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HEP vs. Astrophysics data challenges
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Two regimes...

* Huge datasets collected

 Millions of collisions/sec

 Controlled environment: SM backgrounds + detector backgrounds

igh rate, very crowded events, O(PB) per year per experiment

igh-energy objects

* Can turn signal off to measure detector backgrounds

* Big challenges in offline computing:

e Storage

* Fast analysis

E. Torrd
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* Rare events (neutrinos, dark matter)

* Few events per year per experiment

e Low-rate, “"small” events g . W o F
« Some times looking for very weak signal = . * . 700m

» Natural sources, noisy environment.
« Can't turn signal off |

* Big challenges in offline Computi‘hg:i

R4 c Ty
NS B
Ry L 1800
.f_L‘ > i:‘ I8 .‘; a
o | 1600
Fage g il
0 £ e B 1400
e * il 1200
Y e % 1000
. - sr A |
S W g &
O IR 800
:\f" =
& 600
' 400
200
0
TIME (ns)



Two regimes, one computing pipeline
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Two reglmes one computing plpellne
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DETECTOR

Data
Real event

Generatlon

Simulation of high-energy Simulation of ‘soft physics’
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Two regimes, one computing pipeline
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Two regimes, one computing pipeline
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— 5 WaeEL ! J

E 'eSponse : Trigger
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P — : : * Filtering which of those data are
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sseland keeping oy

Fnimaamees s ATLAS detector is big!
: ; Millions of channels in Inner Detector,
Calorimeter, Muon Spectrometer add
weaes | UP 10 2 MB/event digital data

LHC collides at 40 MHz

I \ 80 TB/s to record everything
A \ — 3h to fill 1 exabyte ~Google data centre?

barrel electromagnetic calorimeter

solenoid magnet httDS //Wh at'IkaCd COm/6 3/
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Two regimes, one computing plpellne

 Data AcQuisition

Detector * (Getting data from the detector
response :

* [rigger

* Filtering which of those data are

Simulation useful and keeping only that

40 MHz

'Level-1 Trigger (L1)

« Hardware-based, fast, coarse,
100 kHz no tracking

Can provide “Regions-Of-Interest” (Rol) for reconstruction &
selection on only limited areas of detector by HLT
» \ High Level Trigger (HLT)
1.7 kHz | § o
‘ - Software-based, sophisticated, full

granularity, (limited) tracking
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Offline computlng
DETECTOR OFFLINE COMPUTING

Data
Real event Detector
response

1 event: Array of objects with sub-detector infos — Array of objects with kinematic infos of physics objects
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Offline Computing l
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60 e Data ]

Where raw detector signals become physics objects like electrons, muons, jets ATLAS o

27 Uncertainty

Events / 2.5 GeV
(@)
o

1. Reconstruction (tracks, jets, missing energy)
2. Calibration
3. Data reduction

4. Analysis

0
80 100 120 140 160 9
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Offline computing
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DETECTOR OFFLINE COMPUTING

_>Data 4 Real event DEIECIOf
: response P
N \IC : JHll Reconstruction
E E
Convert raw detector signals into high-level physical objects (tracks, vertices, . gy

electrons, muons, photons, jets) -

Inner Detector Tracking: Reconstructs charged particle paths using silicon pixels, F Y X " ! Track finding
strips, and straw tubes. ;

®

) Track fitting

' ¢
¢
-
o

DCR
X5

Calorimeter Clustering: group 3D calorimeter cells based on energy significance,
helping to reconstruct particles like photons and |jets.

Muon Reconstruction: Combines information from the Inner Detector and the Muon
Spectrometer to identify high-purity muon candidates. Using complex software algorithms.

