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Abstract. The analysis of data collected by the ATLAS and CMS experiments
at CERN, ahead of the next phase of high-luminosity at the LHC, requires flex-
ible and dynamic access to big amounts of data, as well as an environment
capable of dynamically accessing distributed resources. An interactive high
throughput platform, based on a parallel and geographically distributed back-
end, has been developed in the framework of the “Italian Research Center for
High Performance Computing, Big Data, and Quantum Computing" (ICSC),
providing experiment-agnostic resources. Starting from container technology
and orchestrated via Kubernetes, the platform provides analysis tools via the
Jupyter interface and Dask scheduling system, masking complexity for frontend
users and rendering cloud resources flexibly. An overview of the technologies
involved and the results on benchmark use cases will be provided, with suitable
metrics to evaluate the preliminary performance of the workflow. The compar-
ison between the legacy analysis workflows and the interactive and distributed
approach will be provided based on several metrics, from event throughput to re-
source consumption. The use cases include the search for direct pair production
of supersymmetric particles and for dark matter in events with two opposite-
charge leptons, jets and missing transverse momentum using data collected by
the ATLAS detector in Run 2, and searches for rare flavor decays at the CMS
experiment in Run 3 using large datasets collected by high-rate dimuon triggers.

1 Introduction

The High-Luminosity Large Hadron Collider (HL-LHC) will deliver unprecedented data vol-
umes, posing significant challenges for data processing and analysis at the ATLAS and CMS
experiments. With a dramatic increase in event rates and data size, scalable high-throughput
analysis facilities are essential for handling petabyte-scale datasets. Efficient data processing,
storage, and access will be crucial for timely physics results, requiring a shift toward dis-
tributed computing infrastructures, heterogeneous architectures, and scalable analysis frame-
works.
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Figure 1. Schematic representation of the High Rate Data Analysis Platform

To address these challenges, the “Italian Research Center for High Performance Com-
puting, Big Data, and Quantum Computing" (ICSC), funded by the European Union through
NextGenerationEU, has developed a High-Rate Data Analysis Platform. This platform in-
tegrates cloud resources with advanced data solutions, enabling physicists to analyze large
datasets efficiently using parallel workflows on distributed clusters. This contribution pro-
vides a technical overview of the platform, along with two use cases from the ATLAS [1] and
CMS [2] collaborations.

2 Description of the Analysis Platform

The High-Rate Data Analysis Platform, illustrated in Figure 1, is built on a Kubernetes-based
infrastructure [3], providing a scalable, multi-tenant environment for high-performance data
analysis.

Users access the platform through JupyterHub [4], with authentication managed via
Indigo-IAM [5] on the INFN Cloud [7]. Once logged in, each user is assigned an isolated
JupyterLab [6] instance within a Kubernetes pod, ensuring resource separation and scalabil-
ity.

The JupyterLab interface supports a wide range of plugins, including Dask [8] for real-
time monitoring and parallel task execution. The environment is fully customizable through
Docker [9] containers, allowing users to deploy experiment-specific software and dependen-
cies. Infrastructure management is handled via Helm [10], making the platform adaptable to
future HL-LHC demands.

The computational tasks are offloaded within the same Kubernetes cluster using Dask
KubeCluster [11], ensuring seamless integration and efficient task distribution. Current ef-
forts focus on expanding the platform’s capabilities to support multiple remote sites, inte-
grating heterogeneous resources from High-Throughput Computing (HTC), HPC, and cloud
environments.
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3 Analysis use cases

In order to evaluate the performance of the platform, two analysis use cases from the ATLAS
and CMS are chosen, sharing the need for interactively analyzing big amounts of data.

3.1 The ATLAS use case: a search for new Physics with the ATLAS experiment

Preliminary studies on ATLAS Run 2 data have demonstrated the platform’s potential to re-
duce data processing time compared to traditional serial workflows. As a benchmark, previ-
ously published ATLAS search [12] is used, focusing on top squark pair production and dark
matter in events with two opposite-charge leptons, jets, and missing transverse momentum,
using 139 fb~! of integrated luminosity from proton-proton collisions at /s = 13 TeV.

Figure 2 (left) shows one of the signal models of interest, featuring the four-body top
squark decays, which has been selected for testing the analysis workflow on the platform.
The 95% CL exclusion limit contour for a simplified super-symmetric model assuming the
four-body top squark decays is shown in Figure 2 (right) [12].
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Figure 2. Feynman diagram representing one of the signal models targeted by the ATLAS SUSY search
(left) and the results obtained [12] (right).

3.1.1 Analysis workflow

The analysis workflow begins with standard ATLAS raw data formats for both data and Monte
Carlo simulations, that undergo several reprocessing and event reconstruction steps up to an
analysis object data format available to the users. The process outlined above is centralized
and represents a standard procedure for all ATLAS analyses.

Custom event selections are applied to retain only the physically interesting events, re-
ducing the dataset size from the order of O(PB) to the order of O(GB). These final steps of
the data workflow are summarized in Figure 3, where the analysis platform plays a key role
in the rightmost boxes.

