@runrnir B 0 ek
Rt rsity of Chinese Academy of Sci

LHCb Real-Time Reconstruction
and New Physics Searches

RIA

Jiahui Zhuo (UCAS)




About Me

JIAHUI ZHUO GAO

Ph.D., Universitat de Valéncia (IFIC-CSIC), 2026

LHCb Trigger & Real-Time Analysis

One of main developer & maintainer, LHCb HLT1 (Run 3)
Convener, LHCb Retina DWT Simulation & Software WG
2024 LHCb Early Career Scientist Award


https://indico.in2p3.fr/event/33627/timetable/?view=standard#200-tracking-and-pid-performan

Introduction




The Standard Model

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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The Standard Model

Yet, the Standard Model leaves several fundamental phenomena unexplained.
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The Standard Model

Two Approaches to Search for New Physics at Colliders

-
K

DIRECT SEARCHES
On-shell production

Produce new particles directly.
Sensitive to new physics at the energy
frontier

New particle High energy

.

~

-

A-

INDIRECT SEARCHES

Precision measurements

Detect deviations from SM predictions.
Sensitive to new physics beyond the direct
energy reach

Rare decays CP violation

.
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The Large Hadron Collider

e Located at CERN, on the French-Swiss
border near Geneva

e 27 km circumference, 100 m underground
e Colliding protons at up to 13.6 TeV

e Four main experiments: ATLAS, CMS, ALICE,
and LHCb




The LHCb experiment

e Forward spectrometer (2<n<5)

e Covering ~40% of bb pairs

e 0o(my)~25 MeV for 2-body decays
e Muon ID efficiency ~97%
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LHCDb trigger system

LHCb oM ALICE
Lem2s71] 2 x 1033 S - 6 x 10%
pile-up 5 ) ) 1
reconstruction rate 30 MHz g 100 kHz 50 kHz
reconstructed tracks/s 1800 M , o0 M 10 M




Trigger system

REAL-TIME
ALIGNMENT &
CALIBRATION
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HLT1 runs as a GPU-based application (Allen) to handle high data throughput.
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The LHCDb detector
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Tracking detectors
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Track types

SciFi
Upstream track e Long tracks provide the best
T1 T2 T3 o
momentum and position

resolution.

uT e Downstream tracks
VELO /Long track reconstruct decays

ll occurring after the VELO.

VELO track Downstream track e Long and downstream
tracks are the most used in

T track
physics analyses.
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HLT1 Tracking




LHCb tracking strategy

SciFi - Long tracks Forward
- -
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LHCDb tracking strategy

SciFi fF---_2 T tracks Seeding
Long tracks Matching
UT |=
VELO Il
of
IIIIIIIWIL@HI o grie Downstream tracks | Downstream

Backward tracking strategy

This talk
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HLT1 Seeding
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HLT1 seeding

Efficiency (Long tracks)
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HLT1 seeding

Efficiency (Downstream tracks)
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HLT1 seeding

Ghost rate
LHCDb Simulation
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HLT1 seeding

Throughput

LHCDb Simulation
1 1 1 I 1

e In Run 3, we have

SciFi decoding 204.3 kHz 0(500) NVIDlA

A5000s.
e Each GPU must
operate at > 60 kHz
Full Hybrid Seeding 375.6 kHz
to meet the 30 MHz
E— : : : : requirement.

L . Cl L1 .
0 200 400 600 800 1000

Throughput on RTX A5000 [kHz] 7




HLT1 matching

f B - Y
VELO tracks T tracks Long tracks
& = : 4 (& J - =~ Loose search window
Y * Velo T_N"‘~\§~ ----- Tight search window
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l b i 4 - - - Initial trajectory T~ ST EOASRE
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X2 sezlechon Add best hits Tl
(X*<2) (corrected trajectory, tight search window) . .
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) I N jectory
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Clone removal > UT hit addition
N
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HLT1 matching
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HLT1 matching

e The idea is to combine the matching and forward tracking in HLT1 to achieve higher physics

performance.

e There are 3 different strategies of combinations:

All hits
Ghost Tracks
——a)
Unused hits
Ghost Tracks

Forward then matching

All hits
Ghost Tracks
I
Unused hits
Ghost Tracks

Ghost Tracks

True Tracks

|| Ghost Tracks ’

True Tracks

il

Ghost Tracks

Matching then forward

Forward and matching
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HLT1 matching