E. Torro COMCHA 2026, Zaragoza 1 O



Offline computing
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OFFLINE COMPUTING
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Run: 267638
Event: 193690558
2015-06-13 23:52:26 CEST

ATLAS

EXPERIMENT
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Data reductlon

----------------------------------------------------------------

DETECTOR OFFLINE COMPUTING

_>ata : Real event Detector
; response

| \ _’ Generatlon Simulation
5 a8

Central production: Grid/Cloud/HPC Local production

AOD DAOD i)
300-600kB/event 30kB/event =2

e Selecting subsets of events/tracks/objects relevant for analysis.
* Challenge: keeping all interesting
physics, scalable, possibly in real-
time or quasi-real-time.
RAW
NanoAOD @
E. Torro COMCHA 2026, Zaragoza

Reconstruction Data reduction

e Reducing datasets sizes to faclilitate data analysis

13



Challenges for the HL-LHC HiLuni Y

LHC HL-LHC

https://hilumilhc.web.cern.ch/content/hl-Ihc-project

L
!

EYETS 13.6 TeV LS3 136-14TeV

13 TeV

— Dlodes Consolidation
splice consolidation crvolimit LIU Installation _ _ HL-LHC
7 TeV 8 TeV tton collimators interaction _ inner triplet i :
— R2E project regions Civil Eng. P1-P5 pilot beam radiation limit installation

2es | 2006 | 205 | awes [ awer | oo il 11

ATLAS - CMS —
experiment upgrade phase 1 ATLAS - CMS 5t075
beam plpes HL upgrade X nominal Lumi

nominal Lumi 2 X nominal Lumb. ALICE - LHCb : 2 X nominal Lumi o

75% nominal Lumi | '/"' upgrade
'/m m m integrated EAUNY fb
luminosity LRV

 HL-LHC will start in 2030. Planning to collect 3000/tb data
 Massive increase in data rates (up to 10x Run 2 levels)

* |mproved detector granularity and upgrades
* High pileup (ATLAS and CMS): 132-200 interactions per crossing |

much larger event sizes

E. Torro COMCHA 2026, Zaragoza



Simulated Z — uju event
Pileup i =2
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Simulated Z — up event
Pileup p = 50

54



Simulated Z — uju event
Pileup p = 140
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Challenges for the HL-LHC

https://hil

umilhc.web.cern.ch/content/hl-lhc-project

LHC

L
!

7 TeV

2011 2012

75% nominal Lumi

13 TeV

13.6 TeV

Dlodes Consolidation
8 TeV splice consolidation crvolimit LIU Installation

button collimators interaction

R2E project regions Clvil Eng. P1-P5

2013 2015 2017 2018 2019 m

ATLAS - CMS
experiment upgrade phase 1
beam plpes i .
nominal Lumi 2 x nominal LumL' ALICE - LHCb
upgrade

! /

/

 HL-LHC will start in 2030. Planning to collect 3000/

 Massive increase in data rates (up to 10x Run 2

E. Torrd

Improved detector granularity and upgrades

High pileup (ATLAS and CMS): 132-200 interactions per crossing |

b data

evels)

inner triplet
pilot beam radiation limit

HL-LHC
installation

_1ss  [ENIER

energy

EEAEAE I RECAED IIIIIII@
—

2 X nominal Lumi

_'

much larger event sizes

Advanced trigger systems or trigger-less readout mean higher event recording rates.

Long operational period: ~ 10 years of data taking.

Massive Monte Carlo simulations required for physics analyses and systematics studies.

COMCHA 2026, Zaragoza

ATLAS - CMS
HL upgrade

Sto75
X nominal Lumi

e e 3000 fb
luminosity EELHE{ /%
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LARGE HADRON COLLIDER

Challenges for the HL-LHC CHium

https://hilumilhc.web.cern.ch/content/hl-lhc-project LHC HL-LHC

- .

L
!

3.6 -14 TeV

energy

’ |||||||@

Sto75
X nominal Lumi

e 3000 fb
luminosity EEOHE{ 'R

8 TeV * All experiments must evolve their computing models.

7 TeV

2011 2012

o Storage scalability.

o Efficient data skimming & selection.

Maintaining physics performance within budgetary constraints.

75% nominal Lum

 HL-LHC will start in 2030. Planning to collect 3000/tb data

 Massive increase in data rates (up to 10x Run 2 levels)

* |mproved detector granularity and upgrades
* High pileup (ATLAS and CMS): 132-200 interactions per crossing |

* Advanced trigger systems or trigger-less readout mean higher event recording rates.

much larger event sizes

* Long operational period: ~10 years of data taking.

