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Why RNTuple for physics analysis?

● RNTuple is ROOT’s next-generation 
columnar data format

● Designed for efficient and scalable HEP 
data storage

● The ROOT team has collaborated with 
experiments to make sure RNTuple is fit for 
higher-level production data tiers

● This project moves the focus to end-user 
physics analysis
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Can RNTuple replace TTree in an 
existing analysis workflow without 
changing the physics analysis?
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Projected CMS disk storage requirements during the HL-LHC. CMS Collaboration, CMS Offline 
Computing Results, Figure 12, HL-LHC Computing CDR, CERN-LHCC-2026-001, LHCC-G-186. 
Available at: https://cds.cern.ch/record/2957472

Physics experiments such as CMS expect storage 
challenges that require improved data formats

https://cds.cern.ch/record/2957472


Darwin as a testbed
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Updated dataset

Input dataset

Analysis step A
        (Flow)

Updated dataset
This makes Darwin a useful testbed for 
bringing RNTuple into physics analysis.

Darwin: a general-purpose analysis framework

● C++ framework for physics data analysis
● Analyses are built as a sequence of independent 

processing steps
● Different workflows can combine different analysis 

commands
● Each step can read, modify or extend the dataset
● Currently relies primarily on TTree for persistent event data
● Data is processed in an event loop using a class called 

Flow

Analysis step B
        (Flow)
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Example Darwin workflow

$ applyJEScorrections input.root jes.root
$ applyDataNormalisation jes.root output.root



From TTree to RNTuple

Goal: interchangeable storage backends with minimal changes to the analysis code
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USER ANALYSIS

TTree backend

👤

RNTuple backend

Flow API
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USER ANALYSIS

Flow API

TTree backend

👤
Current Long term goal
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Project goals
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1. Exercise RNTupleProcessor

Develop standalone tests for realistic 
event-processing patterns, including 
chaining and joining RNTuple datasets.

2. Integrate RNTuple into Darwin

Develop an RNTuple-based Flow 
implementation while preserving the existing 
analysis interface.

3. Validate with a realistic analysis

Compare TTree and RNTuple using 
established physics workflows and real CMS 
data.

4. Identify current limitations

Determine which Darwin functionality 
translates to RNTuple and what still requires 
further development.
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Goal 1 – Exercising RNTupleProcessor

Standalone ROOT tests

● Tested realistic event-processing patterns with 
ROOT::RNTupleProcessor

● Chaining: process multiple RNTuple datasets as 
one logical dataset

● Joining: combine fields from related RNTuple 
datasets for the same entries

● Added dedicated ROOT tests for chains and joins
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CHAIN

JOIN

RNTuple A

RNTuple B

RNTupleProcessor

Main RNTuple

Friend RNTuple

RNTupleProcessor

Goal 1 achieved: RNTupleProcessor 
supports the chaining and joining patterns 
needed for the Darwin study.

sequential entries

combined fields
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ROOT contributions: PR #22644 · PR #22702

https://github.com/root-project/root/pull/22644
https://github.com/root-project/root/pull/22702


Goal 2 – Integrating RNTuple into Darwin

● New RNTuple-based implementation of the 
Flow interface

● Built on ROOT::RNTupleProcessor
● Supports reading, processing and writing 

RNTuple data
● Existing analysis API remains unchanged
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FlowRNTuple

USER ANALYSIS

Flow API

TTree Flow

👤

RNTupleProcessor

RNTuple
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FlowRNTuple

Goal 2 achieved: FlowRNTuple provides an 
RNTuple backend while preserving the 
existing analysis interface.

2 September 2026



Goal 3 – Validation with a realistic analysis
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CMS Run2018D

same input dataset

TTree workflow RNTuple workflow

applyDataNormalization

applyJEScorrections

TTree output RNTuple output

event-by-event comparison
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applyJescorrections

applyDataNormalization

Realistic test case

 • Realistic analysis using CMS Run 2018D collision data 
and the modified Darwin with RNTuple support
 • Two sequential processing steps:
 ○ applyJEScorrections — applies jet energy corrections
 ○ applyDataNormalisation — applies event normalisation
 • Same analysis executed with TTree and RNTuple 
backends
 • Entire workflow is single-threaded

Benchmark setup: ROOT 6.38.04
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Goal 3 – Physics validation
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● Controlled event-level validation
● • 1.40M events — Run2018D