The Event Selection step was based on the simple cut&count approach and it was the
core of our feasibility studies: ROOT RDataFrame [13, 14] and Dask were applied to a W-
boson plus top quarks background sample, corresponding to ~ 1.8 GB of data. According to
the SUSY search requirements, several systematic variations were applied to test the code’s
overall execution time over hundreds of iterations of the event selection step.
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Figure 3. Final steps of the ATLAS data workflow, where DAOD stands for derivation-level analysis
object data that include event selections already specific for the target signal process.

3.1.2 Performance on the analysis facility

Preliminary results obtained running the same analysis workflow and considering the overall
execution time as a metric are shown in Figure 4, highlighting a performance improvement
in the distributed approach with respect to the standard/serial approach. Exploiting the dis-
tributed approach, the total execution time improves by a factor of 5 with respect to the
standard/serial approach when iterating over a significative number of systematic variations.
Moreover, other parameters, such as the event throughput or the resource consumption, were
studied to assess the reliability of the workflow using resources hosted at the ICSC distributed
analysis facility.
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Figure 4. Execution time of the analysis workflow, including several systematic variations (to be no-
ticed that each step in the x-axis includes the contributions from the previous bins). Black squares are
the result of the standard/serial approach, while red and blue triangles refer to the parallel approach.
LocalCluster: Dask multi-thread execution on the local machine (max 8 cores, 16 GB). Distributed:
Dask distributed execution on remote workers.
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Considering the Dask distributed execution, the CPU consumption per working node is of
the order of 5%, due to the easy cut&count operations performed, opening up the possibility
of remarkable improvements when including all other background sources in future iterations.

3.2 Benchmark flavor physics analysis at the CMS experiment

The high rate platform is also tested on a CMS physics data analysis, specifically in the field
of the search for lepton flavor violating 7% — u*u~u* decays, where 7 leptons are produced
in the decays of D and B mesons, featuring final-state muons with low transverse momentum
(pr). The sensitivity of the CMS experiment to T — 3u decays is driven by the available
statistics. While this search has been successfully performed using Run 2 data [15], the effort
continues on Run 3 data benefiting from innovative trigger strategies including inclusive low-
pr muon triggers [16]. The increased statistics come with heavier datasets, thus calling
for a new implementation of the analysis to exploit the ICSC analysis facility. To evaluate
the performance of the platform, DY — ¢(u*u™)n* decays are used, serving as control and
normalization channel in the 7 — 3y analysis.

3.2.1 Analysis workflow

Events collected by dedicated triggers requiring two low-py muons and one charged track
are used to reconstruct D} — ¢(u*p)nt decays in pp collision data. The analysis uses
the "Mini-AOD" analysis object format, further compressed into ROOT flat ntuples after
selecting events containing u*u 7t candidates with an invariant mass compatible with the
D? meson.

Additional event selections, object calibrations and corrections are applied. If more than
one u*u~n* candidate per event is found, the ambiguity is resolved by selecting the candidate
with the higher quality common vertex. The p*u~z* invariant mass is then used to measure
the yield of produced D} in data and simulation. The mass distribution in data from the Run
2 analysis is shown in Figure 5 for reference.

In the legacy analysis workflow, the ROOT ntuples were analyzed by splitting the com-
putation into batches of input files, each run as an HTCondor job. The redesigned analysis
reads the whole set of ntuples as a RDataFrame object, where all the selections and analysis
steps are implemented without explicitly looping over the events. The RDataframe interface
to Dask is used to distribute the computation in a transparent way for the user.

3.2.2 Performance on the analysis facility

The performance of the platform for this analysis use case is measured in terms of CPU time,
first comparing the "non-parallel” execution with the execution on Dask (Figure 6 left).

The facility allows resources to be scaled dynamically. Therefore the total execution
time is measured for different numbers of workers (or virtual cores), each being assigned 2
GB of memory. Moreover, the size of the input dataset is varied, ranging from about 10 to
130 GB. Figure 6 (right) shows stable performance, linearly scaling with the input dataset
size, indicating full exploitation of the allocated resources and opening up for future tests on
heavier datasets.

4 Conclusions

The High-Rate Data Analysis Platform developed within the ICSC framework provides a
scalable, flexible environment for distributed data analysis. Preliminary results from AT-
LAS and CMS use cases show significant performance improvements compared to traditional
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Figure 5. The y*p~#* invariant mass distribution with the fits to the sum of the D* (1.870 GeV) and
D7 (1.968 GeV) resonances and the background in 2017 data [16].

Figure 6. Execution time of the analysis workflow. Left: Comparison between the standard serial
execution and the distributed execution using Dask across local and remote resources. Right: Execution
time on a Dask cluster as a function of input dataset size, evaluated for different resource allocations.

workflows. Future developments will focus on integrating heterogeneous resources and ex-
panding the platform’s capabilities to meet HL-LHC demands.

This work is supported by ICSC — Centro Nazionale di Ricerca in High Performance
Computing, Big Data and Quantum Computing, funded by European Union — NextGenera-
tionEU.
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