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* Finding-dark-matter at the LHC

* LHC data taking and (or: making
the most of the data for DM searches)

* [Hopefully] confirming dark matter discoveries,
across

* Synergistic activities ( ?)




Finding dark-matter invisible (& visible) particles

at the LHC

We can’t see dark matter, hear dark matter (or talk about dark matter?)
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| LHC collisions schedule:
&= % June 2015 - December 2018: Run-2
~"'“"_“_7_ff"’4 2022: beginning of Run-3: ongoing
027: beginning of Run-4 (HL-LHC)
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Our current experiment: ATLAS detector

First Run-3 collisions in ATLAS:
July 2022

Run: 427394
Event: 3038977
2022-07-05 17:02:31 CEST

\\ LAr hadronic end-cap and
N \ \\ forward calorimeters
/ /- Pixel detector '\
| / / \

/y Toroid magnets / \\ LAr electromagnetic calorimeters

Muoh chambers Solenoid magnet | Transition radiation fracker

Semiconductor fracker




Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Motivation for DM @colliders

How do we search for DM at colliders, depending on its properties?

« Generally assume some properties for the DM particle, our assumptions:
* interacts with SM particles = we can produce it at colliders

SM DM

known particle collision H > production of DM particles

SM DM

Caveat: very simplified diagram

« dark, stable = invisible to detectors
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Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Searches for BPM invisible particles at colliders

Detector covers all the solid angle and catches ~all visible particles

visible particle

SM (visible)

roton
P 7

- (quark/gluon)

proton
(quark/gluon)

SM (visible)

visible particle
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Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Searches for BPM invisible particles at colliders

Dark matter doesn't interact significantly with our detectors — invisible

invisible particle (DM)

DM (invisible)

proton
(quark/gluon) Z

proton
(quark/gluon)

DM (invisible)
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Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Searches for BPM invisible particles at colliders

Dark matter doesn't interact significantly with our detectors — invisible

visible particle invisible particle (DM) Initial State Radiation (/SR)
SM (visible)
DM (invisible)
q g
proton
(quark/gluon) Z
proton
(quark/gluon) _
q o
DM (invisible)

invisible particle (DM)

Signature of invisible particles
(like Dark Matter):
missing (transverse) momentum ( g’ )
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Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

A “monojet event” at ATLAS

ATLAS .. ...

Event: 2546139368

EXPERIMENT  2017-10-05 10:36:30 cEST et p,

visible (jet of) particles
interacting in the detector

ULNI.“VIE[;IS,[T)Eé Caterina Doglioni - 2023/03/27 - UofM - TAU Workshop




Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Generic production of invisible particles

Production of invisible particles is common in the Standard Model...

Initial State Radiation (ISR)
Creates a jet of particles in the detector

q g g

N \
N \
\
\
\
\
%,
initial state quarks final state neutrinos,
from the LHC interacting only weakly
proton-proton collision Z — Invisible to detectors
74
Eur. Phys. J. C 77 (2017) 765
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https://arxiv.org/abs/1707.0326

Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Generic production of dark matter?

What other invisible particles (that are suitable thermal relics) could we produce?

Initial State Radiation (ISR)
Creates a jet of particles in the detector

q g DM

B \
\
\)
)
\
)
)
ini ;Irilnit?/:g 2;-’/%/{8 final state Dark Matter
proton-proton collision Z invisible to detectors
Eur. Phys. ]. C 77 (2017) 765
MANCHESTER B 2]  Note: this is only one of the many DM
1824

signatures we look for in ATLAS...
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https://arxiv.org/abs/1707.0326

Dark matter at ATLAS

Real-time analysis

DM Complementarity

Weakly Interacting Massive Particles

Collaborations

A minimal option to make up 100% of the relic density:
» only add one particle to the Standard Model

PR L EE T

Standard

Dark
Matter Matter
q Higgs
DM

.............................................................
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@ Dark Energy
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Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Weakly Interacting Massive Particles

A minimal option to make up 100% of the relic density:
« only add one partlcle to the Standard Model

PR L EE T

] g pM = stable TeV-scale particle with weak-force-sized interactions
5 ’ » Weakly Interacting Massive Particle (WIMP)...
Srancard 1\]4);?; - ...conveniently appearing in models that also solve other
‘ problems in particle physics (e.g. supersymmetry)
a Higgs Ny  Beautiful and simple, almost miraculous!

More about non-WIMP DM & dark sectors in Sukanya’s slides

MANCHESTER

1824 e
iversity of LUNDS | .
The University of Manchester  universiTer Caterina Doglioni - 2023/03/27 - UofM - TAU Workshop

14



Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Weakly Interacting Massive Particles

A minimal option to make up 100% of the relic density:
« only add one partlcle to the Standard Model

PR L EE T

] g pM = stable TeV-scale particle with weak-force-sized interactions
5 ‘ . * Weakly Interacting Massive Particle (WIMP)...
Srancard 1\]4);?; .« ..conveniently appearing in models that also solve other
: , problems in particle physics (e.g. supersymmetry)
1 Higgs | - Beautiful and simple, almost miraculous!

DM
More about non-WIMP DM & dark sectors in Sukanya’s slides

Experimental advantage: many experiments can detect it in different ways
complementary discoveries

Dark Standard
Matter Matter |

DM SM SM SM SM DM vy
SM xq gnv e
4 ? { %
DM ; '

DM SM DM DM SM SM AN LTT

Indirect Detection Direct Detection Colliders/ Astrophysics Theory input
h — i | o Accelerators always necessary

""""""""""""""""" The University of Manchester uLlevIE[;ISILT)g Caterina Doglioni - 2023/03/27 - UofM - TAU  to contextualize 15



Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Dark Matter mediators at the LHC

If there's a force other than gravity, there's a mediator,
and the LHC could detect it via its visible decays:
(WIMP) simplified models are popular LHC search benchmarks

SM DM SM DM : ‘ ‘ Physics of the Dark

SM SM 4 s" _ Universe

Volume 27, January 2020, 100371
Med.
l::> Dark Matter benchmark models for
DM DM early LHC Run-2 Searches: Report of the
ATLAS/CMS Dark Matter Forum

SM SM SM SM

Dark Matter Forum & Working Group

https://lpcc.web.cern.ch/content/lhc-dm-wg-dark-matter-searches-lhc
Phys. Dark Univ. 26 (2019) 100371 & references within
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https://lpcc.web.cern.ch/content/lhc-dm-wg-dark-matter-searches-lhc
https://arxiv.org/abs/1507.00966

Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Ch()ice Of WIMP benChmar kS https://abstrusegoose.com/406

[ ] L J DM
”"Why should we choose/believe the simplest models?” oM SM
”Do we think DM 1s all made of a single WIMP model?” —
(not really...see dark sectors!)
_ DM
TLAS SM SM
e Key particle discoveries
1900 1910 1920 1930 1940 1950
1895 1905 1915 1925 1935 1945 1955

electron proton photon neutron muon .
. antiproton

nnnnnnnn

* Lesson from SM: most common particles discovered first

1962

muon neutrino 1983

1976 W&z bosons from DM ATLAS feature
s 1960 1970 “ 1980 1990 2000
- -?
Qua:::?uds) char1rr917q4uark ;I?;Zi top quark 2012

electron neutrino tau neutrino

1977
bottom quark

» Even simple models can encapsulate relevant experimental characteristics

representing wider classes of theories
as long as we are aware of their limitations...more on this later

Higgs boson

. "9 \|ANCHESTER
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https://atlas.cern/updates/atlas-feature/dark-matter
https://abstrusegoose.com/406

Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

A generic search for WIMP DM: “X4+MET”

Signal (rare)

Background (frequent)
g DM

q g Y

New mediator
(e.g. a more
massive Z DM
boson)

X

4 Number of events

X = (jet, photon, W/Z boson...) + MET search

Background
- Look for an excess of events

with high MET over the SM background

- Background shapes need precise Epic 2017 77:829
theory predictions (precision search)

Miséine . .
e MANCHE;SzzER More about search techniques in
LUNDS | Sukanya’s slides

'he University of Manchester — universiTeT



https://arxiv.org/abs/1705.04664

Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

DM interpretation of ATLAS jet+MET search

arXiv:2102.10874 Model assumptions - more models can be/are tested

/
B | L I | I I I /01T 1 | | I D I | I I I \

Strengths of the interaction
(=coupling) mediator-quarks
and mediator-DM

Region excluded
by this search o R,

0

-
.
.
i
.

