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ESCAPE, Open Science Projects Future

Open Science Projects bring together different ESCAPE services. 1
- ESCAPE is an EU-funded project to bring together different research 1
infrastructures.
- Improve productivity of researchers.
- Gain new insights and innovation across disciplines.
- Two science projects being developed. ESCAPE P
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1. Dark Matter Science Pl’Oj ect Hosts open data sources into

2. Extreme Universe Science Project @ common storage o
Cloud computing using EOSC
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I See following talk by G. Lamanna Repository
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Big science question: Dark Matter

observation
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Vera Rubin,
© Washington Times & Zuma

Wikipedia &
Hopkins Research Group/Caltech
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matter
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“invisible”
matter

NASA/CXC/M. Weiss

Simulations were performed at the National Center for Supercomputer
Applications by A. Kravtsov and A. Klypin.
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® Dark Matter

https://cordis.europa.cu/project/id/679305




Dark Matter Experiments

Cutting edge dark matter experiments are increasingly unique
- large, complex, costly experiments
- only one or a few experiments of each type worldwide
Maximizing each experiment’s science outputs is imperative:
- create and store new analyses, datasets and results

- combine multiple results studying the same question
- reinterpret existing studies for new questions

Future

cherenkov  the observatory for
telescope  ground-based
array gamma-ray astronomy

The Dark Matter Science Project provides the community with tools to do all these tasks
and allows access to data and software on the EOSC through ESCAPE infrastructure
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Future

Dark Matter: Complementary Approach

indirect detection

A joint discovery of the nature
of dark matter requires
different experiments and inputs

X “break” dark matter = SM

Dark matter Ordinary matter

Experiments have different data sizes,

workflows, data, and result sharing policies SM

“make’” dark matter

< collider searches

“shake’’ dark matter
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| indirect detectlon

Example of a discovery scenario Future

< collider searches |

—— Late 2020s Direct detection experiment sees a hint of a signal,
with characteristics compatible with WIMP DM

Sketch depicting qualitative projections, which are further quantified by the references provided in the text

—1— Mid 2030s

Sketch, not.realistic
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Inspired by:

Dark Matter Complementarity (Snowmass report), arXiv:2210.01770
V¥ T. Slatyer's "Paths to discovery" talk at Snowmass 2022
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Example of a discovery scenario % l %Future

< collider searches |

—— Late 2020s Direct detection experiment sees a hint of a signal,
with characteristics compatible with WIMP DM

Sketch depicting qualitative projections, which are further quantified by the references provided in the text

Direct detection experiment (using another tech %
confirms these hints = %
—— Mid 2030s o % Sketch, notrealistic
=
L
g
—+— 2040s
10~
dark matter mass
Inspired by:

Dark Matter Complementarity (Snowmass report), arXiv:2210.01770
V¥ T. Slatyer's "Paths to discovery" talk at Snowmass 2022
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| indirect detection

Example of a discovery scenario % Future

< collider searches |

—— Late 2020s Direct detection experiment sees a hint of a signal,
with characteristics compatible with WIMP DM

Sketch depicting qualitative projections, which are further quantified by the references provided in the text

Direct detection experiment (using another tech

confirms these hints Sketch, notrealistic
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Indirect detection experiment observes
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Dark Matter Complementarity (Snowmass report), arXiv:2210.01770
¥ T. Slatyer's "Paths to discovery" talk at Snowmass 2022
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Example of a discovery scenario >@< l %Futm

—— Late 2020s Direct detection experiment sees a hint of a signal,
with characteristics compatible with WIMP DM

@
g
uoipeyiofioniul ¢
g
s

10—45

g Sketch, not
Direct detection experiment (using another technique)

confirms these hints
—t— Mid 2030s

Indirect detection experiment observes
signals of DM annihilation
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—— 20405 Future collider, built to target particles with the mass of
the putative DM candidate, sheds light on interactions
between DM and ordinary matter
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] | indirect detection ]
Example of a discovery scenario |'~a |
P y ; >@< : Future
: X SM :
v collider searches v
—— Late 2020s Direct detection experiment sees a hint of a signal,
with characteristics compatible with WIMP DM Such a scenario requires
interoperable and
Direct detection experiment (using another technique) reproducible analyses
confirms these hints
—t— Mid 2030s - comparison and
Indirect detection experiment observes combination of results

from different
experiments
- end-to-end workflows

signals of DM annihilation

—— 20405 Future collider, built to target particles with the mass of available for
the putative DM candidate, sheds light on interactions cross-checks
between DM and ordinary matter
Inspired by: With the Dark Matter Science Project,