 Massive Monte Carlo simulations required for physics analyses and systematics studies.

E. Torro COMCHA 2026, Zaragoza
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HL-LHC Data Volume Projections

e Different data formats to be considered:

ATLAS, CMS: ~7( ~10) EB expected including disk and
tape by the end of Run 5, depending on compression,
trigger thresholds, and data formats.

LHCb: O(1) EB by the end of Run 5. 10x pileup in Run 5 +
high rate full software trigger

ALICE: Continuous readout mode, 170 GB/s to the disk
buffer. ~2 EB by the end of Run 5

. Torrd

Raw detector data
Simulated data (MC)
Reconstructed data (AOD)

Derived analysis datasets

COMCHA 2026, Zaragoza
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HL-LHC Data Volume Projections

D' k ATLAS Preliminary
IS 2022 Computing Model - Disk: 2031, Conservative R&D

e Different data formats to be considered: 13%  Tot:2.13 EB

Raw detector data S 65% MC
Simulated data (MC) 30%

Reconstructed data (AOD)

11%

Bm AOD Data
9% B DAOD Data
AOD MC
B DAOD MC
Bam Other

Derived analysis datasets

36%

- ATLAS, CMS: ~7( ~10) EB expected including disk and
tape by the end of Run 5, depending on compression, Tape
trigger thresholds, and data formats.
> 500/ ° MC ATLAS Preliminary

2022 Computing Model - T1 Tape: 2031, Conservative R&D
28% Tot: 2.45 EB

« LHCb: O(1) EB by the end of Run 5. 10x pileup in Run 5 +
high rate full software trigger

Bl Raw Data
B AOD Data
10%  mmm Hits MC
B RDO MC
AOD MC
B Other

11%

- ALICE: Continuous readout mode, 170 GB/s to the disk
buffer. ~2 EB by the end of Run 5

33%
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Architecture for the offline analysis

A key tool for
physics
The most sophisticated data-
taking & analysis system ever

built for science, providing near
real-time access to LHC data.

E. Torrd COMCHA 2026, Zaragoza

WORLDWIDE LHC COMPUTING GRID

Seamless access

Computing resources which
include data storage capacity,
processing power, Sensors,

visualization tools and more.

O

<D

UJ

Global
collaboration

42 countries
170 computing centres
Over 1 million computer cores

2 exabytes of storage

Enabling
discovery

WLCG computing enabled
physicists to announce the
discovery of the Higgs Boson on 4
July 2012.

https://wlcg-public.web.cern.ch/
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Architecture for the offline ang v

CERN Data Center, located in Geneva

Tier-1 sites
Connected by >100 Gb/s links

, | PIC NCBJ
All data from the LHC passes through this central hub Barcelona, ES @@= g=" Otwock, PL
. ' '
20% of the total compute capacity JINR - == B ——
Dubna, RU § == Karlsruhe, DE

Raw data (first copy), Reconstruction and distribution
to Tier-1s

Tier-1

14 large computing centers

RAL
Didcot, GB

KISTI-GSDC

| — 0 |
Daejeon, KR =

NDGF

Nordics

| m— 0
@E=  FNAL

== Batavia IL, USA

-
Safe-keeping part of the raw data and simulation =

Reconstruction and distribution to Tier-2s

140 Universities or other institutes

TRIUMF CERN Tier-0

Vancouver, CA

Store data and provide computer power to analysers

Simulation, reconstruction
Tier-3

Individual centers and local facilities

SARA-NIKHEF INFN-CNAF
Amsterdam, NL Bologna, IT

No formal engagement
E. Torro COMCHA 2026, Zaragoza
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Architecture for the offline a
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CERN Data Center, located in Geneva
All data from the LHC passes through this ce

......

20% of the total compute capacity

_________

Raw data (first copy), Reconstruction and distg
to Tier-1s

Tier-1

14 large computing centers

.......

‘‘‘‘‘
'

Safe-keeping part of the raw data and simulat

Reconstruction and distribution to Tier-2s

ler-2

00 Universities or other institutes

A

Store data and provide computer power to an

Simulation, reconstruction
Tier-3

Individual centers and local facilities https://www.google.com/maps/d/u/O/viewer?