S ]
8 1 400 B ATLAS Expected limit+ 26, ] SM SM DM
~ L (s=13 TeV, 139 ! Expected limitt 16, N
2 - ) - = = = Expected limit -
£ 1200 Yector medator 22 Observed imi (= Toohe ) ] Med.
B Dirac fermion DM === Relic density,Q.h* > 0.12 i
9, = 0.25, 9 = 1.0 ——— ATLAS Vs =13TeV,36.1f6" o 99 9X
1000 95% CL limits — J j
i SM DM

Model produces
too much DM

Other interpretations:

» Different kinds of mediators
o Supersymmetric models

* Extra dimensions
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https://arxiv.org/abs/2102.10874

Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Parallels: visible and invisible mediator-based searches

Detection of DM (invisible particles) from a mediator

Background (frequent) Signal (rare)
DM
q g g : ’ SM  SM DM
Med.
g 9¢ 9x
New mediator
q ) q (e.g. a more SM DM

massive Z boson) DM

Detection of the DM mediator, via its visible decays:

Background (very frequent) Signal (rare)

q Y q 1
SM SM
Med.
9q 9q
~ Any strong _ New mediator
q force process . q (e.g. a more q SM SM
massive Z boson)
MANCHESTER
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Dark matter at ATLAS

Real-time analysis

DM Complementarity Collaborations

Parallels: visible and invisible mediator-based searches

Detection of DM (invisible particles) from a mediator

Background (frequent)

Signal (rare)

EXPERIMENT 20

1.energetic jet

Z’

New mediator
(e.g. amore
massive Z boson)

DM

Detection of the DM mediator, via its visible decays:

Background (very frequent)

q q

Any strong
force process

q

MANCHESTER
1824

The University of Manchester

Signal (rare)

Z)

New mediator
(e.g. amore q
massive Z boson)

/,/\ e
Lu N DS
UNIVERSITET

Caterina Doglioni - 2023/03/27 - UofM - TAU Workshop
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Dark matter at ATLAS Collaborations

Real-time analysis DM Complementarity

Parallels: visible and invisible mediator-based searches

Detection of DM (invisible particles) from a mediator

Background (frequent)

Signal (rare)

Number of events
A

q g Y g DM Background
A
New mediator Signal
q _ (e.g. a more
massive Z boson) DM

Missing transverse momentum

Detection of the DM mediator, via its visible decays:

Background (very frequent)

v

q

~ Any strong
q force process

R

MANCHESTER
1824

The University of Manchester

Signal (rare)

Z)

New mediator
(e.g. amore q
massive Z boson)

|

UNIVERSITET Caterina Doglioni - 2023/03/27 - UofM - TAU Workshop

Number of events
A
Background

>
Dijet invariant mass
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Digression: LHC data taking
and dark matter mediators




Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Recreating dark matter/dark sectors in the lab: challenges

Known Darlk mztter y Trying to stay
particle (-related) particle(s) as model-agnostic as possible,
while exploiting what the LHC is good at:
focus on the presence of a resonance
(alongside EFTs/more complete theories)
Known Dark matter
particle (-related) particle(s) added bonus: resonance searches are bread&butter

at colliders — robust analysis toolkit available

Challenges:
1. This kinds of processes are very rare

2. Many other processes may look the same (—large backgrounds) et

’ : e
3. Often we don’t know how the resonance decays look like (engeS C’a(;\s\l\lo(\d
no d a(\a\\J
TNE - nad
st
MANCHESTER Qe 0

The University of Manchester  universiTeT Caterina Doglioni - 2023/03/27 - UofM - TAU Workshop



Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Our “Big Science” problem to solve: 00 much data

* The new physics signals we are looking for are rare
— need enormous amount of collisions to produce them
» Their backgrounds |look similar and are much larger

* Problem: recording all LHC data takes 400000 PB/year [Ref] /7"‘ 5
* up to 30 million proton-proton collisions/second (MHz) K;\%‘
« ~1-1.5 MB/data per collision event, including raw data "‘(’:’3

after selection of "interesting” data

. S \IANCHESTER
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https://www.sciencealert.com/over-99-percent-of-large-hadron-collider-particle-collision-data-is-lost

Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Our “Big Science” problem to solve: 00 much data

* The new physics signals we are looking for are rare
— need enormous amount of collisions to produce them
» Their backgrounds |look similar and are much larger

* Problem: recording all LHC data takes 400000 PB/year [Ref] /7"‘ 5
* up to 30 million proton-proton collisions/second (MHz) K;\%‘
« ~1-1.5 MB/data per collision event, including raw data "‘(’:’3

after selection of "interesting” data

LHC experiments need to select ”interesting” events (=trigger)
in real-time (milli/microseconds)

Collisions at ~30 MHz Hardware trigger Software trigger
(~1 MB of info each) outputs ~100 kHz outputs ~1 kHz

Online 4 } Offline

SO0 2y Rl £ lecti Object
% e B A ’ vent selection > reconstruction > Data analysis
e (trigger) and calibration

MANCHESTER
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https://www.sciencealert.com/over-99-percent-of-large-hadron-collider-particle-collision-data-is-lost

Online 4 } Offline

Object

> reconstruction > Data analysis

(trigger) and calibration

Event selection

Masn crarvben S TCgret  Veraa: rabetor Douier
Bernen b Souber

X 3

Data
\ [ like

..maybe discoveries?
‘ ’ N - o > .
produ C ed “‘ Yy " ‘ record in full aftet trig

by the “‘ | body lik A
. _
LHC s, \Q3ta —nobody likes,

multiplied by large > S e
( p y1a1g ir
number) [ESTER [~
1824 e
9
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Are we missing rare dark matter processes?

Events selected by the trigger

Number of events

antiquark

Background
mass of two-object system

Main challenge for resonance searches: large backgrounds
and signal that looks very much like background

Number of events
produced by the LHC

Impossible to record

all events in full
—statistical error
harms sensitivity!

Actual
recorded
events

Background Mass of two-object system

(~new particle mass)




Dark matter at ATLAS

Real-time analysis

DM Complementarity

Example: dijet decays of DM mediators

Collaborations

Selecting interesting events works for most of the LHC physics program...
...but it is not optimal for rare processes with high-rate backgrounds:

we cannot record and store all data, and trigger discards both background and signal

This prevented us from being sensitive to low-mass DM mediators decaying into jets

SM SM Adapted from JHEP 1507 (2015) 089
10% ————— e —————r; ——
Med. : model produces :
99 g 0o 50 much DM y
> _
SM SM & gom =1
o , — - Jg = 0.1
Visible mediator decays = @ ;
E 3 //
SM DM 5 10°F | ]
= QS model can
Med. S ,§§ produce the
9q 9gom N right amount of |
. relic DM
SM DM
o . 1021 ---I2 ) ) ......I3 ....4
Invisible mediator decays 10 10 10 10
MANCHESTER [ o
1824 &
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0.4
0.3
0.2

0.1

0.04

0.03¢

0.024

*
qqqqq

pre-LHC constraints

_ Axial vector DM mediator decaying to quarks

Dirac DM

My =10 TeV, g,,= 1.0

IIlJIl

0.01

200 300

Mediator mass [GeV]
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https://arxiv.org/abs/1503.05916

Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Limitations to record (more) data from trigger & DAQ

) I
W . — pammn PR
e b oS 1]
Sl
\
-

Object

Event .selection reconstruction > Data analysis
(trigger) and calibration
e e |
Detector readout L1 hardware trigger ~ CPU for processing events  /imited Disk/tape
limited detector readout rate to hardware trigger large farm, but limited processing power to store events

Image from UChicago wesite )

&7 } 7. 3
Image from C. Bernius's talk

What we do at UofM and in ATLAS:

we want to overcome data—taking limitations

so we can make the most of the Run-3 data (ongoing now!)

MANCHESTER
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https://www.oeaw.ac.at/en/hephy/research/cms-experiment-at-lhc/trigger/
https://home.cern/news/announcement/cern/souvenir-no-other
https://cds.cern.ch/record/2276781/files/ATL-DAQ-SLIDE-2017-636.pdf
https://hep.uchicago.edu/atlas/trigger/

Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Limitations to record (more) data from trigger & DAQ

Object

. > reconstruction > Data analysis
(trigger) and calibration

Detector readout L1 hardware trigger ~ CPU for processing events  /imited Disk/tape
limited detector readout rate to hardware trigger large farm, but limited processing power to store events

"“n v SV
LA . & - i
W A e -

ok = I

Event selection

to overcome these limitations:

Optimise code for efficiency (and sustainability) Refine trigger
algorithms

Use hybrid computing architectures and selections to

e.g. that can reconstruct particles from
detector signals more efficiently

get more
of the data we need
for our searches

Use non-standard analysis workflows Compress the data

that reduce (immediate) CPU use and storage needs

MANCHESTER [
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Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

A paradigm change for LHC experiments

Asynchronous data analysis
First record and store data, then reconstruct/analyze it

Real-time data analysis
Reconstruct/analyse data as soon as it is read out
so that only (smaller) final-state information
needs to be stored

ATLAS: Trigger Level Analysis CMS: Data Scouting, LHCb: Turbo stream

MANCHESTER
1824

The University of Manchester  universiTET Caterina Doglioni - 2023/03/27 - UofM - TAU Workshop



https://arxiv.org/abs/1808.00902
https://arxiv.org/abs/1903.01360

Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

(Near-)real-time analysis of LHC data

Can either store large
amount of data for a
small number of

> :> events....
Enormous >
amount of > '*/
data read in >
at L1 trigger >
level >
>
Graphics by K. Pachal . ... or small amount of
Fixed amount of data for many, man
bandwidth Y, many
events
v
Perform as much “analysis” as possible in real time Reduced data formats:

- Reconstruction & calibration
- First preselection to skim "backgrounds”

Only keep final trigger objects (drop raw data)
Save only "interesting” parts of the detector

Run-3, in progress:. A combination of the two
(ant

G
A4 Of
0\\?;&2\ ,107,6\

o Grant

ot =
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Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

ATLAS implementation: Trigger Level Analysis (TLA)

Much smaller event size ===p»orders of magnitude more data can be recorded
Data taking More data === more sensitivity to new physics at lower masses

v

— 30 : : ;
: level Size of TLA event T ATLAS Trigger Operation
Trigger-level events (relative to full event) = HLT stream rates
(reconstructed jets only) ° % 25} pp data, September 2018, vs=13 TeV
= mmm Trigger-level analysis
v g 20| = B-physics and LS
v Main physics
2 g T mmm Express
Rejection of most k- 15| === Other physics
events by the trigger T | == lemtorno
v °l
Full events >
(includes raw data) Size of full event 0

na-NnnN 11-NN 1NN TR-NN 17-NN 1Q-NN

v

Search for
new physics

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults h:m]

MANCHESTER [
European Research Council The University of Manchester uNan/EI:Isn[T)g Caterina Dogioni - 22220227 - UofM - TAU Workshop

* Trigger Level AnaIyS|S|saTh ree Letter Algorithm (TLA)


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults

Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

ATLAS implementation: Trigger Level Analysis (TLA)

Much smaller event size ===p»orders of magnitude more data can be recorded
Data taking More data === more sensitivity to new physics at lower masses

v

— 30 : : ;
Tri level Size of TLA event T ATLAS Trigger Operation
rigger-level events (relative to full event) = ,g| HLT stream rates
(reconstructed jets only) ° % - pp data, September 2018, Vs=13 TeV
= mmm Trigger-level analysis
v % 20| = B-physics and LS
v Main physics
5 g T mmm Express
Rejection of most - 15| == Other physics
events by the trigger T | == lemtorno
v 1o/

Full events
(includes raw data) Size of full event

na-NnnN 11-NN 1NN TR-NN 17-NN 1Q-NN
v https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults h:m]

Search for

new thSiCS Ohio State, Lund, Heidelberg. Manchester, Geneva, Buenos Aires,

* Challenges solved by ATLAS TLA team but also Tel Aviv for the very firt teration of this
 software: technical implementation and large-scale deployment
performance: is a reduced data format “good enough” for a discovery”?
- statistical analysis: how to deal with unprecedented amounts of data?