Dark Matter Complementarity (Snowmass report), arXiv:2210.01770
¥ T. Slatyer's "Paths to discovery" talk at Snowmass 2022

we build a prototype that fulfills these requirements
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Experiments involved in the Dark Matter Science Project Future

Direct detection: DarkSide Colliders: ATLAS @ LHC Indirect detection: FermilLAT, KM3NeT

DM SM

...and their evolutions: DarkSide-20k / Argo, ATLAS @ HL-LHC, CTA
Some of the analysis & ML tools necessary for these evolutions are also part of this Science Project

With the Dark Matter Science Project,
we understand the computing and analysis challenges of some of the future DM experiments

JARED LITTLE




Science outputs of the DM TSP Future

Planned domain science outputs

/N Sketch depicting qualitative projections, which are further quantified by the references provided in the text

- Individual results and publications | sketch, not realistic

(only depicting type of experiment)

a
9] .
. . . . . S ‘
- Plots highlighting complementarity of different %
experimental efforts 10~ 4 »
- direct, new technology
- Combination of experimental results e \g;\-;;_:;::;\:-\
S neutrino fog \\\\\\\\
L0144 42 5 :/Z/‘y}}}\ N ‘2,22/1/:/3 N }y}}%}}}/ RN N
Data and software objects + pipelines peariemoglider LHCSHLLHO ity oy 3
DXL Y 2 RR RIS L X 00D RS LI YLK P HiLumi , ﬁ
Jong term collider, hadron colllder~ NN NN - s
. RN ;
- Data on the Data Lake, and software on the 1 Gev 1 TeV
dark matter mass

ESCAPE Software Catalogue
Example sketch (not using ESCAPE experiments yet)

highlighting direct detection, neutrino experiment

- Pipelines accessible via VRE
indirect detection and collider complementarity
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Analysis Worktlows for the DM Science Project Future

u ] | | ] | | ] | | ] | | ] | | ] | | ] u ] ] u ] ] n - I ] | | ] | | | | | ] | ] N

e Technical solutions : \

. Generation & R,
. 1 t- . "

I stmuiation JupyterHub _’ . REANA Combination of results with l
. (smaller workflows) | . (larger workflows) other searches/experiments i
. Expt. data
' A '
. Data processing Analysis of events/distributions )
- (including reconstruction & } (including background } Interpretation of results [
. calibration wherever subtraction, background .
. possible) estimation, statistical analysis) I
: PaTLAS " m } I
g ESCAPE tools, used in EOSC-Future Comparison of results with | .
; ) other searches / experiments I
. Virtual Research Environment .
. S !

¢ Data Lake \.’ Software Catalogue .

‘ L 4 CEedft.' SLAC/LZ/ATLAS/CTA >y * \ - /

Data sharing and data processing Data analysis, preservation and interpretation
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Dark matter at particle colliders: searches in the
ATLAS experiment

ESCAPE - The European Science Cluster of Astronomy & Particle Physics ESFRI Research
Infrastructures has received funding from the European Union’s Horizon 2020 research and
innovation programme under Grant Agreement no. 824064.



DM Science Project - ATLAS

The ATLAS Experiment, along with CMS, are two general
purpose detectors located on the Large Hadron Collider.

Future

Wide range of physics investigated:

e Higgs discovered in 2012. |
e Precision measurements on Standard Model properties. Hew

e Scarches for new physics, including particles that make

icle!
up dark matter. \ particle!

indirect detection >

“break’ dark matter

At the LHC, we are trying to “make” dark matter.
* By probing the interactions with ordinary matter,
we can better understand the nature of DM.

