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"7 Outline

. Motivations

o Testinfrastructure

 Analysis use-cases:

e Search for SUSY signatures at ATLAS
s Flavor physics and search for rare decays at CMS
| . Preliminary scalability results
= Conclusions
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Challenges of LHC, and HL-LHC are pushing to re-think the HEP computing models
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Impact on several aspects, from software to the computing infrastructure
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Similar trends for ATLAS and CMS HL-LHC projections
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Higher demand for computing and storage resources

ICSC

Centro Nazionale di Ricerca in HPC,
; Big Data and Quantum Computing
\

-

X

Need to:

» Optimize the usage of CPU
and storage

* Promote the usage of
better data formats

- Develop new analysis
paradigms!

* New software based on
declarative programming
and interactive workflows

» Distribute on
geographically separated
resources
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HEP data analysis with ICSC

Detector High-Level Ot
collisions

L1 trigger

Trigger

Analysis

~40 MHz ~100 kHz
=3 1
Srerleb
JUp.Lter/a

: File Edit View Run Kernel Tabs Settings Help Mem:. 1.54 /8.00 GB : File Edit View Run Kernel Tabs Settings Help Mem:l 237/ 8192 MB
| [ Terminal 1 X | [ Launcher X | [A HNL_analysis.ipynb ® i Workers X EN B | [2 Launcher X [A HNL_analysis.ipynb X %
B + XD » m C » Makdwnv @ it Singularity kernel O
CPU Use (%)

o o
entro Nazionale di Ricercain HPC, | CPU use (%) . | HNLems Analysis

Big Data and Quantum Computing ﬁ mipsy ¥ N i Data din a|\[S IS COd e -
% WMO’M e m O I'\[ U S e (% ) Dask cluster configuration

ata stream

*‘ NOTE: The cell below must be changed every time the Dask cluster is recreated

11: from dask.distributed import Client

client = Client("localhost:22631")
client

/usr/local/share/miniconda/lib/python3.10/site-packages/distributed/client.py:1309: VersionMismatchWarning: Mismatched versions found

Workers: ~

| Package | Client | Scheduler | Workers |
name address nthreads cpu memory limit memory % old recer spilled #1ds net read net write | 124 | 4.0.0 | None | 4.0.0 |
Total (10) 10 61% 5.0 GiB 20.0 GiB 249% 0.0 781.1 MiB 42GiB 0.0 450 1 MiB 492 KiB | msgpack | 1.0.3 | 1.0.5 | 1.0.3 |
HTCondorCluster tcp://10.60.128.1¢ 1 73% 564.7 MiB 2.0GiB 27.6% 0.0 84.6 MiB 480.1 MiB 0.0 47 95 KiB 109 KiB | python | 3.10.10.final.@ | 3.9.9.final.e | 3.10.10.final.o |
| toolz | 0.12.0 | 0.11.1 | 0.12.0 |
HTCondorCluster tcp://10.60.128.1€ 1 62% 520.9 MiB 20GiB 25.4% 0.0 78.9 MiB 442.0 MiB 0.0 47 74 KiB 9KiB
HTCondorCluster tcp://10.60.128.1€ 1 68 % 560.2 MiB 2.0GiB 27.4% 0.0 74.9 MiB 485.3 MiB 0.0 47 98 KiB 112KiB Notes:
HTCondorCluster tcp://10.60.128.1¢ 1 79% 563.7 MiB 20GiB 27.5% 0.0 78.6 MiB 485.1 MiB 0.0 46 169 KiB 10 KiB = LECREGLY VEIRGIRE, 22 Ol pl Lol 68 OUGailitiy) 1o i ol‘.s o
warnings.warn(version_module.VersionMismatchWarning(msg[@] ["warning"]))
HTCondorCluster tcp://10.60.128.1¢ 1 2% 79.2 MiB 20GB 39% 0.0 78.5 MiB 704.0 KiB 0.0 27 7KiB 3KiB ;
HTCondorCluster tcp://10.60.128.1¢ 1 68% 565.0 MiB 20GiB 27.6% 0.0 78.5 MiB 486.5 MiB 0.0 47 168 KiB 10 KiB - Client
name address event_loop_interval disk read disk write Client-ce7539b8-e288-11ed-81dd-7a36feca5287
Total (10) 4.765862094811044 ) 2 MiB
HTCondorCluster-10 topi/10.60.128.166:43094 0.21137993037700653 0 153 KiB Connactionmethiod: Direct
HTCondorCluster-11 1cp://10.60.128.167:43281 0.201909570693986973 0 218 KiB Dashboard: http:/flocalhost:31645/status
HTCondorCluster-12 tcp://10.60.128.166:32940 1.5537115732828777 0 158 KiB -
HTCondorCluster-13 tcp://10.60.128.168:44357 0.2843333686270365 0 169 KiB
HTCondorCluster-14 tcp://10.60.128.167:38003 0.019974627494812013 0 0 Scheduler Info
HTCondorCluster-15 tep://10.60.128.168:44308 0.2669351371851834 0 167 KiB Scheduler
. Simple 1 1 @ Mem:1.04/800GB Workers . Simple ( 0 1 € Singularity kernel | Idle Mem: 235.51/ 8192.00 MB Mode: Command & Ln1,Col19 HNL_analysis.ipynb =