MANCHESTER k)
A 1824 L"’
Euopean Research ol The University of Manchester UNH,EI:]SPE? Caterina Degaoni - 2322/02,27 - UofM - TAU Workshop

* Trigger Level AnaIyS|s is a Three Letter Algorithm (TLA)


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults

Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Filling the uncovered parameter space of low-mass resonances
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Dark matter at ATLAS

Real-time analysis

DM Complementarity

Collaborations

Filling the uncovered parameter space of low-mass resonances

2 :
= 04r . . i 1
g.q ,‘ ‘0“‘
s o
=
5 0.2
8
S
=
= 0.1
D]
D]
3
D]
0
on
£ 0.04
Q.
§ 0.03; collider constraints .- pre-LHC constraints
5 0.02 from direct searches —— Recent ATLAS results
O 02+ -
B Axial vector DM mediator decaying to quarks
g Dirac DM
E goflmes 0TV e
' 200 300 1000
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Filling the uncovered parameter space of low-mass resonances
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Searching for even rarer resonances

(EW-scale couplings still unexplored!)

Run-3 trigger
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You may have noticed:

definitions of /light varies...

Low-mass mediators to a collider physicist in dijet
searches:

this mediator can easily (?) be connected

to less-explored lighter [o(GeV)] mediators

Note: see this summary talk / this review
for searches where the mediator is feebly coupled and therefore displaced



https://indico.cern.ch/event/905399/contributions/4282550/attachments/2261167/3837992/060921_LLee_NeutralFIPs.pdf
https://arxiv.org/abs/1810.12602
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CMS / LHCD real-time analysis dark photons
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lower rate of events

mixing between SM Dark photon 4 d[muon Sea rCheS 137 fb' (standard triggers) and 96.6 fb™' (scouting triggers) (13 TeV)
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Run-3 prospects in arXiv:1509.06765
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What’s needed for dark matter discoveries:

complementary experiments
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Why colliders can’t discover everyny kind of DM alone

« Reason #1: there are DM models that are not accessible at accelerator
energies / intensities

» Reason #2: DM discoveries need complementary experiments that involve
DM with cosmological origin
* Direct detection can discover DM that interacts inside the detector
* Indirect detection can see annihilating/decaying DM through its decays

Dan Hooper - Fermilab/University of Chicago
University of Chicago, Physics Colloquium
October 24, 2013

DARK MATTER
- VB ANNIHILATION IN THE

DM SM SM oM SM GAMMA-RAY SKY
The Trinity of Dark Matter Searches
DM T . =
DM SM DM DM SM SM o e e
Indirect Detection Direct Detection Colliders

MANCHESTER
1824
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Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Why colliders can’t discover every/any kind of DM alone

« Reason #1: there are DM models that are not accessible at accelerator
energies / intensities
» Reason #2: DM discoveries need complementary experiments that involve
DM with cosmological origin / can produce DM
 Direct detection can discover DM that interacts inside the detector
* Indirect detection can see annihilating/decaying DM through its decays
 Accelerators/colliders can produce DM and probe the dark interaction

SM DM gMm DM
DM SM SM SM <M SM
Med.
DM DM
DM SM DM DM SM SM  SM SM
Indirect Detection Direct Detection Particle Accelerators (colliders & extracted beam lines)

MANCHESTER it

1824 2o
iversi LUNDS | o
The University of Manchester UNIVERSITET Caterina D0g|IOﬂ| -2023/03/27 - UofM - TAU WorkShOp
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A “global” v

1IEW O

f WIMP dark matter

[ ]

[ ]

How do we compare results of different experiments | European Strategy Update

“Big Question”

Comparisons are possible only in the context of a model
Essential to fully specify model/parameters and be aware of limitations

LHC Dark Matter Working Group
Phys. Dark Univ. 27, 100365 (2020)

SM
Med.
9q 9q
SM
SM
Med.
99 9x
SM

SM

SM

DM

DM

ATLAS Dark Matter Plots
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https://arxiv.org/abs/1603.04156
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/
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Complementarity within simplitied models

Collaborations

2
o, (x-nucleon) [cm]

LHC DM Working Group, European Strategy Update Briefing Book, for non-WIMP examples, see Physics Beyond Colliders report

Higgs boson as mediator:
colliders & direct detection
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Preliminary, Granada May 2019
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Health hazard : these plots are only valid for the couplings
specified, in the limited space of a benchmark model!
Not to be used to deduce general things like:
“In the next 50 years we will exclude WIMP DM”
“Technique A Is better than technique B to find DM”
For work on smaller masses and couplings, see

10

"] —Fermi (bb only)

Astrophys. J. 834 (2017) no 2, 110

{ S=HESS (bb only, proj.)

PRL 117 (2016) 111301

4 ==CTAGC (bb only, proj.)

arXiv:1508.06128 _
Fermi+LSST (bb only, proj.)

arXiv:1902.01055

—HL-LHC, 14 TeV, 3 ab™

HL/HE-LHC Report: arXiv:1902.10229

—HE-LHC, 27 TeV, 15 ab™

HL/HE-LHC Report: arXiv:1902.10229

i —FCC-hh, 100 TeV, 100 ab™

PRD 93 (2016) 054030
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https://arxiv.org/abs/1901.09966

What’s needed for dark matter discoveries:

new ideas, new tools, new collaborations
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The evolution of dark matter searches in the last decade

Note: not an exhaustive li

guantum) sensors for light/ultralight DM

Electromagnetic
‘\_\—\/ Waves
Shield

October 24, 2013 o= o _
DARK MATTER \)
ANNIHILATION IN THE [udunescience =

Dark Matter
GAMMA-RAY SKY Accelerator experiments

Neutrino experiments

Dan Hooper - Fermilab/University of Chicago Let’s talk this week!

University of Chicago, Physics Colloquium

Wave
Cavity +
Quantum Sensor -

The Trinity of Dark Matter Searches

BRN report for new initiatives in DM

Gravitational wave experiments

arXiv:1808.05219

Astrophysical probes

Primordial
Black Holes

Dan Hooper - Dark Matter in the Gamma-Ray

_ —9 X .
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https://science.osti.gov/-/media/hep/pdf/Reports/Dark_Matter_New_Initiatives_rpt.pdf
https://arxiv.org/abs/1808.05219
https://www.lsst.org
https://www.dunescience.org
https://arxiv.org/abs/1907.10610
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DM complementarity at a2

https://gordonwatts.github.io/snowmass-loi-words

, Word Clouds
 Since the last Snowmass process (2013),
Word clouds are made by looking at the word frequency in the LOI's. The

there has been a fundamental shift in how RS B
. qguent the word, the larger the font-size in the word cloud.
we think about searches for dark matter
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 How do we portray this Led 6 . hi f
complomontarity? \ €d to a cross-frontier whitepaper frrom
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Link to Community Planning Meeting
https://arxiv.org/abs/2210.01770

National Laboratory

session #150 - DM complementarity
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https://indico.fnal.gov/event/44870/sessions/16675/#20201007
https://indico.fnal.gov/event/44870/sessions/16675/#20201007
https://arxiv.org/abs/2210.01770
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Snowmass complementarity: some examples of DM models

EF = Energy
Frontier (e.g.
ATLAS & future
i colliders)
& 2 § |
5 2 g  CF=Cosmic
b= S ©  Frontier (e.g.
= S & DarkSide,
.% = 8§ Sensei..)
&
o = Rare &
= Precision Frontier
Secluded dark sectors self-interactions, dark radiation, light relics. .. (e.g. FASER,
v H Mathusla.
zeV  feV ueV eV MeV  TeV 10 M, LDMX..)
Dark matter mass NF = Neutrino
Frontier (e.g.
DUNE,
e PN MicroBoone)

e semeomns  The University of Manchester ULN(legSEE? Caterina Doglioni - 2023/03/27 - UofM - TAU Workshop
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Snowmass complementarity: WIMP

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

10—25 /
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o /
= / EF = Energy
. / Frontier (e.g.
~ ATLAS & future
§ - C/é colliders)
- -8 e 39 Z 5 é
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%3 ;' 3 o 3 Z 87 Frontier (e.g.
T8 Jes 78 2 7 CTA...
58 B8 g% A
1 TeV 100 TeV

dark matter mass

MANCHESTER

2222

1 82“]‘ Lo %
iversi LUNDS | . | |
The University of Manchester  universiTer Caterina Doglioni - 2023/03/27 - UofM - TAU Workshop




Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Snowmass complementarity: “dark photon”

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

y rare processes: & precision frontier: energy frontier: high-energy colliders
B-factories, fixed target experiments

10—4 current; LHC
near term: HL-LHC

longiterm3 ECCzhh
V EF = Energy
Frontier

- =Rare &
Precision Frontier

excluded

10—9 current

(\Ga‘ thermal milestone A
9 mpwm
10_14-- y=ea Mmed
} } | } >
100 MeV 1 GeV 10 GeV 100 GeV

dark matter mass

N \IANCHESTER

R 1824
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Snowmass complementarity: sterile neutrino