“shake” dark matter

“make” dark matter ~~ QM

‘< collider searches \‘
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Inclusive Dilepton Resonance Search § - ™ g :
> . uture
: :
=] /}/’ l =]
v < collider searches v
Looking for a bump (= new particle) DM mediator decays in two electrons
over the background of known particles — search in di-electron final state
B — : : : ® No signal — constraints on the fiducial cross-section of a new
S 10 ATLAS _ j: Z’ particle.
= \s=13TeV, 139 fb" =
P E : :
- 4 Large backgrounds in the region below 1 TeV.
@ 10 5§ o Well-motivated dark matter models could have evaded
105 . e : = detection!
£ 22:3:22:;?3 TV, T 0% _; ® We can improve sen31.t1V1ty to new physics by performing a
------- Generic signal at 2 TeV, I'/m = 0% HE = more SpeCIﬁC (exclus lve) search
1 0—1 -+ -+ Generic signal at 3 TeV, I'/m = 0% ' + * E
o ‘2‘ m ; — + — 7 Two projects within this TSP:
o 0++-+++:,;{+-++*4s+-+}m;+- +++++#+++H+{ *++{++*+4+++;- fﬁﬂﬂ#} **;*f*-%“ ------ -4 1. Reinterpretation of inclusive resonance search in terms of dark
5 —C _ f - g g | matter mediators
bt 10 2107 3«10 m Gev) 2 Exclusive Z’+MET analysis

® New results expected soon!

JARED LITTLE




| indirect detection >

Reinterpretation of the Resonance Search
Future

Use the dilepton resonance search to constrain dark matter mediators.

e Assuming a non-zero coupling to leptons, a neutral mediator collider searches |

associated with a dark sector would produce an excess in the dilepton
invariant mass distribution.

. 1200 .
Upper Limit x?_(mrc : B dijet
- iLHC, g,=1. -
g 10g— Ty £ f 1000g,£0.1, g/=0.1 N
2 - Expected w*y limit ] g F [ dilepton
5 i ) 1.8
2 1 Vector Z)y,, (m =2.00 TeV) E s __ 800+
- * ] 1.6 >
- . ol v
107" - 145 O 600]
c 5 - x
C :/1.2:— c
102 . 1: 400 -
10°kF I 200-
- . 0.6/
—4_1 ] :_* O ] :
10 ] 0 2000 4000 6000
Mass Z' Mz, [TeV] mmed [GeV]

Results included in this paper: hitps://arxiv.org/abs/2206.03456
(prepared within the US prioritization effort “Snowmass”)
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| indirect detection >
SM

Reinterpretation of the Resonance Search

5 Future

UO130919p 1091IP
U0119919p 1991Ip

This reinterpretation was set up with REANA, sending the jobs to a
remote computer.
e Multiple stage workflows can be sent, passing the output to the
following stage.

collider searches

<
<

reana

© SettingLimits #29 finished in 1 min 34 sec
Finished a minute ago step3/3 : « @) O cern.ch

£+ Most Visited &) Getting Started

>_logs [ Workspace [ Specification

od £ Getting Started

Nam size ¢
— Flle Edt View Run Kernel o plots/DMsummary.png
= 3RUCIO
2051
2048 F -
O  cxpiore  nomesook o %’ of; 3
9128 [ F ]
. = C ]
> 26404 ~ - -
" - £ 18f .
— 76 rl -
Search Everything 1.6 .
hon/Summary.py 041 4 .
2 14 :_ B
121 =
b
H —
P Privacy Notice 8 Docs O Forum ® Chat 08: —
==> Verifying REANA specification parameters... b -1
REANA specification parameters appear valid. 0.6F -
==> Verifying workflow parameters and commands... M
Workflow parameters and commands appear valid. Ty a1
==> Verifying dangerous workflow operations... 0.4 -
Workflow operations appear valid. L
==> Verifying compute backends in REANA specification file...
Workflow compute backends appear to be valid.
SettingLimits.27
File /python/MakeLimit.py was successfully uploaded.
File /python/Summary.py was successfully uploaded.
File /data/DMCrossSectionGraphs_axial_massmass.root was successfully uploaded.
File /python/Makelimit.py was successfully uploaded.
File /python/Summary.py was successfully uploaded.
File /data/DMCrossSectionGraphs_axial_massmass.root was successfully uploaded.
Settinglimits has been queued
jovyan@jupyter—jlittle:~/atlas-dm-reinterpretations
Simple 1Mo @ Terminal 1
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SM

N

Exclusive Z’+MET Analysis Future

< collider searches |

Search targeting dilepton resonances in the I+MET final state.

e Secarching for well-motivated models that could have escaped detection up to this point.
e Benchmark models help guide our analysis techniques, but we aim to stay as general as possible.
o Reproducible and reinterpretable results are necessary for collaboration.
e By targeting dilepton events with MET in the final state, we will be more sensitive in the low-mass regions where the
dilepton analysis was dominated by Standard Model events.