*trigger rates for previous Runs, now factor 3 =+ 5 higher, will further scale in HL-LHC
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High throughput data analysis platform e

~ | ”
» After connecting to an entrypoint URL, the C’ /\‘h ] > M
user reaches a Jupyterhub instance that, o JURYTErDU
after authentication and authorization via ’
INDIGO-IAM, allocates the required

resources for the user’'s working area.

multi-tenant

* The jupyterhub is deployed on a Kubernetes Qe sce 5%
(k8s) cluster with 128 vCPUs and 258 GB, L L T
divided into 8 nodes configured via RKE2 = Jupyter = Jupyter " . = Jupyter

g dask

worker

’______~



https://jupyterhub.readthedocs.io/en/stable/
https://github.com/indigo-iam/iam
https://docs.rke2.io/
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yolnyg

- ’ L JOX
IN;;J ° O
. The deployment of the Kubernetes g

resources is handled via HELM charts in the
official Spoke2 Jhub HELM repo

. This allows for a scalable and fault-
tolerant deployment of the available

resources 0@ 0@ 0@

~— e
N[ G0 N[
" Jupyter "~ jupyter HE B H “ jupyter

g dask

worker

’______~


https://github.com/ttedeschi/HighRateAnalysis-WP5/tree/main/stable/jhub-aas
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High throughput data analysis platform

. Jupyterlab interface is flexible and customizable:

- Includes specific plugins (e.g. Dask)

- Working environment highly customizable using
Docker containers allowing for experiment specific

software

[Z Launcher X | [® analysis.ipynb X |+
B+ XTO [ » m C » Code v

client = Client("tcp://dask-root-cld75b3b-c~scheduler.jhub:8786")

[4]: from dask.distributed import Client
client

[4]: :
D Client
Client-17e349cd-8980-11ef-90ac-4e37bcd44cel
Connection method: Direct

Dashboard: http://dask-root-c1d75b3b-c-scheduler.jhub:8787/status

| Launch dashboard in JupyterLab |

v Scheduler Info
D Scheduler
Scheduler-e626a51e-74cc-4c92-b481-6a821940c462
Comm: tcp://10.42.6.73:8786
Dashboard: http://10.42.6.73:8787/status

Started: 20 minutes ago

v Workers

» Worker: dask-root-c1d75b3b-c-default-worker-00d0a343d6

» Worker: dask-root-c1d75b3b-c-default-worker-0435a98c83

» Worker: dask-root-c1d75b3b-c-default-worker-046ae5f895

» Worker: dask-root-c1d75b3b-c-default-worker-0739901384

» Worker: dask-root-c1d75b3b-c-default-worker-Obbcab7e3d

» Worker: dask-root-c1d75b3b-c-default-worker-16932c5f0b

» Worker: dask-root-c1d75b3b-c-default-worker-256fade72a

» Worker: dask-root-c1d75b3b-c-default-worker-3bf9267d55

*docker

Workers: 40
Total threads: 40

Total memory: 80.00 GiB

_—
INFN )

- CLOWD.