N

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

10~ 7

F = Cosmic
Frontier

NF = Neutrino
Frontier

cosmic
probes,
current

sterile neutrino mixing Sin2(29)

10—13
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sterile neutrino mass

. "3 MANCHESTER [y

1824 ‘
The University of Manchester ULNH,E[:]S,[T)E Caterina Doglioni - 2023/03/27 - UofM - TAU Workshop

European Research Council



Dark matter at ATLAS

Real-time analysis

DM Complementarity Collaborations

(European) initiatives for DM complementarity

scientific outcome:
searches & interpretation

Astroparticle Nuclear

Particle

instrumentation
(accelerators, beams, detectors,

vacuum & cryogenics,
control & automation...)

data acquisition,
software, computing,
data sharing

& open science

-

foundations:
(open) data & software tools

More software&tools to make the most of
the data in Danielle’s talk

AVAL A N\_/L 1L 0001 0\

uuuuuuuuuuuuuuuuu

The University of Manchester  universiTeT

Initiative for Dark Matter
in Europe and Beyond (iDMEu)

Online platform / series of meetings to discuss
dark matter synergies across all experiment &
theory fields, endorsed by European particle /

astroparticle and nuclear physics communities
+ Snowmass 2021 (submitted input to P5)

Link to kick-off meeting: https://indico.cern.ch/event/1016060/

escape Dark Matter Test
Science Project Link
5 postdocs working in European institutes on
reproducible and sustainable dark matter

analysis (colliders, DD, ID)
in the European Open Science Cloud

Caterina Doglioni - 2023/03/27 - UofM - TAU Workshop


https://projectescape.eu/dark-matter-test-science-project
https://indico.cern.ch/event/1016060/

Passing the microphone

to

In the next few days: looking forward to
talking to more trigger / machine learning / dark matter enthusiasts
(but also learning more about neutrinos,
catching up with old friends and meeting new friends!)




What are

going to do in the next 5 years?




Timelines LHC Schedule for the next 5 years

1 2022 2023 2024 2025 2026
\|S|ON|D|J |FIMAM|]|J|A[S|O|N|D|J [FIM|AM[] [J|A|S|O|N|D|J|FIM|/AM|]|] |A|S|O|N|D[J [FM|AM[] |J |A|S|O|N|D|]J |FIM/AM|]|]|A|S|Ol
[ Run 3 Long Shutdown 3 )
N Run-3 N {
Preparations

l SMARTHEP (2021-2025) I

REALDARK (2021-2026)

ATLAS New team & network with
E Y PERIMENT expertise in real-time analysis +
industry connections

High Luminosity LHC
and Future Colliders

ATLAS-Manchester expertise

and leadership in ‘
trigger & data acquisition, ( hi o= R 3
connections to dark matter CEP
experiments (FASER, DarkSide) J T




The REALDARK Project (ERC Consolidator)

Team: Tobias Fitschen, Sukanya Sinha (PDRAs), Max Amerl, Danielle Wilson (PhD), 1 RSE

Upgrade ATLAS trigger for next LHC run Make real-time analysis widely usable

for searches and measurements
in ATLAS (and at the LHC)

with new data-taking workflows
(Partial Event Building)

| Wrt: Advancing real-time analysis in ATLAS Further exploration of the
| | m— P remtts electroweak scale @ LHC(~100 GeV)
[ Tm: Commissioning \
with physics
i WP3: Dark matt @ o i 1 i
Leorning Lo Lot Tl - Sustainability and reusability of LHC/DM

_I analyses, in terms of data and pipelines
| LSy

Machine learning for data compression

WP5: Dissemination, communication, synergies

DM @ colliders complementarity with Non-WIMP dark matter searches
accelerator experiments & astrophysics with non-standard jet signatures

erc @ Possibilities for collaboration with TAU / neutrino:
SRy V.3 e Real-time analysis / ML techniques for searches and measurements

e Dark matter: theory and experimental synergies




Danielle Wilson:

Searches for dark jets with novel data-taking
technigues and ML in ATLAS

| » But what if DM is not that simple?
-, . Dark QCD jet .
fl DM candidaes — |ook into more complex dark sectors, where DM could
be embedded into the jets: dark QCD/dark showers

H. Russell, EPS-HEP 2019,

V. Dark QCD jet

., + DM candidates We will need more information

//-_\'.\‘. -
. than “just the jets” in TLA: ( ) ’
*dariephotons . A .
q e partial event building =0/
e (still smaller than full event) ;fr'fs:ni;‘;iL";a'S;“ ooy data in
Y Yda,k lepton cone around J/p > puu candidate
q N Dtk QCD je With this information, investigate different ML techniques

+ dark photons

to distinguish dark QCD/ordinary QCD based on jet content

Danielle’s PhD project (co-supervisor: Mike Seymour):

* Make use of existing measurements && input from theory to define models of dark QCD

 Use PEB/ML to search for dark jets == hadronic-like jets with DM particles



https://indico.cern.ch/event/577856/sessions/291393/attachments/1881915/3101362/eps_run2tm_poster_talk_v2.pdf

Max Amerl: Searching for dark matter with
real-time analysis techniques at ATLAS

dark matter mediators decaying to jets

» Trigger leads ATLAS to save only interesting events 0.4 ‘ s S
(<< 1% of total events produced by LHC) f; 0.3r % o
* This works for most ATLAS physics... s 020 s
» ...but not for rare processes with large £
. Q D . :
backgrounds, e.g. DM mediators 2 f S dISCOVE
o i (hopefully!)
» Solution: do as much analysis as possible in the 0.04
. . 0'03"5 collider constraints ~ --.--. pre-LHC constraints
trigger system, and only save smaller final-state 0.0p  from diect searches = DARKJETS results _
ObjeCtS (eg jetS, phOtonS) gﬁzlc\g&tor DM mediator decaying to quarks
o o m,,= 10 TeV, g, =1.0
_} ! M| ! ! ! Lo |
Trigger Level Analysis (TLA) 0.01 500 300 2500

mediator mass M, [GeV]

Max’s PhD Pr oject (co-supervisors: Darren Price (currently doing masterclasses)).
« Commission Run-3 jet trigger and Trigger Level Analysis stream with early data

» Search for dark matter mediators with the TLA technique in unexplored regions

« Share ATLAS searches data, results, and tools with the entire community searching for DM

A A
EXPERIMENT
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Pratik Jawahar: accelerated anomaly detection
in the SMARTHEP European Training Network

“Too much data” problem by no means
unique to LHC physics

Data is abundant in industry, so need

fast decision-making (short time-to-insight)

Solution: real-time analysis (RTA)

* Tools to accelerate RTA in industry &
research: machine learning, hybrid
computing architectures (GPU, FPGA)

Pratik’s PhD Pr oject (co-supervisors: Alex Oh, Jiri Masik).

Commission Run-3 tracking trigger algorithms

Employ machine learning solutions, especially

unsupervised learning (anomaly detection), for
new physics discoveries in dark sectors

Use accelerators (GPU/FPGA) for particle
tracking at the HL-LHC

SMARTHEP trains
12 (+N) PhD students

20 participants: industries, labs and

academic institutions

SMARTHEP ;v we

. ] DE GENEVE
trains researchers in
Vu¥

Hybrid architectures ﬁ
= SORBONNE
cirn) UNIVERSITES
[\Y J "

~ @ Vil

in order to enable

REAL TIME ANALYSIS

for the advancement of

Decision-making Monitoring
in research and industry and discoveries

Niklhef
@ point8

XIMANTIS
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Introduction DM@LHC Data for DM searches DM@LHC, in context

Synergies

Mediator mass-coupling summary plot

L"!CP' 292'0 . 95% CL exclusions

CMS Preliminary
. ————rry

CMS Dijet %, 13 TeV
[arXiv:1803.08030)

l‘t/ MZ' <~30%

[ 1111

CMS Broad Dijet, 13 TeV
[arXiv:1806.00843]

CMS Dijet, 8 TeV
[arXiv:1604.08907]

CMS Dijet, 13 TeV
[arXiv:1911.03947]

CMS Dijet+ISR jet, 13 TeV
[arXiv:1911.03761)

107"

CDF Run1
[arXiv:hep-ex/9702004]

. CDFRun2
[arXiv:0812.4036)

Illllll

. UA2
2 2 PR | 2 A A 2 INwI Phys B4wv 3(’”3),

1000 2000 ) Z width (all /M)
MZ' [GeV [arXiv:1404.3947)

810 20 30 100 200
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I,/ M, <~100% -

I,/ M, <~10% —

ATLAS Boosted Dijet, 13 TeV

 [arXiv:1801.08769]

ATLAS Dijet+ISR y, 13 TeV

" [arXiv:1901.10917]

ATLAS Dijet TLA, 13 TeV
[arXiv:1804.03496]

ATLAS Dijet, 13 TeV

" [arXiv:1910.08447]

CMS Dijet b tagged, 8 TeV
[arXiv:1802.06149)]

CMS Dijet Scouting '16, 13 TeV
[arXiv:1806.00843]

CMS Boosted Dijet, 13 TeV
[arXiv:1909.04114)

CMS Boosted Dijet+y, 13 TeV
[arXiv:1905.10331)

l‘z / !z <~5%

CMStE 13 Tev
[arXiv:1810.05905]

Y width (all I',/M,)
[arXiv:1404.3947)
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Introduction DM@LHC Data for DM searches

DM@LHC, in context Synergies

An example: some very exotic signatures

Mapping of exotic signatures to big picture of
benchmark models not always easy
— difficult to prioritize = may be difficult to

decide what exactly to include in trigger menu

Signatures with a common denominator:
unusual tracks/energy distributions,

more or less lOCalized in the detector

How do we make sure we don’t miss these events?

increasing
event rate

1. write dedicated trigger algorithms N

2. save a mixture of raw data and trigger-level objects

3. save (custom-reconstructed) trigger-level objects only

increasing
event size

4. save any of the above and reconstruct data later

5. [outlier detection]

