3 i i B True pairs
ackA_ip Q = 7 O % 10°4 LHCD simulation = Eackgl;mund pairs
ccccccccccc Q= O E
R O 2 10%4
e = 8
ccccccccccc [@-=
d O ‘_f'o"" —— 1074
: =0 —
O ’ O 1024
chiz (Y7
e
t O O 101,
uality O: -
O
100_
O 0.0 0.2 0.4 0.6 0.8 1.0

NN output
(non-persisted data)
(data stored)
Create HLT1 lines

[Online Monitoring] [ HLT1DownstreamBuSca ]

lod {Run = 100000) armenteras (Run = 100000)

o | e HLT1 BuSca_Mass
L f e HLT1_BuSca_PID
|}"|uI i - : e HLT1_BusCa_Multitrack
e HLT1DownstreamBuSca_prescaled
(bkg studies)
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BuSca (Buffer Scanner)

BuSca histograms (monitoring): hypothetical BSM particle

[LHCB-FIGURE-2024-018]
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Data is stored in two 2D histograms: di-pion hypothesis mass vs flight-distance of the
particle and Armenteros-Podolanski plot* (now also simplified helicity).

*Transverse momentum versus the longitudinal momentum asymmetry. 36



BuSca design

Mass and Flight Distance binning schemes:

BuSca (Buffer Scanner)

E; 80 g L
g = LHCb simulation .
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[LHCB-FIGURE-2024-036]
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Binning is adapted according to the expected mass and FD resolution:
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BuSca (Buffer Scanner)

BuSca selection algorithm

N
A

Neural network, trained to select T
true pairs based on their Y. pbuchdrecion__
. . ’,/" pp collision PV
reconstruction quality
- 9inputs 0
[LHCB-FIGURE-2024-036]
- 12 nodes i O " —— .
il 8 1054 LHCD simulation AN
- [0 1] Output trackA_chi2 Q:} O "E v P
’ trackB_ip O O E 1 04 3
) o
trackB_chi2 O ? 5
doca O O = O 107
Trained on MinBias usingMC o 102,
. . | O
information. ez O - Lo1]
pt O’
; Pa O o]
quality O: _ 3 10
O 0.0 0.2 0.4 0.6 0.8 1.0
.O NN output

New version: 8 inputs (no kinematic info) and 32 hidden nodes.
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BuSca (Buffer Scanner)

Performance:

Throughput (# events/s)

[LHCB-FIGURE-2024-036]

LHCD preliminary

73.07 kHz Forward then Matching (With UT)
| 6755 KkHz Forward then Matching (With UT)
+ Downstream
1 Forward then Matching (With UT)
Gl + Downstream and BuSca

80 100 ]_2‘0
TA RTX A5000" (kHz)

Global throughput impact:

0.38%

HLT1 bandwidth

Three trigger lines are developed:
- diMuon line 0.11 kHz
- diElectron line 0.28 kHz

- diHadronline 0.16 kHz

HLT1 Bandwidth impact:

0.06%



BuSca (Buffer Scanner)

The BuSca framework:

e It allows to monitor LLPs (downstream track pairs) at 30 MHz!
- Mass and flight distance (FD) info: allows the study of material interaction
(crucial for bkg. understanding).
- Armenteros-Podolanski info: PID orientation (important for models).

* Phase-space corners never explored before, it is just based in high quality track pairs.
* Full model independent (not even needed B production, higher mass range for new
particles!).

e |t allows to create HLT1 lines with specific conditions
(PID, mass region, multi-track vertexing, prescaled...).

e |t provides a selection at the 2" High Level Trigger (HLT2) based on BuSca HLT1 lines,
allowing the detailed analysis of the BuSca selected data.

e It allows to perform exclusion limits, and it can be adapted for any model.
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P, + P, [MeV]

BuSca (Buffer Scanner)

[V. Kholoimov MSc]

First downstream data!

: g i
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BuSca (Buffer Scanner)

Background events (key for searches!):

1- Strange candidates:

SM particles with large lifetimes (K, A)
— Mass region can be vetoed
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- No SM candidates for masses above 1.2 GeV.
- No other two-prong LLP decays in the SM.
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R vertex [mm]

BuSca (Buffer Scanner)

2- Hadronic resonances

> J/U, ¥, $(1020), P(2S), Y(3770), P(4160) decay in the VELO detector (< 1m) and
do not contribute to the BuSca background.
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» Light resonance (p, f,, 1, w...), can be
created from material interaction.