Dark Higgs Light Vector
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Exclusive Z+MET Analysis [~ %Future
| DxAOD | ’

< collider searches |

@Iculate Kinematic Variab@* /
N

‘ ntuples ‘ !

pppppp
<5e'ec“°”5/ Va'ida“"“)‘* Y4808 e ey ey ey ey ey ey ey e ey

‘ ntuples/histograms ‘ reana | ES | ®

recast
< Statistical Analysis > X
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N A SAPIENZA

UNIVERSITA DI ROMA

IN.!:M!\I Dark matter direct detection:
i s ke DarkSide plans and results

ESCAPE - The European Science Cluster of Astronomy & Particle Physics ESFRI Research
Infrastructures has received funding from the European Union’s Horizon 2020 research and
innovation programme under Grant Agreement no. 824064.
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X S

Direct Detection with a LAr TPC Future

=

collider searches

SiPMs

DM as WIMP-like particle produces a nuclear or an electron recoil.
*Elastic scattering with Argon Nuclei results in Scintillation & lonization.

Excn;atlon Excited molecule

\% lAr
V- e —@P Wy
Electron % 'IT\‘
Recoil y/ : Nuclear ’ ( Arf \ Ar'
. : Recoil S

Ioméed molecule

Iomzatlon
TN @ — . -
Ar-h P ¢ O Recombmatlon
- e
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DarkSide Experimental Program >@<

Future

2030+

2012 2013 - 2018

DarkSide-10
DarkSide-50
16 t d DarkSide-20k Argo

200 t yr 3000 t yr
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DarkSide Plans Future

*Implemented a reanalysis tool for a high-mass search on the VRE platform.
e Qutput: DarkSide50 exclusion curve for WIMP-nucleon cross section.
*Low mass analysis to be implemented.
Different theoretical models (WIMP halo, argon response...) can be inserted by
the user to produce different limit results.
*Working towards first open implementation.

JARED LITTLE
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Indirect dark matter search with

gamma rays and its association with
VRE platform via open-science tools

ESCAPE - The European Science Cluster of Astronomy & Particle Physics ESFRI Research
Infrastructures has received funding from the European Union’s Horizon 2020 research and
innovation programme under Grant Agreement no. 824064.
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M5

<_ _ collider searches

Code Structure: MLFermiDwarfs

/.

/' Gamma-ray

Space Telescope Insert fIgU re

Future

« Gamma-ray data from the Fermi Large Area Telescope (Fermi-LAT).

« The data and main processing software (Fermi Science Tools) are publicly accessible, and now fully
available in the VRE.

« Code is entirely written in python 3 using well-known packages like scikit-learn.

« Package can be optimized from the command line enabling a quick check of the viability of a user-
defined Dark Matter model.

JARED LITTLE




MLFermiDwarfs

/.
<@ ermi

Draco + Leoll + Sculptor + UrsaMinor

| indirect detection >I

Future

< collider searches |

Draco 4 Leoll + Sculptor + UrsaMinor

-~ Gamma-ray
Space Telescope
\

107%; 1072
I —— stacked dSphs (J profiling) T —— Sstacked dSphs (J profiling)
] Draco t ] Draco !
1075y —— Leol - s 10755 —— Leol : ot
] Sculptor - ; ] Sculptor ' £
- ] UrsaMinor '—l'_' ] UrsaMinor
:.:T' 10_24'§' Mf 10—24_§
] ]
~10~2 , -24
51054 S5
8 8
10+~ 107+~
1077+ ey v 1077+ .
10' 10° 10’ 10' 10° 10°
M[),\] [G(‘\”’] MD.\I [G(‘\"’]

« Based on the Fermi-LAT data set used for paper A. Alvarez et al. JCAP09 (2020) 004.
« MLFermiDwarfs code is accessible from https://gitlab.in2p3.fr/lescape2020/virtualenvironment/mlfermilatdwarfs
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Brown Dwarf Analysis >@< Future