No formal engagement mid=1ugabStnzpBZ_{S_RIBFhRXx9nws&femb=1&l1=39.10707364257659%2C-27.421875&z=2
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Architecture for the offline analysis
* ,, Finland

CERN Data Center, located in Geneva o »
oslo | aHsTerseTLJerg r
All data from the LHC passes through this cent o oStockhomt |y CRHTTISTERS/E.

Baltic Sea Estonia R

20% of the total compute capacity L\% Q s 8

North Sea atvia .- T e e : . EKaTepM
: ' ' s b AR Moscow'_f‘ Kaz‘an
Raw data (first copy), Reconstruction and distr - Denmark Lithuania P PMoakea! b 4 Kavamsy
to Tier-1s ' 3 |
. ; : Sol Belarus
Tler‘1 Lond::Q" 1des 3erlinc ag O anoQJarsaw
g VN rmany " Kyiv
14 large computing centers BNy s i
> Paris Q \ i Ukraine
Safe-keeping part of the raw data and simulatic \ Augyia? =" 2 Mdldova
Reconstruction and distribution to Tier-2s
; Black Sea AL
Q \ GEWER Georgla :
. y . . . | Barcelona ool O BIStant ‘
160 Universities or other institutes % Tyrthenian Sea o 'Ankarau‘ |
ok P breecih 5 4&Turklye-. %
: P ‘ thens e "g‘_‘j‘.",
Store data and provide computer power to ang S e . Kran “aorva SRS T e
Simulation, reconstruction ’ i e ~ 5y b
Tier-3
Individual centers and local facilities https://www.google.com/maps/d/u/O/viewer?

No formal engagement mid=1ugabStnzpBZ_{S_RIBFhRXx9nws&femb=1&l1=39.10707364257659%2C-27.421875&z=2
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Architecture for the offline analysis

Running jobs: 365644
Active CPU cores: 807139
Transfer rate: 21.54 GiB/sec

E. Torrd COMCHA 2026, Zaragoza



Analysis

ATLAS

OFFLINE COMPUTING
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EXPERIMENT
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Dat
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Data analysis L ocal production
Project with the goal of making a scientific statement based on experimentation
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Analysis and tools

Columnar data | Histograms

Workspace

https://iris-hep.org/as.html

Result,
diagnostics

\_

https://iris-hep.org/projects/servicex.html

ServiceX

Func-adl https://iris-hep.org/projects/func-ad!.html

J

data query

E. Torrd

COMCHA 2026, Zaragoza
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https://iris-hep.org/as.html

Analysis and tools

Event selection Statisaca| Statistical Result
ent ' - atistica '
Columnar data systematic Histograms b':itl::'lz'g Workspace analysis diagnostics

uncertainties

Y Q

=

I

* Event selection
 LHC collision data contain a lot of physics processes!

 Depending on the analysis, we only care about a specitic process we call “our signal”™ — e.g. the Higgs boson

E. Torro COMCHA 2026, Zaragoza 30



https://iris-hep.org/as.html

Analysis and tools

o Statistical | Result
Event selection, model Workspace Statistical :

systematic Histograms building analysis diagnostics

Columnar data

=

* Event selection
 LHC collision data contain a lot of physics processes!

 Depending on the analysis, we only care about a specitic process we call “our signal”™ — e.g. the Higgs boson
 We don't care about other processes we call “our background”

* Our sensitivity improves if we isolate our signal:

* Apply a selection (phase space) to keep more signal than background

E. Torro COMCHA 2026, Zaragoza 31



https://iris-hep.org/as.html

Analysis and tools

Result,

Workspace diagnostics

Columnar data - Histograms

e Event selection

a )
https://iris-hep.org/ 2 p? ff Httos://aithub. i h y
orojects/uproot.htm UPrOOt C° ea ps://github.com/scikit-hep/coffea

https://iris-hep.
prgzci{gs op-org! AWkward [RDataFrame] https://root.cern/manual/data_frame/
awkward.htm| Array