Welcome to infn-cloud

y-

0@

Qp

" Jupyter

pod

@O0 ®

yolng

A

0@

0@

Qp

" Jupyter

pod

p]

" Jupyter

pod



https://docs.dask.org/en/stable/
https://www.docker.com/
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High throughput data analysis platform e

. ldeal environment for testing interactive analysis ~—1 009

Welcome to infn-cloud

and validating new frameworks, e.g. the multi- ! _ MpA
threading features of ROOT RDataFrame e~ Jupyterhub

Sign in with OAuth 2.0

. The Dask Labextension provides a user-friendly
monitoring dashboard

. More in the official docs! multi-tenant

0@ 0@ 0@

| Qp Qp

Dask Dashboard 1 Monitoring workers 2 Cluster map

p]

~ xnu,.,,:.e:s o X -

° T : _ Jupyter " Jupyter u " Jupyter

. B o

= worker pod pod pod
= ) )

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

memory | lime memary { managed unmanag unmanag spifed  #fds  netread

GRAPH
GROUP PROGR! name | address | threads| cpu et wrte | disk read disk write
GROUPS Toual (5) 5 5% 731.7M¢ 100GB 71% 00 730.9 M1 BL4.0KE 0.0 10 1K8 7KB 0 8 KB
uuuuuuuuuuu dask-tiec sp:f10.¢ 1 6%  1464M 20Gi8 72% 00 146.4 Mil BO.OKIB 0.0 2 2668 1K8 0 o
NPROCESSING dask-tiec wp:A10.¢ 1 4%  1443M 20GB 70% 0.0 1442 Ml 56.0Ki8 0.0 2 %58  1KiB 0 0
TRy, dask-tiec wp:i0.¢ 1 6%  1465Mi 20GB 72% 00 146.0 Mil 596.0Kit 0.0 2 2888 1KB8 0 B KB
dask-tiec wpiN10.¢ 1 4% 1487M 20Gi8 73% 0.0 1486 Ml 56.0Ki8 0.0 2 58 1xi8 0 o
PROFILE
dask-tiec 1p:N10.¢ 1 6%  1458M4 20GB 71% 00 145.7 Ml 56.0KiB 0.0 2 258 1KS 0 o
PROFILE SERVER
PROGRESS O
RMM MEMORY
R SYSTEM

ssssssssss

\

____________________________________ \

EEEEEEEEEEEEEEEEEEEE

WORKERS MEMORY address event_loop_interval

£ 3
g

0.020007791519165038

WORKERS NETWORK TIMESERIES

’_-_-__§

IORKERS MEMORY TIMESERIES
WORKERS NETWORK
s o

Sy



https://github.com/dask/dask-labextension
https://icsc-spoke2-repo.github.io/HighRateAnalysis-WP5/sections/intro.html
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High throughput data analysis platform

. Offloading strategy: resources used to offload the o Y — .
computation are hosted in the same k8s cluster as o /\h -
the jupyter interface, via DASK KubeCluster o ] J“p\.yter u

. Under development: spawning on multiple remote sites

Sign in with OAuth 2.0

allowing for heterogeneous resources (HTC/HPC/Cloud)

(see more in backup)

GEANT '\ GEANT (AUSTRIA

e rmance_[I] i . an m= SLOVENTA XeX 0@

\ U
- : A - —
Top-IX E ::: | | A VSIX v .' .'
- 'll.-:- P e
:j“i BUR
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Centro Nazionale di Ricerca in HPC, Jupyter Jupyter
Big Data and Quantum Computing

multi-tenant

yolng

A

0@

==
NE
" Jupyter




Benchmark interactive
analyses
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SUperSYmmetry: Beyond Standard Model (BSM) theory

L

PUBLISHED FOR SISSA BY €) SPRINGER

vV

RECEIVED: February 3, 2021

r D ~ -
ACCEPTED: Ma'r.ch 3, 2021 t -
punsER: Apri 10, 2 s =0 Soft leptons coming from a virtual W* boson decay
e X1
Search for new phenomena in events with two s . 5((1) Compressed mass spectra: Am < mw + mb
~ -~

opposite-charge leptons, jets and missing transverse
momentum in pp collisions at /s = 13 TeV with the
ATLAS detector