European Research Council
stablished by the European Corwnission

[buaned)
Aaffkn-: bes

No jfer
(aness ISE
MonO-JET)
Emmowcr
Jers s
,eafi‘oh.s 7
N
"EWME,
arXiv:1712.09279
‘Nj_l&'l_e}_l'—

l
/ Sl {
/ - ww =

Jemi- visible
-/A.fu

Inspired by K. Pedro & C. Fallon's talk @ DMLHC2019 and by this twitter thread
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https://indico.cern.ch/event/783977/contributions/3455149/attachments/1893510/3123337/Fallon_DMatLHC2019.pdf
https://twitter.com/kratsg/status/1199389875218157568

Introduction DM@LHC Data for DM searches DM@LHC, in context Synergies

LHC production of new invisible particles

Production of invisible particles can be common in the SM
use standard candles (Z boson) to search for non-SM production

~ Ofid (prngg + jets)

. g y . p DM RMiss _
ofiqd (€€~ + jets)
+ w T T T T T T
7 7 é’ 12_ ATLAS : : _
o F V{s=13Tev 321" e -
q q 10— > 1 jet : | =
Fn . N
61— =
- N SM ¢ -
q 9 e, U ] SM + simp. DM (M =10 GeV, M, =1 TeV) |
. — SM + H— inv (M, 125GeV B= 50/) -
2[ - - - SM+EFT DM (i V™'V, /M =100 GeV, Ager=0.8 TeV) ]
— - SM + EFT DM (T """ v v M,=100 GeV, Accr=0.8 TeV) ]
0 ! N |
S 1.4r¢
4 @ 1.2F
g
o - ]
7 O 08 =
q e, U E s -
200 400 600 800 1000 1200 1400

pmiss [GeV]
Eur. Phys. J. C 77 (2017) 765 T
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https://arxiv.org/abs/1707.0326

Dark matter at ATLAS

Real-time analysis

DM Complementarity Collaborations

Example: looking #p (to hints from astrophysics & more)

A change of paradigm from

DM == invisible particles”

(potentially low-mass) & “strongly
interacting” DM particles will

- interact with detectors

- need to take this into account
for collider searches!

- interact with atmosphere & earth
- use/send detectors higher up!

- leave astrophysical signals
- Supernova (SN), BBN, CMB...

- be part of more complex dark sectors

- with interesting collider / cosmological

signatures, as dark sector particles could be

produced as part of particle jets!

MANCHESTER

1324 L e
D
The University of Manchester UNL“J,QSITE

Te[cm?]

https://arxiv.org/abs/1905.06348

ultralight dark photon mediator
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https://arxiv.org/abs/1905.06348

Introduction The trigger system Real-time analysis Dark matter Collaborations

Strong dark interactions = non-standard collider jets

Searches for dijet resonances. = Nature making our jets weirder than QCD

|

kfo JET Low
unless ISR H:';:ISII#G
MONO - ET) ~

D
Y211 02011 Scott Adams, InC./ Det by Ussveresasl Uickek

Dilbert.com DilbertCartoonist@gmail.com

,@a/:ILonS 7
Xl

rvwohnwise/

Going beyond the “low-hanging fruit”:

- Dark sector models (some including DM
candidates) with much uncovered territory
(RLE Class of models including dark quarks that

NV
M e (?i( fragment in a QCD-like way (dark QCD):
- Dark dijets = prompt dark sector jet constituents
- Emerging jets — long-lived jet constituents
ondidateS - Semi-visible jets = invisible jet constituents

' - Current searches searching for signals >~ TeV
J"?ﬂ;ﬁf}w (limited by trigger rates)

Inspired by K. Pedro & C. Fallon's talk @ DMLHC2019 and by this twitter thread 5 Mmg&?/

A family of signatures, with DM particles (& more) in the dark shower Discussions every ~3 weeks

= need more than simple real-time analysis! at this indico, hosted by
Suchita Kulkarni
Can be searched for in LHCb, ATLAS and CMS [arXiv:1810.10069] Marie-Helene Genest
! E_‘_Jm_p“n I?e:soar.ch.‘t.:f)umll L u N D S
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https://indico.cern.ch/event/783977/contributions/3455149/attachments/1893510/3123337/Fallon_DMatLHC2019.pdf
https://twitter.com/kratsg/status/1199389875218157568
https://arxiv.org/abs/1810.10069
https://arxiv.org/abs/1712.09279
https://arxiv.org/abs/1707.05326.pdf
https://arxiv.org/abs/1502.05409
https://indico.cern.ch/category/12893/

Dark matter at ATLAS

Real-time analysis

DM Complementarity

Collaborations

Extending DMWG models to lower masses / couplings

Can LHC invisible particle searches be interpreted in terms of
arbitrarily low DM masses (/couplings)?

e |n principle one could extend those plots
tompm < 1 GeV

Preliminary, Granada May 2019
F T
1

2-
oy, (x-nucleon) [cm]

107 | Collider limits at 95% CL, direot detection limits at90% GL~ - 3
E f h B 1

1 10 102 103 European S‘lrateg»
m, [GeV]

e Are there theory/nuclear physics issues
in the translation of results?

e Personal feeling (from a collider
person!) is that couplings of order 1 will
paint a misleading picture if we do so,
even if we have all caveats specified on
the plot

_— i
MANCHESTER 7
3 1824 L

e remecemns  The University of Manchester uNEKI/EI:]sn[T)Eé

e Wherever this is done, it’s not easy to
understand how to (re)interpret the y
axis & understand full model details for
non-theorists (see yesterday’s dark
photon discussion during Maurik
Holtrop'’s talk)
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Dark matter at ATLAS

Real-time analysis

DM Complementarity

Collaborations

Extending DM WG models to lower masses / couplings

How do generic LHC searches
“move on” from benchmarks
with couplings of order 1?

(which still have a lot of merit
as collider benchmarks)

e Technical “issue”: production of new
simulated signal samples is a big
overhead for “small” LHC analyses —
inertia from moving on from previous
recommendations

e Solution: analytical methods being
developed within ATLAS/CMS/

Snowmass (K. Pachal, A. Albert, B. Gao,
E. Corrigan) - Letter of Intent

MANCHESTER [JES

1824

The University of Manchester  uNiversiTeT

LUNDS
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B. Gao's thesis
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95%CL upper limit on g,

gw= 1.0, g|=00

0.3
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0.2 pit contour limits
O gum<0.05
O 005<g _<0.10
qhm
0.10<g _ <0.15
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0.1 0.15<gqh<020
020<g <025
qhm
(o] g >025
aim
* nog

e Even with analytical methods, filling
the low-mDM parameter space
requires more samples

e Aim to extend vector/axial vector mediator plots
for future colliders with more points at lower
mediator/DM masses
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https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF10_EF9_Andreas_Albert-094.pdf
https://kb.osu.edu/handle/1811/92563

Data compression




Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

As ATLAS physicists, we also like high accuracy...

ATLAS detector and physics performance Volume |
Technical Design Report 25 May 1999

ATLAS DETECTOR AND Preface

The Large Hadron Collider opens a new frontier in particle physics due to its higher collision

PHYSICS PERFO RMANCE energy and luminosity compared to the existing accelerators. The guiding principle in optimis-
: o ing the ATLAS experiment has been maximising the discovery potential for new physics such

4& — 5 7 | as Higgs bosons and supersymmetric particles, while keeping the capability of high-accuracy

measurements of known objects such as heavy quarks and gauge bosons.

* Lossless compression is a much easier choice to make
with respect to lossy compression

« However there are use cases where trade-off between
more data and less information/precision is worth it

Te(:hnical Design Report « Example: searches where not enough collision events containing
” 1 signal can be recorded because background exhausts storage
e, as o 14 coouLice Volume | resources

Created: 25 May 1999
Last modified: 25 May 1999
Prepared By: ATLAS Collaboration

» We also have to take into account the time and
resources needed to compress/decompress,
especially within a resource-constrained trigger system

MANCHESTER
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s 1 NE University of Manchester  universirer Caterina Doglioni - 2023/03/27 - UofM - TAU Workshop

O )




Dark matter at ATLAS Real-time analysis

Data tiers and needs in ATLAS

DM Complementarity

Collaborations

J. Elmsheuser's talk at CERN/Google TIM (2020)

Array of objects with sub-detector infos

1 pp-collision event: m

Calorimeter

Inner detector RAW data

Muon detector

Array of objects with kinematic infos of physics objects

Electrons

Muons Reconstructed data

Jets

Simulation

\ \ L7 ‘,’ ;‘ :I‘ | A > .o
a4 ?f $ \ VR ,.”H‘L.’ e ‘ : .‘
' = — T— Collision events are independent
Trigger selection
ROOT
file formats: Data
1 ROOT fi Ie

Array of events:

—

used in statistical analysis
of many events

MANCHESTER [
': 1824
Erope n Research Council LUNDS

The University of Manchester  uNiversiTeT

/—./ - 0 ars
MM/

sopf/\ﬁ/mﬂ\p@\qg/ : :

| AOD -

\ -

. HITS =

EVNT__ BAW T

Feb19 oo o s Feb 20 e

« Total ATLAS available disk:

0(300) PB (similar amounts of tape)
 Distributed on the Worldwide LHC
Computing Grid
+ Also limiting factor to recording
more data: disk on CERN site
* Assuming we can't just
“buy more disk”...
» Lossless compression already

used so far in ROOT formats
« Overview from 2019:
arXiv:1906.04624
« For future perspectives,
see e.g. this ACAT 2021 talk
« Lossy compression (e.g. float
truncation) could also help!
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https://indico.cern.ch/event/887763/contributions/3785010/subcontributions/302546/attachments/2008042/3354193/c_240320.pdf
https://arxiv.org/abs/1906.04624
https://indico.cern.ch/event/855454/contributions/4605257/attachments/2357273/4023018/ROOT%20Files%20Improved%20with%20Extreme%20Compression%20-%20ACAT%202021.pdf

Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Compression in the ATLAS trigger, now

Thanks to Wainer Vandelli, Werner Wiedenmann and Oxana Smirnova for discussions

Event rates Trigger DAQ Peak data rates
(peak) [Calo/] [Pixel] [Other] (primary physics)
Muon) (/SCT
= O(60 TB/s)
40 MHz | S
— ©
Custom [ -
’ FE | (FE | { FE | |3
Hardware [ Level 1 Accept ¢ ¢ %
(]
v (Roo) (ron) (ron) i
100 kHz Regions of Y
Interest ~ 160 GB/s
FTK
0O(100
(HLTSV) ¥ )'
Readout System ]
v~ 40K ATL-DAQ-98-129 %
S Fragments ™
[&[ Processing Unit > < A
Full event ] ~25GBIs
Compression happens here l 0(10)
[[ Data Logger ]
\ |
~ 1.5 kHz (mmmmmmmm T . I ~ 1.5 GB/s
|
 ___PemanentStorage____| € — — "LRAW data
Figure from ATLAS TDAQ Twiki
MANCHESTER
1824

80PB . .-~ DAOD/
AOD -
So, why do we -
compress raw data? =
_ HITS -
EVNT -
e B oo e e eeeetttts: ol
Feb19 .- o o Feb 20

J. ElImsheuser's talk at CERN/Google TIM (2020)

RAW data| — “Fragments” of
information from each sub-
detector are compressed in
trigger CPU nodes using fast,
lossless compression (zlib level 1)

Not necessarily for final
storage...but because data
needs to be sent to storage at
high rate with limited network
bandwidth!

* This also contributes to limitations
on recording more data
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https://indico.cern.ch/event/887763/contributions/3785010/subcontributions/302546/attachments/2008042/3354193/c_240320.pdf
https://cds.cern.ch/record/683741?ln=en
https://twiki.cern.ch/twiki/pub/AtlasPublic/ApprovedPlotsDAQ/tdaqFullNew2017.pdf

Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Compression with ML: deep autoencoders
K FL RSAT N
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Compressed representation of large, complex data ()

Network minimises reconstruction error — accuracy targets
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Lukas will be speaking tomorrow

 Effort started in 2019 from a chat with Lukas Heinrich at the HEP Software Foundation Workshop
 Also some discussion in LHCb (see this GitHub repo and talk)
« 5 undergraduate theses [1][2][3][4], 2 Google Summer of Code studentships [5][6] and 1 IRIS-HEP

fellowship later [7]...this looks promising for data from colliders and other fields
 getting everything ready for demonstrator + publication
— see Alexander Ekman’s talk in the next slot
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https://hepsoftwarefoundation.org/newsletter/2019/04/03/Jlab-Workshop.html
https://github.com/weissercn/LHCb_PID_Compression
https://github.com/weissercn/LHCb_PID_Compression/blob/master/Presentation/Autoencoder_MIT_Weisser.pdf
https://lup.lub.lu.se/student-papers/search/publication/9004751
https://lup.lub.lu.se/student-papers/search/publication/9012882
https://lup.lub.lu.se/student-papers/search/publication/9041079
https://lup.lub.lu.se/student-papers/search/publication/9075881
https://medium.com/@hn.gpt1/deep-compression-for-high-energy-physics-data-google-summer-of-code20-3dea5acc7bcf
https://zenodo.org/record/5482611#.Y-tx0i0w2L3
https://iris-hep.org/fellows/70752300.html
https://towardsdatascience.com/ai-based-image-compression-the-state-of-the-art-fb5aa6042bfa
https://towardsdatascience.com/ai-based-image-compression-the-state-of-the-art-fb5aa6042bfa
https://towardsdatascience.com/ai-based-image-compression-the-state-of-the-art-fb5aa6042bfa
https://towardsdatascience.com/ai-based-image-compression-the-state-of-the-art-fb5aa6042bfa
https://towardsdatascience.com/ai-based-image-compression-the-state-of-the-art-fb5aa6042bfa
https://towardsdatascience.com/ai-based-image-compression-the-state-of-the-art-fb5aa6042bfa
https://towardsdatascience.com/ai-based-image-compression-the-state-of-the-art-fb5aa6042bfa
https://towardsdatascience.com/ai-based-image-compression-the-state-of-the-art-fb5aa6042bfa
https://kds.kek.jp/event/44830/timetable/#14-detector-design-using-diffe
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Introduction DM@LHC

Data for DM searches

DM@LHC, in context Synergies

Real-time analysis, in the CMS trigger

O LHC vs=14TeV L=10"cm"s" Trigger Levels Event rate

From a talk by Mia Tosi
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Introduction DM@LHC Data for DM searches DM@LHC, in context Synergies

The ATLAS Run-2 trigger system

Calorimeter detectors

TileCal | Muon detectors

Detector
Level-1 Calo } 4 4 Level-1 Muon i Read-Out
Preprocessor Barrel
sector logic

CP (e.y.,1) JEP (jet, E)
Muon CTP

a

Interface 8
(MUCTPI) <
!

)

>

7}

i

DataFlow
—: LlTopo |«

Read-Out System (ROS)

3
Level-1 L
(5]
f -&-( Data Collection Network
Rol | Fast TracKer j¢------
: (FTK) b eemnnaa
h 4
High Level Trigger
L »< Data Storage
Accept
Processors
g\;;egt Tier-0
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Data for DM searches DM@LHC, in context

Introduction DM@LHC Synergies

The ATLAS Run-3 trigger system

Calorimeter detectors @ e Other Detectors 2012 Post LS1
lile calorimeter D-laver
‘ Muon detectors including NSW 20MHz | 1.6 MB
/ 40 MHz+24MB
"" Level-1 calorimeter ¢Level-1 muon L ‘ Detector ‘
| Preprocessor Endcap Barrel L1l | Read-Out| | | |||
aMOCM sector lo sector c FE FE FE FE
' e Y Lm. P -
. ¥ l I l ¥ 0 kH L;l(‘):gkng/
Electron/ || Jet/ > > — —+{ =+ FELIX ‘ N
Tau J Energy a 100 kHz T 240 GB/s
CMX CMX O
< ROD M ROD | | ROD |
-
/ ReadOut System
. _‘, 1S
Central trigger ) Levelol requests
Level-1 (< 2.5 ps) S5kHz | 8 GB/s
40 kHz 1 60 GB/s
Regions Of interest RO| syt Data Collection Network
Requests o
High Level Trigger Event building
6.5kHz | 10 GB/s
12kHz T 29 GB/s
% HLT processing
-
Event dala
v 600 Hz | 960 MB/s
SubFarm Output 1 kHz T 2.4 GB/s
A\ 4
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Introduction DM@LHC Data for DM searches DM@LHC, in context Synergies

Where are the limitations to record (more) data?

i AT 33 3ot I 1
L ¥ . lecti Object
i Vent selection > reconstruction > Data analysis
(trigger) and calibration

Detector readout
to hardware trigger

I Generally triggering on what we know about / what we expect I

N

LHCb and ALICE For ideas, see e.g.
this talk by M. Pierini

For Run-3, see e.g.

EHCD

i 90er; and’ Online

Topics deferred to HL-LHC and

future experiments...

[some ideas from the Snowmass Instrumentation Frontier]
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https://indico.in2p3.fr/event/20424/contributions/92502/attachments/62853/86263/IWAPP_Feb2021.pdf
https://indico.fnal.gov/event/44402/
https://cds.cern.ch/record/1701361/files/LHCB-TDR-016.pdf
https://cds.cern.ch/record/2011297/files/ALICE-TDR-019.pdf

Introduction DM@LHC

Data for DM searches

DM@LHC, in context Synergies

LlCalo fOr eleCtr ons and phOtOnS: eFEX ATL-DAQ-SLIDE-2020-310

Run1 &2
Trigger Towers

<

AnxAQ® =0.1x0.1

Run 3
SuperCells

®
Layer-0

T
» More granular input for electron and photon

identification in Run-3
« Can be used for more sophisticated algorithms

European Research Council
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L1 Electron Trigger Efficiency

ATL-COM-DAQ-2018-019

_I TT | I'TTT | I'TTT | T T TT | I'TTT | I'TTT | I'TTT | I'TTT | I'TTT | T T I_

- ATLAS Simulation Preliminary =
1— e
0.8 [ i -
i Ky ]

. | i i
0.6 | | Vs=14TeV, <u>=80 7
- | = Truth: Il <1.37,1.52 <l <2.5 i
0.4 BE .
- T { | ---e--- Run2, L1_EM24VHI -
0.0 | ‘ —+— Run3eFEX, E_>21GeV b
i |7 & _a  Run3eFEX, E_>28 GeV ]

. ' I.Til | L1 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 11 1 1 | 111 I_

Y 10 20 30 40 50 60 70 80 90 100
Truth Electron E_ [GeV]

o

* Much “steeper” turn-ons for Run-3
* Improves the rate of useful events

» Trigger rate depends on threshold
« Run-3 L1 21 GeV threshold leads to same event

rate as 24 GeV Run-2 L1 threshold
« ET>28 GeV has half the rate as ET>28 GeV
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L1Calo for jets, MET and taus: jJFEX . oo