\_ /

data access and selection

E. Torro COMCHA 2026, Zaragoza 32



https://iris-hep.org/as.html

Analysis and tools

Event selection' Statisaca| Statistical Result
Columnar data systematic Histograms b:‘l‘l,;:lg e A analysis diagnostics

uncertainties

1 Q

 Keeping information on filled histograms

e Since this is a multidimensional problem, machine
learning can provide large improvements

B Simulated background

* Histograms
e Refining event selection to maximise efficiency

Number

of events B Simulated signal
Background | @ Apply g
event selections
Signal ﬁ

event —»

L
Discfiminating variable

33
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Analysis and tools

Event selection,
systematic Histograms
~ uncertainties

Columnar data

* Histograms -

Boost_-é‘\
istogram

~

histogramming

E. Torro COMCHA 2026, Zaragoza

Statistical ~ .
model Workspace | Staﬂstlcgl
building analysis

https://boost-histogram.readthedocs.io/en/latest/

https://hist.readthedocs.io/en/latest/

https://iris-hep.org/as.html

Result,
diagnostics

34



Analysis and tools

Event selection,
systematic
uncertainties

Y

Columnar data

=

e Statistical analysis

e |
of interest

e

Probability

Null Hypothesis

E. Torro COMCHA culo, carayusza

Histograms

Statistical

model
building

Kelihood fits in signal and control regions to extract parameter

Alternative Hypothesis

Because of the randomness
of collision events and the
uncertainties in the experi-
ment, the measurement of
a test statistic will not always
give the same result. This is
why we show a distribution
of its probability.

Test statistic)

https://iris-hep.org/as.html

Statistical Result,
analysis diagnostics

Q

Workspace

Observed test statistic

-

Null Hypothesis

Probability

Test Statistic)

Observed p-value




https://iris-hep.org/as.html

Analysis and tools

Event selection' Statistical v Statistical Result
Columnar data vsystematlc Histograms b:‘l?ddi::g WorkSPace . anawﬂs diagnostics
uncertainties =

Q

e Statistical analysis

https://pyhf.readthedocs.io/en/v0.7.6/ if

I -Xﬁ.erentiable

Yikelihoods

- n
https://iris-hep.org/projects/cabinetry.html = = ca b I n etr

yj

statistics and modelling
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Analysis and tools

Event selection,
systematic Histograms
uncertainties

Columnar data

* Preservation and reinterpretation

E. Torro COMCHA 2026, Zaragoza

Statistical
model
building

I

Signal Region

Workspace

Statistical
analysis

Q

https://iris-hep.org/as.html

Result,
diagnostics

Signal Region
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Analysis and tools

Columnar data

E. Torrd

COMCHA 2026, Zaragoza

Histograms

Workspace

https://github.com/recast-hep

https://iris-hep.org/as.html

Result,
diagnostics

recast

J

preservation
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https://iris-hep.org/as.html

Analysis tools

func_ed] gscabinetry

formulate

Modularity & interfaces Declarative configuration

Obtain BDT Result,
Input Features Histograms Workspace diagnostics
ﬁ

Data Selection & Inference as a Post-processing, From workspaces Fit results Reusability
2 access systematic uncertainties service e.g. smoothing to likelihoods and diagnostics and preservation
uproot

2 S (s 3
“ ' istogram . . f
L2 NVIDIA bl i d
TRITON INFERENCE SERVER F HHeSS m l’eca St

ServiceX coffea

yadage
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Summary

 Atthe LHC, lots of data; in astrophysics, very little

 Same challenge: we don't observe physics directly, we observe signals
In a detector.

* everything we call ‘physics’ comes from reconstruction and
interpretation of signals

* that transformation happens oftline!!

Offline computing is the bridge between detector and discovery

 Complex pipeline with different steps

 Parallel path in HEP and astrophysics
« Many computing challenges in the upcoming years
* Finding new solutions in hardware and software

* Plethora of modern tools, try them out for an efficient analysis!

“In modern physics,
discoveries are not only made in detectors,

they are made in algorithms.”
E. Torrd COMCHA 2026, Zaragoza
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Data reduction steps ATLAS

A Toroidal LHC ApparatuS

 Reducing datasets sizes to facilitate data analysis
e Selecting subsets of events/tracks/objects relevant for analysis.
* Challenge: keeping all interesting physics, scalable, possibly in real-time or quasi-real-time.