T—

vV

b l
Three different analysis in the Run 2 paper, already published, g proscion i
according to mass splitting between stop ( t7)and neutralino (¥°1), T ppOb - Epectedumi 1oy ATLAS
(2 200:_ ~——— Observed Limit (£1 Gtheory) \(§= 1?’ TeV, 139 !
allowing different decay modes: T a0t Allmis at95% O
Q= — »?
& \E/ 160:_ 2®
# 2 body — Am > mt < 140F

120 "::::::::::'.'.:ZZZ'.ZIIIIZj:::‘--\-..,;a
¥ 3 body — mw + mb < Am < mt 100

¥ 4 body — Am < mw + mb used as a benchmark 28

Common final state signature: 2 OS leptons from W* decays, b-jets ;‘8

[96] @njeA s19 paroadx3 yuasaiday siaqunN Aalx)

o® of of o%%%MSrteTe? 98 % ‘\ S a8
Q 000 2 Q.D‘ \%g&\ ~aL :.\"b‘ﬁ 1\%0_‘) _/HEP 04 (202 1) 765
) 0 RS BRIt 0 O ol
O

1 'cI"’d "4 | I'd 1 |"’d Il |"’

T I T S T TR N SO T TR N H SR T N
500 600 700 800

m(t,) [GeV]

and missing transverse energy 300 400
Cut-based analysis

11


https://link.springer.com/article/10.1007/JHEP04(2021)165
https://link.springer.com/article/10.1007/JHEP04(2021)165
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4-body search workflow

Analysis Facility
— Skimming — DD — Thinning — Slimming ——Event Selectionf
e Provided by the Collaboration "[reductlon} e Removal of collections e Removal of object quantities e Region definitions
e Offline reconstruction *) e Baseline objects and trigger _._) e New variable definitions —> e Nominal yields
e O(PB) for data and MC e Scale Factors retrieval e Weights application e Systematic variations
- / e O(TB) for data and MC e O(10% GB) for data and MC e O(MB), inputs to fitting tool(s)
Sanity check Slimming
----------------------------------------------------- \I ______________________________I
. Welghted umber 3.5 | : :ATI&AS slln?ngllngccode aIreSd\/klr(; REat;cafrélme but intlrel\/ V\J/crltter; |
. of eventsinthe g 39 Serial o ANCSomprEaIn bt T2 P St IPtEC apProatn W oL ol
: Wt background "qc'; 2.5 - C) Dask distributed : ‘Event Select 10n|
: 5 20- : . .
: sample, afte.r the 2 | Event selection for fitting tools
» event selection E 15 " y ' y | o
! cuts in signal £ 10 ‘ RDataFrame + Dask applied to Wt bkg sample ~ 1.8 GB copie
'regions Aand B, 5 os ~ :’ to the INFN workspace
' nominal case = 00 | Playing with syst. variations
+ identical 05 SRA SR B | Code ready to play with other backgrounds
$ ’

12
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Preli inar results %1000__ .......................................................................................................... D ................................. D ......
5 800 i Local CIUSter ............................................................................................
Defined Metri 3 R
elined Metne o | —=— Distributed cluster
L] B0 [
Overall Time elapsed from the -
tion start of the execution -
exe-cu 10 (execution triggered) to B0 e
time the end of execution i
121010 ) LR PP PP PP A e enmenneaneaneaneannaanaanaan Aeen]
. . " " i v v
Exploiting the distributed approach, i @
" . . !
the executlon tlme ImpI’OVES Wl’tthe O I . O ORRTRORRRRRRY
standard/serial approach if we iterate s S 5 5 5
ST & o o o o
over a significative number of 3 2 2 2 g
systematic variations (each step in f § § '% ]
. : = T o = =
the x-axis includes previous E
: : S
contributions) 2

LocalCluster: Dask multithread execution on local machine (max 8 cores, 16 GiB)
Distributed: Dask distributed execution on remote workers