HH — 4b, with close-by jets

Dzﬂt:z:s/e . _ ; - ?:tl;(gyz)élvb“ v sontie 5 [T T T T [T T T T [T T T T [T T T T [T T T T [T T T T[T T T T[T 71T}
I v oy c - ATLAS Simulation Preliminary .
S omrie: Q0 1= A R A S b L SR L AL SRR
v Parerieries 2 - T I ALY T ]
LAr + Tile Yy LAr + Tile LIJ — : ° * —
o 0.8 's =14 TeV, <u> = 60 ’
3 [ . ]
v = = . ¢ Offline: p_ > 30 GeV, Inl <2.5 .
g 06 At least 1 jet within AR < 0.6 ]
71085 per e @ 12.8 bos bk speed : B Online: 3 jets required ]
L1Top - - 04 __ + * * Run 2 L1 __
. B - =  Anti-k, from jTowers ]
Board prototype, from arXiv:1806.09207
0.2~ K +  Run 3 jFEX —
« Used to trigger on jets, MET and hadronic taus [t ]
. Inputs; calorimeter towers 0O 50 100 150 200 250 300 350 400
ATL-COM-DAQ-2018-019 Offline Jet p_[GeV]
° i -/° > L L | I!
Improvements with respect to Run-2: more S [AmLasreiminary R
refined algorithms, e.g. S - e .
i B . )
* square jets (Run-2) —rounder jets (Run-3) 5 0.8~ . ~
ke i o :
(o 0.6 ]
L - . i
* x - - pileup <u> = 60 .
-l | ° |
04 = , Vs=13TeV Data 2017 .
- e Z—uu, L1_XE50 ]
« improved pile-up mitigation 0.2~ .+ . Vs=14TeVMCRun3jFEX —
+ use custom noise thresholds on inputs - e ZH->vvbb, XE>57 GeV
Y .I. L 1 1 l 1 L L 1 l L 1 1 1 l 1 1 1 1 l L 1 1 1 ]
. MET calculated after average energy subtraction 050 100 150 200 _ 250 _ 300
i N i . ) . missing
S Caterina Doglioni Using run-2 as reference By [GeV]
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L1Calo for large-R jets and MET: ¢FEX

Boosted top simulation
> T I T | T | T
O -
2 1.0 K N
S5 F = AT e
= B ° O A §
Q i O i
2L ° g ]
2 0.6 e ATLAS Preliminary-|
* Inputs to the board: coarse towers from entire calorimeter - ST )
C £ : B * tf ys=14 TeV (1)=80 i
« Ideal for large-R jet identification 040 % & Rk
pFPGA #3 pFPGA #1 pFPGA #2 pFPGA #3 - * /x mi“|<2_5; isolated by A R>2 -
is—f’f‘]s;e;ml"jj”v” I"é"’.;l..iw.’alm 0 2—— O: t L1900 (Run 1 L1Calo sim.) L1_G140 _
T g = 77.7GoV, g = 1801 oy Sublets. CAR =02 L " O 1 subjet ® 1subjet |
! u o aton - N O' a O 2 subjets B 2 subjets _|
r | A S =23 subjets A 23 subjets |
u f\ﬁl ] | ] | ]
: 0 b0 260 500
: ) N uncalibrated p‘ft [GeV]
a N Run3L1largeR jettrigger
I T e T m TR More efficient triggering on large-R
jets-with-subjets (with gFEX) than
 Full-scan algorithms can be used for event-level Run-2 (standard square jets)

quantities (e.g. pile-up density)
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Synergies

Muon triggers and the New Small Wheels (NSW)

Significant trigger rate from endcap muon detector
» Replace forward muon detectors with improved
New Small Wheels
« NSW playing significant role in Run-3 triggers

ATLAS -

NEW SMALL

MUON WHEELS *

Lower rate = lower thresholds
MuonTriggerPublicResults

Better identification of “real” low-pT muons using coincidences
L1MuonTriggerPublicResults

MU20 candidate

103 'ﬁ‘106E IIITI—IIIIIIIIIIIITIIIIIIIIIIITIIIIIIE
:I :l'l AL L L L L B I: 8 10>:<| LA e e e e o e e e O I B I: £ r VS= 14 Tev L=1 034 Cm.23.1 .
1 8000: ATLAS Preliminary R S 9 f_ATLAS Prellmlnary J, ) _f % L e Extrapolation i
16000 Phase | upgrade study . b 8 = Data 2017, /s =13 TeV Ldt=291 = . i without NSW .
C Data Vs = 13 TeV, 25 ns = = - ——LimMu22017 = O 5| 4 >1.05 |
- ’ . =[] rejected by Til d = D 107 1
14000 CE 1.3<m? <24 — OC) 7E :::::ted b¥ RIPe(':c;II;c;IBe::i‘:ncidence (estimation) = D o v Ini<1.05 .
C ] C [ rejected by NSW coincidence (estimation) J = C o E{(trapolation ]
120001 [ Run2 (BW + F) : 65 ot voconsrutod mions - T f with NSW -
10000 : [E5] BW + NSW(dn:do) . 5; [ offline p_ =20 GeV = % 1
- - : ) 7777 : -do) - = = Q@ e
8000F- S U227 BW + NSW(dn:do & dn.de)__ - - 2 otk ) -
E ] e S 2 v . 1
6000—:  pEEsssd.. — 3E- S v S
C ] » I
4000 : = |Eossiossedd - 5 S -
r ] <] - T _
2000F i FPZsss = ’ 10°¢ ATILASIPrelllmlnalry o '1 :
ki e | Lk Tl e 5 10 15 20 25 30 35 40 45
00 5 10 15 20 25 30 35 40 S —1 0 1 roshold [GeV
resho e
Offline pT**" [GeV] N Pr [GeV]
* *
* 4 X

Caterina Doglioni - 2021/06/11 - Heraeus Seminar

33


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/L1MuonTriggerPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/MuonTriggerPublicResults

Introduction DM@LHC Data for DM searches DM@LHC, in context Synergies

L1 trigger combinations: L1Topo

L1Topo: trigger board to combine L1 objects in multi-object and topological algorithms
B. Carlson @ PITT-PACC 2017

) Run 3 system Electron ely/t
Calorimeters Granularity [0.25x0.1] Feature
. o .
[An x Ad] Extractor Small Ang:dl::qcuts —— LI accept
L- d Digitize Jot R =0.4 Jets o
1qul supercells ] . S Y aa
) \ J B Feature LITopo (&5
At gon [0.025 x 0.1] Extractor Medium
electromagnetic R =10 Jets
& Global Pl riurd
hadronic i Feature S
Extractor Large
Digitize
m_‘ Trigger towers
[0.1 x 0.1)
hadronic

*muons not shown

& qoF T T T T ]
o "t ATLAS Preliminary ]
k) | Data 2018, Vs=13 TeV i
&5 1= R ahdr ShinShie &% Shts AR SRR £ 50 05T
g)_’ : + HLT selection seeded by L1 ij =500 GeV: —f:
2 08 O mes 1+ Case of VBF topologies: can select
0.6/~ TP . large-dijet- mass events already at the hardware level
0.4 Cmesememer 1+ Can also be tailored towards e.g. measurements /
L P!> 90 GeV, i <32 i . .
02| 4 Eemoeumes . searches in the forward region
L An >4.0,A¢, <2.0 ]
08001600 1200 1400 1600 1800 2000 TriggerOperationPublicResults

Offline MJ.’J.“aX [GeV]

Caterina Doglioni - 2021/06/11 - Heraeus Seminar


https://indico.cern.ch/event/592671/contributions/2402210/attachments/1418470/2172578/Carlson_BSMTrigger_Feb24_2017_v1.pdf
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults

Introduction DM@LHC Data for DM searches DM@LHC, in context Synergies

Where are the limitations to record (more) data?

YarLas e Gyt N I
A YAl W O SN _ Object
Event .selectlon > reconstruction Data analysis
(trigger) and calibration
]
reconstruction & identification of
physics object in hardware — rates
Example of Run-3 improvement: * Inputs to the board: coarse towers from entire calorimeter
UChicago-led gFEX board - |deal for large-R jet identification
PFPGA #3 :FPGA #1 PFPGA #2 PFPGA #3 925:—1/‘;1:’_6; ;;,el.r:-..Lalry]s‘m:uIa;oﬁl 1 Y—.Iénaﬁ;:::a?‘sm g

B Top radiation
W ISR

Run 2 L1 jet trigger
Run 3 L1 large-R jet trigger
1 I 1 1 11 I 11 1.1 31 1.1 1 1

i1 113
05 0 05 1 15 2 2.5

-‘l1|1|llll]lll|lllll]lll

* Full-scan algorithms can be used for event-level
guantities (e.g. pile-up density)

Caterina Doglioni - 2021/06/11 - Heraeus Seminar
85



Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Where are the limitations to record (more) data?

Paras  als Qe I
. VAl ‘ iSOG . Object
Event .selectlon > reconstruction > Data analysis
(trigger) and calibration
|
CPU for processing events Disk/tape
large but limited processing power 1o store events
Example of CPU consumers in current trigger system Data storage estimate
(dominated by simulation, but everything helps)
CPU Usage Per Group ATLAS Pre“minary 5 Run 3 (u=55) Run 4 (1=88-140) Run 5 (u=165-200)
E 1N I 1 1 I I I I I I I I I I I I 1 1 I I I I I | S I I 1]
e W = ATLAS Preliminary - =
Cecton Photon (% 4.5 2020 Computing Model - Disk b E
B Physics § 4F ° Baseline =
Muon ‘L_’ - 4 Conservative R&D 2 =
. 2 3.5 v Aggressive R&D 2 P
— — Sustained budget model A A .
e 3 = (+10% +20% capacity/year) 2 < =
Missing Energy — ) & ___" =
2.5 2 LHCC common scenario a —
Beam Spot - (Conservative R&D, u=200) X . =
Detector 2 :— —:
Other E E
1.5 E
Inner Detector — -
Zero Bias 1 :— —:
B 05
| 1 1 I 1 1 1 l 1 | 1 I 1 1 1 I 1 1 1 | | 1 1 I 1
e "o o ;5'0 - 0 00 2020 2022 2024 2026 2028 2030 2032 2034
sage [%
ComputingandSoftwarePublicResults] Year
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18324 NS
iversi LUNDS | . | |
The University of Manchester  uNiversiTeT Caterina Doglioni - 2023/03/27 - UofM - TAU Workshop



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ComputingandSoftwarePublicResults

Dark matter at ATLAS

Real-time analysis

DM Complementarity

Collaborations

Where are the limitations to record (more) data?