BuSca (Buffer Scanner)

- From simulated events without FD cut
(MC Minimum Bias, 10M)

- Data in the region 800-1300 mm

[LHCb-FIGURE-2025-002]
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BuSca (Buffer Scanner)

3- Combinatorial background

» Random combinations of two tracks:
It can be controlled using tracks with the same sign.

[LHCB-FIGURE-2024-036]

LHCDb Simulation
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» Combinatorial background decreases with mass.
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Number of candidates

BuSca data (

16

BuSca (Buffer Scanner)

2 weeks in October '24):

G

[LHCb-FIGURE-2025-002]
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BuSca (Buffer Scanner)

Aiming to suppress the combinatorial background using an autoencoder DE%VDER

£
(or a NN) trained on same-sign track-pairs data. LOPMgNr
<%

—> —>
S —>
—> —

Input —> —> Output
x —> —> 2
—> —>
—> S
—> —>

The difference between the original and reconstructed data can be used
as an effective anomaly score in monitoring.

Trying to define regions where new physics is
- more probable: open HLT1 lines to collect and
/ analyse these data.

0 Reconstruction loss 1
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Conclusions & prospects

BuSca is a LHCb model independent LLPs search algorithm at HLT1 level in real
time over 30 MHz of data.

Based on a new performant algorithm (downstream) and possible thanks to the
new trigger scheme of LHCb based on GPUs.

It allows to guide HLT1 & HLT2 trigger lines in new phase space corners.
Already tested with 1fb! data-taking in October 2024: background studies.
A lot of developments ongoing (new features to be included!)

Searching for new observables and combinations of them.

Stay tuned, 11.8 fb-! 2025 data already taken with BuSca!
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The new LHCb trigger
30 MHz Detector response

onemptyon) bbb L L

5TB/s

- @ b _
J ~ Event builder
> Event Builder & event filter 1
Network 1
(InfiniBand 200G) ]

~170 servers: DAQ + event builder + event filter first pass (~340 GPGPUs)

1 MHz

.
100 GB/s

Up to 40 PB disk storage

Buffer storage
Network
(Ethernet 10G/100G)

100 KHz
10 GB/s

LHCb data
center at Pit 8
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The new LHCb trigger

Experiment Data size b Ratg Rat_e DAQ
efore trigger | after trigger throughput

ALICE now 12000 kB 50 kHz 50 kHz 700 GB/s

ATLAS now 1500 kB 27000 kHz 90 kHz 55 GB/s 90x

ATLAS 2030 5000 kB 27000 kHz 1 MHz 5000 GB/s

CMS now 2000 kB 27000 kHz 100 kHz 200 GB/s 30x

CMS 2030 8400 kB 27000 kHz 750 kHz 6300 GB/s

LHCb now 80 kB 24000 kHz 24000 kHz 2400 GB/s -

LHCb 2036 200 kB 24000 kHz 24000 kHz | 12000 GB/s

[ T. Colombo]

o ULitrigger j iy _Date

We cannot save the information of all the event!
(Scouting, TLA & Turbo techniques: persisting partial information)




Downstream tracks

Downstream algorithm design:

one SciFi seed per thread

one candidate per thread

Make SciFi standalone tracks

J

:

(/_

-

Extrapolate to UT stations

\

-

Open first search window in
the last UT layer

~

!

For each hit create new
candidate and correct the
trajectory

Downstream
tracks

[

Select the best hit
combination for the second
and third layers.

f

Find the closest hit in the
first layer, and the two
closest hits in the second and
third layers.

f

J

Open refined search
window for each candidate
in the remaining layers

[Comput. Softw.Big Sci. 9 (2025) 1, 10]

UT stations

= = First search window
= = Refined search window

C++/CUDA tricks for acceleration:

~ Particle

|| trajectory

SciFi stations

/ STATIC STRUCTURES

Fixing the number of input
variables and the number
of neurons (compile-time
optimizations, registers vs
global memory).

LOOP UNROLLING

Expanding for-loops using the
NVCC-specific #pragma unroll
directive (replicates the loop
body multiple times).

FAST MATH FUNCTIONS \

Suchas _fdividef and
_expf, to accelerate
floating-point operations.
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