/

s ermi

" Gamma-ray
Space Tel . ) -32
; pace | elescope 10-32 10

collider searches

Equilibrium Hypothesis L Source 1 Real Age ——  Source 1
-33
Source 2 ] 10 ——  Source?2
—— Source 3 — Source 3
-34
Source 4 10734} Source 4
— Source 5 “‘E —  Source5
O -35
— Source 6 . = 10777 —  Source6
~eww  Source 7 B —  Source7
B Source 8 10736}
— Source 8
—— Source 9
— Source 9
-——- Stacked limits -37
10 . .
— Stacked limits
: 10738 ‘
1 10 100 1000 1 10 100 1000
m, (GeV) m,(GeV)

« Based on the recent Published paper on Bhattacharjee et.al, PRD,107, 043012, 2023.
 Code is accessible from https://gitlab.in2p3.fr/lescape2020/virtual-environment/brown-dwarfs-gamma
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N
Instrument Response Function of
KM3Net for point-source analysis

ESCAPE - The European Science Cluster of Astronomy & Particle Physics ESFRI Research
Infrastructures has received funding from the European Union’s Horizon 2020 research and
innovation programme under Grant Agreement no. 824064.



indirect detectlon

IRF Concept Future

*Instrument Response Function of neutrino telescope
provides a quantitative estimation of the event rate
and the background rate

*It allows to avoid extensive MC simulations each
time for a new configuration of neutrino source

*It supports different configurations of neutrino sources:
* Point source with power law E*-a
e Diffuse source
* Extended source

*Compatibility with gammapy will give an easy combination with other gamma

experiments like CTA
*Active development of the km3irf python package

collider searches

— cos(6)=0.92
cos(8)=0.42

— cos(6)=-025
— cos(6)=-0.92
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pip install km3irf

from km3irf import utils

new_plot = utils.DrawAeff() — e
new_plot.peek() T I T e e s o e o oneedns o o
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Summary

ESCAPE - The European Science Cluster of Astronomy & Particle Physics ESFRI Research
Infrastructures has received funding from the European Union’s Horizon 2020 research and
innovation programme under Grant Agreement no. 824064.



Challenges and Consolidation for Dark Matter SP Future

Upcoming challenges for DM TSP:

O  Onboard new analyses requiring:

O very large amounts of data, o(TB) — turn to pledged resources

O  more complex workflows — stress-test VRE & EOSC cell, using REANA
Guarantee restricted data access until embargos lifted — use EOSC core authentication
Publish software and pipelines on OSSR
Use Gambit software for combination of results (subject to time/resources)
Expand use cases to real-time analysis on constrained infrastructure (subject to time/resources)

O O OO

Consolidation (common across DM and Extreme Universe Science Project)

® Widening participation of scientists to Open Science tools
® more support needed for combination of results, training, documentation

® Consolidation work on EOSC for lasting infrastructure
® Integration of services with EOSC core

® Strengthening cooperation and sharing experience across Science Projects
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Conclusions
Future

With the DM Science Project’s analyses and tools on the VRE, we are making progress towards:

- production of new scientific results discovering or constraining dark matter hypotheses
- providing other communities with the necessary understanding to reproduce the analysis

- comparing and combining results from different experiments
- demonstrating FAIR data and interoperable workflows as an example for the community

- building a working prototype cell for the European Open Science Cloud
- providing a testing ground for software & computing that can be explored by future experiments

Thanks to the Dark Matter SP Team!
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ESCAPE - The European Science Cluster of Astronomy & Particle Physics ESFRI Research
Infrastructures has received funding from the European Union’s Horizon 2020 research and
innovation programme under Grant Agreement no. 824064.
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EOSC Future

Axel Gallén, Alexander Ekman
(Lund University)

Supervised by:
Caterina Doglioni
University of Manchester and Lund University
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Future
Insert if any

Link to talk at CHEP




Extreme Universe

ESCAPE - The European Science Cluster of Astronomy & Particle Physics ESFRI Research
Infrastructures has received funding from the European Union’s Horizon 2020 research and
innovation programme under Grant Agreement no. 824064.
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Dark Matter Direct Detection
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WIMP Rate and Cross Section limits
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Future
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