13
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Scheduler and Working Nodes Reports

Connecting to working nodes

Dask Performance Report

Select different tabs on the top for additional information 100 OUt Of 9 WOI’kEI’ nodes, WE gEt abOUt b average CPU occupancy
_ 8 on each worker node

Duration: 252.57 s T Limited CPU consumption due to the easy cut&count operations

40 Tmax: 129.4%
mean: 10.8%

Tasks Information

e number of tasks: 621
e compute time: 118.06 s
e deserialize time: 2.39 s

Memory 3.0 -

Scheduler Information

2.3GiB

« Address: tc ://127.0.0.1:43821\ o o 2.0

' Workers: 2_L| s tdcm g

e Threads: 2 953.7MiB - min: 539.38 MiB 1.5 -

« Memory: 4.39 GiB {max: 259 5B

« Dask Version: 2022.11.0 \ ey 1.0 -

o Dask.Distributed Version: 2022.11.0 0.0 1+ i

| 30s 35s 0.5 -
0.0 -

Worker

14
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CMS use-case

Contents lists available at ScienceDirect

+ pp s = 13 TeV
BLELED L ]

” — 'O.SIIIIIIIIIIII 7

Physics Letters B

A vaseites
ELSEVIER journal homepage : www.elsevier.com /locate /physletb

PYTHIA8 LO
0.4:— — D - t(3u)v-

w B > T(3U)X -

Letter

» -
+
da.u

Search for the lepton flavor violating T — 3u decay in proton-proton

collisions at \/E =13TeV P o -
+ +

The CMS Collaboration * 1’+ Ve V T 7 H 0.3 B B

CERN, Geneva, Switzerland 13 Y 4 (o) i 8 = B ' £ 123

0.2 —

Search for T = 3u decays, which have very small SM branching fractions : :
BRgym ~ 0(107°), while being predicted with sizable BR in several BSM :
scenarios BRggy ~ 0(1071Y = 107%) lh_w__ :

N PN T e

11 | |
0 2 4 6 8 10 12

us pr (GeV)
: : . x 107 Up to 131 fb" (13 TeV)
» tleptons produced in D and B meson decays provide large statistics at LHC 3 ™[ cus Phys, Lett. B 853 (20741 138633"

experiments, but are only accessible with low-p; muon triggers

- -_ — Observed __
I -=- Median expected |
B 68% expected

[ ] 95% expected

* Analysis of Run 2 data recently published, stat. limited
- benefitting from inclusive low-p-muon L1 trigger in Run 3
- technical challenge: new datasets are x3 times heavier

90% CL upper limits on B(t—3u)

HF analysis W analysis HF + W HF + W
2017+2018 2017+2018 2017+2018 2016+2017+2018

15
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CMS use-case

Contents lists available at ScienceDirect

e 1 Physics Letters B W o
L slsovir i‘/,ﬁ
izili';}(l)lflc;rat;hiz/lgeztcl)g Tf:l;;/or violating T — 3u decay in proton-proton W » /,
The CMS Collaboration * rt Ve V, Tt ,/’ u*
B L SM WS o
Search for T = 3u decays, which have very small SM branching fractions _ 0 2017,38.0 fo™ (13 TeV)
BRgy ~ O(107°°), while being predicted with sizable BR in several BSM 2 20- CMS
. _ _ LO -
scenarios BRgey ~ 0(10710 = 1078) 5
E) 16:
L 14
T leptons produced in D and B meson decays provide large statistics at LHC
experiments, but are only accessible with low-p; muon triggers 10F § Data

8- — Total
ERTEEE D" and D;

» The normalisation channel used as a benchmark: D = ¢ (uu)n* [ Bectround

-> cut-based analysis + mass fit for measuring the D" yield in data -

T
0 1.75

L L..|--'|"'| L 11 ‘l"’l---l--'l"‘l"l |00 |‘]’~.
1.8 1.85 1.9 1.95 2

Phys. Lett. B 853 (2024) 138633  M(u*un*) [GeV]
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D! - ¢(uu)m™ analysis workflow
ROOT

ntuples + Define high-level variables

* Apply scale factors and
corrections

» Data collected by low

pr dimuon triggers « Skimmed data, events
T

with 2u+1track final state

. MiniAOD data tier . Saving only physics . Apply selections, select best D,
centrally produced objects of interest candidate per event
. Plain data format. ~ 5 » Fit the 2p+1track invariant mass
C M S GB / fb-1, stored on eos

