
High-Energy Physics Computing: Architectures for Exascale 
Particle Discovery 

Executive Summary 
Particle physics computing at the Large Hadron Collider (LHC) represents one of the most 
significant data challenges in modern science. Every 25 nanoseconds, proton bunches 
collide at 13.6 TeV, generating a raw data velocity of 60 to 80 TB/s. Capturing and analyzing 
this "exascale firehose" requires a multi-stage reduction pipeline designed to bridge massive 
gaps in latency and throughput.The processing architecture is defined by three primary tiers: 

1.​ Level-1 Trigger (L1T):  A hardware-based, deterministic gatekeeper implemented on 
FPGAs and ASICs that filters 40 MHz of data down to 100 kHz within 3.8 
microseconds. 

2.​ High-Level Trigger (HLT):  A software-defined compute farm utilizing tens of 
thousands of CPU and GPU cores to perform high-fidelity reconstruction, reducing 
the stream to 1–5 kHz. 

3.​ The Worldwide LHC Computing Grid (WLCG):  A four-tiered global network of over 
170 data centers that manages exabyte-scale storage and offline analysis.To meet 
the demands of the upcoming High-Luminosity LHC (HL-LHC), which will feature up 
to 200 overlapping interactions per collision, the software ecosystem is transitioning 
from legacy object-oriented paradigms to  Data-Oriented Design (DOD) . This shift 
emphasizes Structure of Arrays (SoA) memory layouts, SIMD vectorization, and 
declarative analysis frameworks like  ROOT RDataFrame  to maximize hardware 
utilization and throughput. 

1. The Data Ingestion and Reduction Cascade 
Transforming sub-atomic collisions into storable data requires an aggressive reduction 
pipeline. The infrastructure is engineered across multiple orders of magnitude in latency and 
throughput. 

The Processing Pipeline 
Stage,Medium,Input Rate,Output Rate,Latency 
Front-End Ingestion,Custom Sensors,40 MHz,~60-80 TB/s,Nanoseconds 
Level-1 Trigger (L1T),Hardware (FPGA/ASIC),40 MHz,100 kHz,3.2 - 3.8  $\mu$ s 
High-Level Trigger (HLT),Software (CPU/GPU Farm),100 kHz,1 - 2.5 kHz,100 - 400 ms 
Tier-0 Storage,Disk/Tape Archive,1 - 2.5 kHz,5 - 10 GB/s,Persistent 

Worldwide LHC Computing Grid (WLCG) Topology 
Data is distributed globally through a tiered hierarchy: 

●​ Tier-0 (CERN):  Handles real-time ingestion, primary reconstruction, and custodial 
archival to tape. 

●​ Tier-1:  Thirteen national supercomputing centers (e.g., FNAL, BNL, INFN) that 
maintain raw data copies and perform heavy re-processing. 

●​ Tier-2:  Over 160 university clusters dedicated to Monte Carlo simulations and user 
analysis. 

●​ Tier-3:  Local departmental clusters for final physics fits and interactive exploration. 
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2. Hardware-Level Signal Processing 
Physics signal processing begins with quantum charge deposition in sensors, which is then 
transduced into digital bitstreams. 

Charge Generation and Induction 
Energy deposition occurs in three primary sensor types: 

●​ Silicon Sensors:  MIPs (Minimum Ionizing Particles) produce electron-hole pairs 
(approx. 24,000 e- in 300  $\mu$ m silicon). 

●​ Gaseous Detectors:  Ionization in noble gas mixtures triggers secondary 
avalanches, providing gains of  $10^3$  to  $10^6$ . 

●​ Calorimeters:  Incident particles generate electromagnetic or hadronic showers in 
dense media (e.g., lead tungstate crystals), converted to charge by photodiodes.The 
current induced on electrodes follows the  Shockley-Ramo Theorem :  $i(t) = -q 
\mathbf{v}(t) \cdot \mathbf{E}_w(\mathbf{x}(t))$ , where signal generation occurs 
dynamically throughout the charge drift duration. 

Front-End Electronics 
●​ Analog Conditioning:  Charge-Sensitive Preamplifiers (CSP) integrate current onto 

a feedback capacitor, followed by  $CR-RC^n$  shapers that optimize the 
Signal-to-Noise Ratio (SNR). 

●​ Digitization:  Waveforms are sampled at 40 MHz or higher using Flash ADCs or 
Switched Capacitor Arrays (SCA). High-density systems use Time-over-Threshold 
(ToT) to avoid bulky per-pixel ADCs. 

●​ Digital Signal Processing (DSP):  Optimal Filtering (OF) algorithms use linear 
weighted combinations of samples to estimate hit amplitude and arrival time with 
sub-nanosecond resolution, rejecting out-of-time "pileup" pulses. 

3. Level-1 Trigger (L1T) Architectures 
The L1T is the hardware-bound gatekeeper. Because the detector pipelines have finite 
buffers (3.2–12.5  $\mu$ s), the L1T must return a deterministic "Accept" or "Reject" decision 
before data is overwritten. 

Design and Constraints 
●​ Hardware:  Standardized on  ATCA (Advanced Telecommunications Computing 

Architecture)  blades featuring high-density FPGAs (e.g., AMD Xilinx UltraScale+) 
and multi-gigabit transceivers (16-28 Gbps). 