LHCDb Simulation
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Forward then Matching 93.8 kHz

Matching then Forward 93.4 kHz

Forward and Matching 86.4 kHz

Throughput on RTX A5000 [kHz]

Finally, the Forward then matching scheme
was chosen as the new HLT1 baseline.
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HLT1 matching
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HLT1 downstream

- [ T tracks ] [ UT hits ]
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HLT1 downstream

LHCD Simulation LHCDb Simulation
T T L
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HLT1 downstream

e Adding the downstream tracking
reduces the throughput by
approximately 9%.

e This cost is modest compared to
Forward then Matching 93.8 kHz the total HLT1 computing
budget; the final throughput is
still well above the 60 kHz
requirement.

Forward then Matching 85.1 kHz

+ Downstream

0 50 100

1 I 1 1 I 1
150 200
Throughput on RTX A5000 [kHz] 29



HLT1 downstream

e Having downstream tracking in HLT1 is not enough, we also need to reconstruct physics: the K°
and A decays: a new vertexing algorithm was also developed for downstream tracks.

LHCD Simulation LHCD Simulation
=3 LIS I U s s - AL L
iN) - —— After vertexing | N T — gftfer vertexing |
— [ —— Before vertexing| — [ —— Before vertexing|
g Fo——— llg‘Dmeasst g: g - ---- PDG mass gi - ]
5L : 1 5T 1 Two HLT1 trigger
Z Z lines were then
j 1 developed to select
u N = -+ displaced K’_ and A
| | decays.
S R R L1 il P 1 S I T T R N 1 1 L 1 i it:—ul_:]—l‘L ]
300 400 500 600 1100 1150
m(x* 7)) [MeV/c?] m(pr~) [MeV/c?]
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HLT1 downstream

LHCb Simulation TrackMVA + Downstream
2024 expected MC TrackMVA only

N> (N=p*n-)y

A= (N=sprrn)utpu

e The K° and A decays have large el i,
lifetimes, and therefore tend to decay
outside the VELO.
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e The new HLT1 downstream tracking
triggers can significantly improve the
HLT1 trigger efficiency for various
physics analyses involving K°_ and A
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HLT1 upstream

e The HLT1 forward tracking uses upstream tracks

as input to extrapolate them forward into the SciFi. Upstream track R
e The UT pattern recognition experience gained
. . uT
from the matching and downstream tracking VELO [ Tong track |
. . [l
helped us improve the HLT1 upstream tracking
VELO track Downstream track
algorithm. [

\) T track
e The new HLT1 upstream tracking is designed

following the matching UT hit search strategy.
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HLT1 upstream

( h ( N ® UThits
VELO tracks ] [ UT hits Long tracks
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size from lookup table (pTmin, pmin)

1 T layer = 4

For each hit found: create candidate layer < 4 Attach closest hit
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' g
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HLT1 upstream
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HLT1 upstream

Impacts in Forward then Matching
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HLT1 upstream

LLHCDb Simulation
— T

1 1 I 1 1 1 I 1
Upstream tracking (original) 410.3 kHz
Upstream tracking (improved) 457.3 kHz

| W LIESE0A | Forward-then-matching (original upstream)

m Forward-then-matching (improved upstream)
1 1 1 I 1 1 1 I 1 1 1 I 1

200 400 600
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e In summary, the new HLT1
upstream tracking offers:

o Better efficiency
o Better ghost rate

o Better throughput

e It’s a free lunch!
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BSM LLP searches




BSM LLP searches

e During the development of HLT1 downstream tracking, it became clear that the same capability

also gives LHCb sensitivity to beyond-the-Standard-Model (BSM) long-lived particles.

Model

Production

Visible decays

Dark photon [V] (BC1)
B — L mediator

Higgs-like scalar [S] (BC4, BC5)
HNL [N] (BC6-8)

ALP [a] (BC10, BC11)

x°/n/n’ — VX,
Bremsstrahlung, Drell-Yan
B(S) P SX_,-, B — SSX,
h—SS

B/D —- NX, W — N¢

B(s) — aX,
7% /n/n’ mixing, Drell-Yan

Gk S gl
ata a0, K*K~
Lt
K*K,cc, gg
€qq’, vqgq,

244

L, 2x;
47, gg
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BSM LLP searches

Dark photons Ug_; (1) mediator
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BSM LLP searches

Dark scalars (BC4)
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BSM LLP searches

HNLs. BC6 HNLs. BC7
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BSM LLP searches