 • TTree and RNTuple outputs 
compared event by event
 • 0 mismatches

Full-2018 spectrum

● 16.3M events
● TTree and RNTuple jet spectra 

compared
● Exact bin-by-bin agreement

Matilda Marjamäki | CERN Summer Student Program 2026 2 September 2026



10

Goal 3 – Performance: TTree vs RNTuple
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applyJEScorrections

1.46× faster
 • Runtime: −31.3%
 • Peak memory: −40.4%
 • Output size: −38.2%

applyDataNormalisation

1.25× faster
 • Runtime: −19.7%
 • Peak memory: −37.0%
 • Output size: −57.8%

Run2018D slice 42, 1.40M events · median of 5 runs
TTree and RNTuple input/output: ZSTD level 5 (505)
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Goal 4 – Identifying current limitations
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No automatic output-schema cloning

● TTree provides CloneTree to 
reproduce the input structure 
automatically

● RNTuple currently has no equivalent 
mechanism

● Darwin must explicitly create the 
required output fields using 
GetBranchReadWrite

● → Potential improvement: let 
RNTupleProcessor prepare an 
output schema for the writer
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Friend-field naming

● RNTupleProcessor requires 
explicit friend prefixes, e.g. 
friend1.field1

● This was not required with TTree
● In Darwin, the same field may 

originate from different joined 
RNTuples at different analysis 
steps

Friend persistence

● Darwin relies on persistified 
TTree friends

● RNTuple currently has no 
equivalent persisted-friend 
mechanism

● Additional friend handling was 
therefore required in Core MR 
!300

Goal 4 achieved: the study identified concrete RNTuple functionality still needed for full TTree ↔ RNTuple interchangeability.
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https://gitlab.cern.ch/cms-analysis/general/DasAnalysisSystem/Core/-/merge_requests/300
https://gitlab.cern.ch/cms-analysis/general/DasAnalysisSystem/Core/-/merge_requests/300
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Physics application: MPI effects in Herwig

Non-perturbative corrections account for effects 
beyond the perturbative prediction:

● Hadronisation
● Multiple-parton interactions (MPI)

MPI study

● Generated controlled Herwig MPI ON/OFF samples
● Observed a sizeable effect on the low-pT jet 

spectrum
● MPI parameter variations did not give a simple 

explanation
● → Investigated whether secondary MPI can be 

harder than the primary process

Additional physics study — a potential future RNTuple use case
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Investigating hard MPI in Herwig

Observation

Secondary MPI scatterings can 
occasionally be harder than the 
primary interaction:

QMPI > 
Qprimary

Observed directly by instrumenting the 
Herwig event generation.

Qprimary  =  19.6 GeV
QMPI  =  69.2 GeV

Primary hard scattering

Generate MPI scattering

QMPI > Qprimary ?

YES NO

VETO ACCEPT

retry MPI

Modified Herwig 7.2.2

● Added an event-by-event hard-MPI veto
● If QMPI > Qprimary: reject and regenerate the MPI 

scattering
● Integrated the modified Herwig into CMSSW

Validation & first results

● Diagnostic run: 4 veto attempts / 1000 events
● Compared 100k standard vs 100k veto events
● No significant change in the jet spectrum or 

statistical precision observed yet
● Current sensitivity is statistics limited

The veto is technically validated; larger samples are needed to quantify its physics impact.
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Conclusion and outlook
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All four project goals were achieved

✓ Goal 1 — Exercise RNTupleProcessor
 Tested realistic chaining and joining patterns

✓ Goal 2 — Integrate RNTuple into Darwin
 Implemented FlowRNTuple while preserving the existing analysis interface

✓ Goal 3 — Validate with a realistic analysis
 Validated on CMS Run 2018 data with equivalent physics output
 Controlled benchmark: RNTuple was faster, used less memory and 
produced smaller files

✓ Goal 4 — Identify current limitations
 Identified concrete gaps in schema cloning, friend-field handling and 
friend persistence

Extended physics study: investigated hard secondary MPI in Herwig and 
implemented a preliminary event-by-event veto.

RNTuple is a viable backend for realistic Darwin 
analyses, while this study identifies the remaining 
functionality needed for full TTree ↔ RNTuple 
interchangeability.
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Thank you!
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