Central production: Grid/Cloud/HPC Local production
—_—

e 30-50 kB/event (Average)
® [arge overlaps in contents

400-500kB/
event

Generation

N-tuple

® |nRun 3,4: ifi lysi ,
n Run specific analysis St

? : Histograms/
T Input for DAOD PHYS analys[s S|\t/|e|_p n s
yHIE, SHEPa § calibration . . Useql in
MadGraph, ... | 4 ‘ 80% of analyses trainings
derivations . 25-35 kB/event

Highly reduces overlaps!

Most popular format in Run 3

DAOD_PHYSLITE

80% of analyses
9-13 kB/event
Second most popular format in Run 3!

Analysis can be done directly

E. Torrd COMCHA 20..



CMS

Data reduction steps

Compact Muon Solenoid

 Reducing datasets sizes to facilitate data analysis
e Selecting subsets of events/tracks/objects relevant for analysis.
* Challenge: keeping all interesting physics, scalable, possibly in real-time or quasi-real-time.

Central production: Grid/Cloud/HPC Local production
—_—

Can produce ntuples directly

<5% of analyses
400-500kB/

event

o Final
MiniAOD analysis step
® >30-40% of analyses Used in ML

. Histograms/
e 60 kB/event trainings Results

e Highly reduces overlaps!

Generation

Pythia, Sherpa,
MadGraph, ...

Input for
calibration
and

derivations

NanoAOD

® >50% of analyses
1 kB/event
® NMost popular format in Run 3!

L1: 360 kB/orbit
HLT: 10 kB/event

NanoAOD @

® Analysis can be done directly (ntuple-like)

10%
66
L} L} 1 o_ —— Combined obs.
I I I I ' I | 107" [|---- Exp.for SMH
I for at I O | [— s=7Tev
10.‘2’ —— {s=8TeV 7c
110 115 120 125 130 135 140 145

E. Torrd COMCHA 2026, Zaradsttps://twiki.cern.ch/twiki/bin/view/CMSPublic/CMSOfflineComputingResults



Data reduction steps

 Reducing datasets sizes to facilitate data analysis
e Selecting subsets of events/tracks/objects relevant for analysis.

* Challenge: keeping all interesting physics, scalable, possibly in real-time or quasi-real-time.

Online farm WLCG Local production
—_— o ——
B/s 3.5 GB/s

Sprucing N streams
for analysis

GPU HLT1
dZ?égir ot Reduce data
® 0% call | -
reconstruction | I storage: NFt;Z:e
¢ Detailed : Histograms/
~100 GB/S analyS|S Step Results
eco of Used in ML
* 26% full » "
: specific trainings
Real'tlme even’[s -

» Full reconstruction online, and store only alignment + events :

the result calibration ) e Slimming
* No Level-1 hardware trigger — all * 68% turbo

events go into a software trigger farm ~10 GB/s events (no |

+ 100 kHz of events offline reco

. o CPU HLT2 ded LHCb exports more data

* Real-time data reduction in the software ERINE e needed) |

trigger (Turbo model). ‘econstruction from the pit than any other

Selective LHC experiment
persistency

E. Torro COMCHA 2026, Zaragoza



Data reduction steps

 Reducing datasets sizes to facilitate data analysis

e Selecting subsets of events/tracks/objects relevant for analysis.

* Challenge: keeping all interesting physics, scalable, possibly in real-time or quasi-real-time.

Central production: Grid/Cloud/HPC

Continuous readout
No triggers

Early compression and
reduction

Detector calibration

300kB/event Derived datasets

Skimming (event filtering)
Input for Or
calibration Slimming (reduction in
and information per event)
derivations

Need to keep all rare heavy-ion events.

Instead of triggering, early compression

O? computing framework: combining online + offline in one.

Data skimming in the Quality Control layer.

E. Torrd

COMCHA 2026, Zaragoza

Local production

N-tuple

Final
analysis step

Used in ML
trainings

Histograms/
Results

BR x Po/(dydm) (mb/(GeV/c?))
A o ® o B A