ALPs (BC10) ALPs coupled to gluons (BC11)
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BSM LLP searches

Dark scalars (BC4
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For years,ithas been believed that the main LHC
play only a limi
experiment exploring the parameter space of long-lived par-
ticles (LLPs)—hypothetical partcles with tiny couplings to
the Standard Model. This paper demonstrates that the LHCh.
experiment may become a powerul lifetime frontier experi-
‘mentif it uses the new Downs t ream algorithm reconstruct-
ing tracks that do not allow hits in the LHCb vertex tracker
In particular, for many LLP scenarios. LHCb may be as sen-
sitive as the proposed experiments beyond me main LHC
detectors for various LLP models, including heav
Ieptons, dark scalars, dark photons, and axion- e particles.

d role of a lifetime frontier

y neutral

1 Tntrodu

‘The Standard Model (SM) of particle physics stands as a
robust and well-established theory, providing a framework
for understanding the fundamental particles and their inter-
actions. Despite its impressive success over more than five
decades, however, the SM falls \hmlmAxplau\mxnmucmm
bserved phenomena across the realms of particle phy
astrophysies, and cosmology. One avenue for extending ™
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SM involves the introduction of particles with masses below
the electroweak scale that interact with SM particles. These
interactions are mediated by operators referred to as “por
tls” [1]. Accelerator experiments have already ruled out
large coupling strengths for such particles, earning them
the moniker “fecbly interacting particles.” Small coupl

means long lifetimes, and therefore they are also referred
to as long-lived particles (LLPs). The concept of LLPs has

denced
by a growing body of literature (sce [1-3] and related refer-
ences). with numerous experimental efforts dedicated to their
discovery.

Initially, the primary approach to imvestigating LLPS
involved utilizing the LHC’s main detectors, namely CMS,
ATLAS, and LHCb. However, these ongoing searches at the
LHC face notable limitations that hinder their effic
probing LLPs [4-6]. For instance, the inner tracke
relatively small dimensions, restricting the effective decay
volume and, consequently. the probability of LLP decays
occurring within it. Additionally, the proximity of these
trackers to the production point results in substantial back-
ground contamination, necessitating stringent selection cr
feria that inevitably reduce the number of detectable LLP-
related events. Another challenge arises from the limitations
imposed by cu nechanisms, which require
tagging of events at wihebir prodacion v, offn e,
sitating the presence of a high-py lepton, meson, or asso-
ciated jets. This pre-selection process further curtails the
event rate with LLPs and constrains the range of LLP models
the main production
mode for GeV-scale heavy neural leptons (N) involves the
decay B —» €+ N, where the momentum of the lepton € is
insufficient for triggering.

amenable to investigation. For instan
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In high-luminosity experiments like LHCb, trigger capability
directly limits physics potential.

Developing real-time reconstruction algorithms for software
triggers expands physics reach.

o Matching: low-momentum physics
o Downstream: long-lived particles

All algorithms officially deployed in LHCb Run 3 data-taking

Summar
y e Measurable gain in LHCb's physics capabilities

Etapa Algoritmo Run2 Run 3
VELO standalone v v
Upstrez;m trag(mg v Ve 3 O e

HIT1 Fowar tacang w ‘/, contribution
SciFi seeding — &
VELO-SciFi matching — Vi
Downstream tracking  — v
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Publications

e Calefice L et al. (2022) “Effect of the high-level trigger for
detecting long-lived particles at LHCb.” Front. Big Data
5:1008737. doi: 10.3389/fdata.2022.1008737

e Volodymyr Gorkavenko et al. “LHCb potential to discover
long-lived new physics particles with lifetimes above 100 ps”.
In: Eur. Phys. J.C 84 (2024), p. 608. doi:
10.1140/epjc/s10052-024-12906-3.

e V. Kholoimov et al. “A Downstream and Vertexing Algorithm for
Long Lived Particles (LLP) Selection at the First High Level
Trigger (HLT1) of LHCb”. In: Comput. Softw. Big Sci. 9.1 (2025).
doi: 10.1007/s41781-025-00141-8.