Dataset Analysis

. Legacy: approach Loop-based analysis implemented using ROOT TTree:MakeClass
- split computation in batches of input files, run separately as HTCondor jobs, gather the output rootfiles

. New: Ntuples read as RDataFrame, almost all operations “lazy” — no loop triggered till the end
- going distributed using ROOT RDataFrame distributed features, with Dask backend.
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Preliminary results

Significant improvement in execution 10q Horker CPU Utlization (average)
—— dataset size: 13 GiB _ _ -
5001 time wrt the standard/serial approach /\ o
200. The facility allows for dynamically scaling \\/V\/ \\/
é the resources, here testing the _ e / -
£ _ 3 /
300 performance at fixed #cores and i
oo memory, varying the dataset size
1001 — 400 -
Serial LocalCluster DaskCluster —+— 10 vCores/20 GiB 0 : : ; :
(4 cores/8 GiB) (4 cores/8 GiB) 350 - _ 25s 30s 35s 40s
_+_ 20 VcoreS/4O GIB i# Workers Memory X |+ # Progress X | +
Stress tESt at h|gh CPU and 300 1 _+_ 40 VcoreS/8O GlB Bytes stored per worker Progress -- total: 79, waiting: 39, queued: 0, processing: 37, in-merr
memory occupancy @ 250 - S R IS — — oo R
. GED distrdf_reducer 0/39
Stable performance, linearly £ 500 e
: : : : ) T
scaling with the input dataset size & ..
) ) (N I
Dataset size ~ 100 GIB Is (SR A NN B N N
100 [N
' AN I Y N E— (—
representative of ~15 /fb of Run3 S S B ———
Y Y N A N E—
. P : 50 A AN .
data for this specific analysis 5 s R N
40 60 80 10 120
Input dataset size [GiB] B0 Moy 201 o, 00 G e oG o

/ 1-8-
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Conclusions & Next Steps

HL-LHC poses significant challenges to HEP experiments in terms of storage and computing resources

An interactive high throughput platform has been developed in the framework of the "HPC, Big Data e Quantum
Computing Research Centre” Italian National Center (ICSC)

- offers users a modern interactive web interface based on JupyterLab

- experiment-agnostic resources

- based on a parallel and geographically distributed back-end

Interactive analyses feasibility studies on INFN cloud succeeded
¥ Performance evaluated using the high-rate platform
¥ HEP analysis use-case explored from the CMS and ATLAS Collaborations

Medium-long term goals: Expand the current pool of resources by a factor of 5 in the upcoming months, to perform scale
testing of the analysis workflows.

This work is (partially) supported by ICSC — Centro Nazionale di Ricerca in HPC, Big Data and Quantum Computing, funded by European Union — NextGenerationEU



Thank you!
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High throughput data analysis platform

. Offloading strategy: resources used to offload the o Y .
computatlon are hosted in the same k8s cluster as o p@ )
the jupvter interface, via DASK KubeCluster = I N’

. Under development: schedule worker processes
spawning on multiple remote sites dynamically and

transparently - Implementation on heterogeneous
resources (HTC/HPC/Cloud)

InterLink provides execution of a

Kubernetes pod on almost any remote
resource. Resources visible to the user
thanks to an HTCondor overlay ——— N —

N\
g dask
Wy Pk | sdask ) |
9 dask ¢ dask
worker worker

- s s s

WLCG HTC site HPC center Cloud


https://github.com/interTwin-eu/interLink
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Cl triggered CMS analysis execution on the High Rate platform

—
—

Docker
container

mkShapesRDF
i Data Analysis Framework

Check out the poster by Matteo Bartolin
“Continuous integration of analysis workflows

on a distributed analysis facility”

Clrunners
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