●​ Latency Budget:  Every nanosecond counts; 90 meters of optical fiber consumes 
~0.9  $\mu$ s in round-trip transit. FPGA logic must execute within 100–200 clock 
cycles. 

●​ Topologies: 
●​ Spatial Architecture:  FPGAs handle specific detector wedges; requires complex 

boundary-sharing links. 
●​ Time-Multiplexed Architecture (TMT):  Round-robin routing where a single node 

processes the  entire  detector for a specific bunch crossing, expanding the 
algorithmic time budget. 
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Core L1T Algorithms 
●​ Calorimeter Clustering:  A 2D sliding window searches for local maxima and 

evaluates isolation ratios to identify electrons/photons. 
●​ Muon Identification:  Associative memory and bitmasks compare hit patterns 

against precomputed track templates in a single clock cycle. 
●​ Global Trigger (uGT):  Evaluates topological selections, such as the invariant mass 

of particle pairs, using fixed-point arithmetic and Look-Up Tables (LUTs) for 
trigonometric functions. 

4. High-Level Triggers (HLT) and Event Building 
The HLT is a distributed software farm that performs nearly full offline-quality reconstruction 
in real-time. 

Event Building (EVB) 
Before HLT processing, fragments from thousands of front-end links must be assembled. 

●​ Readout Units (RU):  Collect fragments and index them by Event ID. 
●​ Switching Fabric:  A non-blocking Clos fabric (RoCEv2 or InfiniBand) routes 

fragments to Builder Units. 
●​ Builder Units (BU):  Utilize zero-copy reassembly and scatter-gather DMA to 

prepare complete event descriptors in memory. 

Cascaded Selection Strategy 
To manage the computational load (which scales cubically with hit density), the HLT uses 
early-exit mechanics: 

1.​ Fast Path:  Vectorized calorimeter/muon filters reject 80% of background within ~10 
ms. 

2.​ Region of Interest (RoI):  Precision tracking is performed only in narrow cones 
around L1 seeds. 

3.​ Full Synthesis:  Particle Flow algorithms and vertex fitting are applied only to 
surviving candidates. 

5. Software Paradigms: Modern C++ and Data-Oriented Design 
The shift toward HL-LHC necessitates a move away from legacy object-oriented 
programming (OOP) due to performance bottlenecks like "pointer chasing" and virtual 
method table overhead. 

Data-Oriented Design (DOD) 
Modern HEP software prioritizes  Structure of Arrays (SoA)  over Array of Structures 
(AoS): 

●​ AoS (Legacy):  x0, y0, z0, E0 x1, y1, z1, E1 - Inefficient for SIMD; causes cache 
misses. 

●​ SoA (Modern):  x0, x1, x2... y0, y1, y2... E0, E1, E2... - Enables contiguous AVX-512 
vectorization and 100% cache efficiency. 
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Memory and Execution Optimization 
●​ Monotonic Arenas:  Instead of standard malloc/free, event loops use 

bump-allocated memory arenas. This reduces per-event deallocation to an  $O(1)$  
pointer reset, eliminating lock contention in multi-threaded environments. 

●​ std::variant and Concepts:  C++20 concepts enforce compile-time constraints, 
while std::variant replaces runtime polymorphism, allowing the compiler to generate 
specialized, inlinable machine code. 

6. The ROOT Ecosystem and Data Analysis 
ROOT is the foundation for object serialization and columnar storage in particle physics. 

Storage Engines 
●​ TTree (Classic):  A columnar engine that decomposes C++ objects into branches 

and "baskets." It allows selective reading of specific variables, which is critical for 
analyzing datasets with thousands of attributes. 

●​ RNTuple (Next-Gen):  Engineered for modern NVMe and cloud storage. It separates 
bulk data from metadata and supports zero-copy transfers and SIMD read paths. 

Vectorized Analysis with RDataFrame 
RDataFrame  is a declarative, functional-reactive framework that abstracts multi-threaded 
execution via  oneTBB . 

●​ Lazy Evaluation:  Analysts define a Directed Acyclic Graph (DAG) of 
transformations (Filters, Defines). The event loop triggers only when a result (Action) 
is accessed. 

●​ RVec:  A high-performance vector abstraction that supports element-wise arithmetic 
and masking, mapping directly to hardware SIMD lanes. 

7. Event Data Models (EDM) and Reconstruction 
The EDM represents the contract between data tiers, progressively distilling raw signals into 
physics candidates. 

Tiered Data Transformation 
Tier,Size/Event,Content 
RAW,1.5 - 2.5 MB,Unpacked ADC/TDC counts; detector bitstreams. 
RECO,1.0 - 3.0 MB,Calibrated clusters and full Kalman track states. 
AOD,200 - 500 KB,"Identified particles (muons, jets) and vertices." 
NanoAOD,1 - 2 KB,Flat primitive arrays; bit-level mantissa quantization. 
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Tracking Algorithms 
Track reconstruction is the most compute-intensive offline task, involving: 

●​ Cellular Automata (CA):  A pattern recognition algorithm that evolves local neighbor 
connectivity rules between hit doublets to identify track candidates, reducing 
complexity from  $O(N^k)$  to  $O(N \log N)$ . 

●​ Kalman Filters:  A sequential estimation framework used for track fitting. It 
propagates state vectors through non-linear magnetic fields, accounting for multiple 
Coulomb scattering and ionization energy loss via transport Jacobians ( $F_k$ ) and 
process noise ( $Q_k$ ). 
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