A new paper titled “Seeding and Matching algorithms for the first
GPU-based High Level Trigger of the LHCb experiment” has been

submitted to EPJC and is currently under review.
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HLT1 matching

Physics performance
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The physics motivation

- wet . e The b — sy transition is a Flavour-Changing Neutral Current (FCNC)
5 . process, which is very rare and highly sensitive to NP contributions.
W_/XH e The photon is mostly left-handed:
YL/ VR O7 x|mp5ct F,, (1 + v5)bH-{ms50" F,, (1 — v5)b
My first PhD analysis tant) =|Ar(br — srYr)|/|AL(br — spyL) ||~ ms/my

e Measuring the photon polarization of such a transition is very sensitive to the NP contributions.

Such photon polarization can
be measured through the
angular distribution of

N, — Ay decays.
i x 1 — aap cosb o :M
d (cosB),) " . 7 P(y) + P(R) 49




The physics motivation
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e The Run 2 measurement is strongly statistics-limited.

e N’ is a SM long-lived particle: it usually decays outside the VELO acceptance, and only ~20% of such
decays can be reconstructed with long tracks.

e Although most decays are within the downstream track acceptance, the lack of downstream tracking
triggers in HLT1 during Run 2 resulted in a signal efficiency of less than 10%.

We need a downstream tracking trigger in HLT1 for Run 3.

50



EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)
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Potential of Downstream tracks

Potential of the Downstream algorithm for LLP searches:

[Eur.Phys.J.C 84 (2024)6. 608]

[doi.org/10.48550/arXiv.2503.23087]

Sensitivity extended by two orders of magnitude! (similar for HNL or ALPs) 51
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What is BuSca?

After LO removal, all detector readouts are temporarily stored in a buffer while waiting

for HLT1 processing.
o The BuSca project gets its name from “Buffer Scanning for BSM LLP searches”.
BuSca consists of several components running directly at 30 MHz:
o Areal-time, histogram-based monitoring system:
m  Trigger-less histograms enable real-time anomaly detection.
o Asetof HLT1 + HLT2 trigger lines to select general BSM displaced vertices:

m  Model-independent - LLPs don't necessarily originate from B mesons.

m  Focuses on two-body decays with different end states.

BuSca means 'search' in Spanish

e  For now, BuSca targets only downstream tracks for better momentum resolution than T tracks. 5



BuSca monitoring
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e In 2024, two different 2D histograms are set up for each HLT1 BuSca trigger line:
o Mass vs. Flight Distance - Directly visualizes highly displaced mass peaks.
o  Armenteros-Podolanski Plot - Identifies two-body decays independent of mass assumptions.
e In 2025, a third 2D histogram, helicity* vs mass, is added. 53
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BuSca trigger lines

e HLT1 trigger lines were developed to select high-quality displaced
downstream vertices:

o  Same-sign line for combinatorial background studies.
o  Prescaled line for inclusive selection.
o  Di-muon and di-electron lines for leptonic final states.
o High-mass line to trigger on candidates up to 50 GeV.
e The HLT2 lines were developed to store events triggered by HLT1:
o  Requires the HLT1 BuSca trigger decision.

o  Stores all relevant downstream vertices for offline background
studies.

P, + P, [MeV]

LHCb preliminary
Armenteros-Podolanski

(p,,-P )P +P,

[LHCB-FIGURE-2024-36]
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BuSca background studies

Particle Mass m [MeV]
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e Strange decays:

—°

0o 0
K.° K °and A°.

Can be vetoed using kinematic and mass cuts.

e Another hadronic resonances:

o

@)

10?7 1072 107 107 1071 1077 1073 10! 10°
Proper Lifetime T [s]

[Prog. in Part. and Nuc. Phys. 106 (19)210]

BY, DY, N, p, 2° ... etc.

Short lifetimes, can be vetoed using flight

distance cuts.
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BuSca background studies

Material interactions [LHCb-FIGURE-2025-002]
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BuSca background studies

Combinatorial backgrounds
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GPU HLT1
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Reproduce monitoring histograms offline 5g
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BuSca prospects
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LLPs with m > 2 GeV/c? can decay via gg, sS, c¢, and 71"

These channels produce multi-track displaced vertices (> 3
tracks).
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107 e Hadronic modes (c¢, gg) often yield high track multiplicity.

e Multi-body downstream secondary vertex reconstruction
therefore provides a powerful handle for high-mass LLP
searches.

(Illllll

1072

e HLT1 reconstruction implemented, BuSca integration planned
for Run 4.

e H e e S e Monitoring: track multiplicity vs flight distance (2D

0 1 2 S .
M (GeV/c?) histograms).
[Eur.Phys.J.C 84 (2024)6. 608]
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