©o 10°
o
(0]
I
L 10°
O
10°
10

aLas

Event selection
(trigger)

CPU for processing events
large but limited processing power to store events

Price/performance evolution of installed CPU servers
Adapted from: Bemnd Panzer-Steindel, Joint WLCG & HSF workshop, Naples, Italy
Processing ability determined using the HEPSPEC06 benchmark
33% decrease
of cost/CPU
in 2012-2013  extrapolation to 10% decrease
of cost/CPU per year
extrapolation to 20% decrease
of cost/CPU per year
1 1 I 1 1 1 1 l | 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1
2005 2010 2015 2020 2025
year

CHF/GB

100

10

107"
1072

10

Object
reconstruction
and calibration

>

>

Data analysis

Disk/tape

Adapted by C. Fitzpatrick

= Illlllll | IIIIIII| | IIIIIIII | IIIIIIII T

Price/performance evolution of installed disk server storage
Adapted from: Bernd Panzer-Steindel, Joint WLCG & HSF workshop, Naples, Italy

64% decrease
of cost/storage in 2009-2010

extrapolation to 30% decrease
of cost/storage per year

2005 2010 2015 2020 2025

year

Only moderate improvement in price/performance evolution
of CPU and disk servers

<r
S
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Introduction DM@LHC Data for DM searches DM@LHC, in context Synergies

Pile-up (and tracking)

Increase in dataset size means increase in instantaneous luminosity
— increased number of simultaneous interactions / beam crossing — pile-up — higher trigger rates

,;‘80: T T T T T ] o 600? T UL L T T LI R [Ill&—_‘ '_é' TTT T T I T[T T T[T T T T[TTTT 7T TTT IR RAR ]
= oE AT sy E L - ATLAS Online, 13 TeV det=1 46.9 b ] < o5l ATLASTrigger Operations .
= I ——2012pp Vs=8Tev B o 500~ . _ — B | Data 2016, Vs= 13 TeV Y
8 L ——2015pp Vs=13TeV ] =3 N 2015: <u>=13.4 1 S ata s= e
< 60 — 2016 pp s=13TeV - > C ] 2016:<u>=25.1 C_ 3 L 0 ]
= L ——2017pp is=13TeV ] = - . _ . @ 20~ o E7 (mht)>110GeV ? —
= 50 =——2018pp E=13Tev . g 400— g 221; :ﬁ: B g;? — 8 F o E’i“"‘“(mr;n >130 GGe\\l/ g .
- ] = - : =90 - - a ET*(pufit) > 110 Ge 5
8 o ] £ C [] Total: <u>=33.7 = g N E: (mht) > 110 GeV 3
E, 40— — 3 300 — 2 15 and E™*(cell) > 70 GeV I\
= r ] o ] [ - $
8 30 = 3 ¢ ]
B ] g 200— — Fd
201 s & - 1 10 «ﬁ%
= - :’ © al s
. ]z 100— — 8 ;{5
10— -] g N _g 5 r % u:**“#] B
ot L — et 0— — .. - 13 , A
yan X! 3\\\ OG\ 0 20 30 40 50 60 70 80 r S oot T 1
. . ) AP I carn wririr s B Y Lovaalesyy
Month in Year Mean Number of Interactions per Crossing 0o 5 10 15 20 25 30 35 40 45 50

Average number of interactions per bunch crossing

Trigger and data acquisition systems are designed to be as robust as possible to increased pile-up

How to meet the pile-up challenge:
- Software tracking
- Challenge: computationally expensive
S FTK paper: arXiv:2101.05078 accepted by JINST
W - Detector timing
- Challenge: precision / simulation
- (Not covered in this talk)

Caterina Doglioni - 2021/06/11 - Heraeus Seminar
88


https://arxiv.org/abs/2101.05078

Introduction DM@LHC Data for DM searches DM@LHC, in context Synergies

Design and optimization of software tracking

ATL-COM-DAQ-2020-104

Fast tracking sufficient Precision tracking needed
= for e.g. object identification for e.g. b-jet tagging
(only prepare data once) generation
> 12— 7 7T 1 = L L L L L B B L BRLNL L BB
2 [ £ o4 ATLASPreliminary -
:- --------------------- S 1 esseeesnsssscscseeesssenne - = i Data 2018 Vs = 13 TeV i
" Level 2-like E B : ‘ 7 g | Offline track p_>1 GeV
: p \ 0.98k- B % 0.08/~ * 55GeV b-?ettrfgger:Fast.tr.acking .
| Detapreparation | S R oienttmadtimmetoy |
FaSt traCking : h ’ 0.96(~ ATLAS Preliminary i © 006 z;150 GeV b-jet trigger : Precision tracking N
' 6 \ r :elmln 1 - . ¢ ]
Step : FastTrackFinder 0.94r g?ftlie:lz(:i;it‘;:c:ri::vET>15GeV g 0.04- e, i.‘& ]
N / L 15 GeV electron trigger ] °844a : . ®e. ce® : i‘ 56 40
! l 0.921~ ' Fast.lr.acking ‘ ] 0.021— "CCea RN RRRG000 n
can reject Trigger Object S R S B S | T T T
early ' | Reconstruction and Hypo Offline electron track n - 2 - 0 ! 2 3
1 Offline track n
: ATL-COM-DAQ-2020-059
inputto  evemrerke | " . .
— « Rewriting of software tracking for Run-3 currently ongoing
v : P S T ki )
Precision tracking [ eeion Eeeng ] [no public results yet]
; | l « Improvements to offline tracking also included
Ste ! : : : : : .
P | {Recoiéi?fiﬁo?i{iﬁ‘wpo] » Machine learning-based improvements: see next slide

On track to have high-rate full-scan tracking to be used in
reconstruction of HLT objects (including long-lived signatures)
& non-standard workflows
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Further improvements: machine learning . ., .0 000

CPU time grows linearly with the number of tracking seeds (due to combinatorics)
— reduce the number of fake seeds as soon as possible

) JLE N BN LN R BEL NI BEL BN LR

, &2 100} e e e @1 -

ML algorithm > S S S NN

(Classifier based on Kernel Density Estimator) _5 80— K .

. oge o o O . 7

can predict .probablllty of pair of hits = - :
belonging to the same track sol- B

%)
& = 9r I Eo e e e e o IS e e o ATLAS Simulation Preliminary
N S - ] ,
+ ‘8‘ 8 ATLAS Simulation Preliminary « Ppredicted correct it association — 40}~ Monte Carlo 13 TeV tt <u> = 80 full detector fast tracking
= = - E Monte Carlo 13 TeV tf <y> =80 Predicted incorrect hit association E ~ Truth track P> 3 GeV .
-+ — —
% - 3 . \ p t . 20 | ® with Machine Learning extensions N
> 6 # . = . . . . . o
(@) - - - - without Machine Leaming extensions
O - .o . = .
+ 5 * — = .
E - . * . - O PO WY TN TR SN YT TR TR AN SN SRR TR WY SHY SN TR WA TN S SN SN T N S SN TN S W
S5 4F = -3 -2 -1 0 1 2 3
5 3 S ) = Truth track v
- - X = . < -]
© 2k " . . —] . . oot
c - * & s - Total Speed-up Factor Seed Generation Seed Processing Track Fitting
o - 3 v 2 ' 3
= 1= A S - 2.3 1.3 3.3 1.5%
= oLt T B AP
o 0 0.5 1.5 2 2.5 < u> Efficiency Loss (%) Total Speed-up Factor
Pixel cluster width w, [mm] 40 0.7 1.6x
60 0.7 2.1x
80 1.1 2.3x

_For use in the trigger: trained predictor implemented in Look Up Tables (LUT)
Here
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Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Where are the limitations to record (more) data?

VOGS . — Object
g = vent 'se ction > reconstruction > Data analysis
(trigger) and calibration

Detector readout L1 hardware trigger ~ CPU for processing events  /imited Disk/tape

limited detector readout rate to hardware trigger large farm, but limited processing power to store events
| i |
Intuitively,

a smaller data size (e.g. compressed)
could help reducing storage constraints

but the|data flow in the trigger/readout system is constrained,

v especially in the hardware trigger (L1)
= data and ML model compression can also be useful at earlier stages!

In this talk I'll focus on data compression from the HLT onwards
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Introduction DM@LHC

Data for DM searches

DM@LHC, in context

Synergies

What is needed to operate

the Run-3 trigger

Designing, implementing, operating...
P

Standard | Anas
Trigger menu
2759 Py sics_ppv7 Change
Current prescales b9
L1 15186 HLT 17989
prescale set for STANDEY
STANDBY 15186  STANDEY_BCRP1397
T 17989  STANDEY BGRP1397 Chunge
prescale set for EMITTANCE
22912 EMITTANCE
T 18175 EMITTANCE
prescale set for PHYSICS
1 24005 FPHYSICS_EGRP2181_21p1p43_updatedEBxmi_Bee...
Change

s=== TrgCaloClusserMake po
S TrgFastTracddendsr Becron DTrg

Trpger shafter action sady

fs=13Tev
10° -,
' s

Events
)’ ) Vo
L X [/
-nm -nlq VVHW
‘ L]
i
‘"
. L ]
B
.4
‘

10

™

2

20 25

Personal Calls Per Event

opinion

ATLAS

Select Run= 352056 v Stream= express_express.

or jump to run

v Pass=1 v LB Change= Entre Run

..and monitoring

Run 352056, 1/express_express

Jump to Run  Display side-by-side with Run(-processing)= 351455 v

v Clickto Go Supermpose
Show side-by-side

+ Ulinterfaces: Green

HLT/TauMon/Shifteritau25_mediuml_tracktwo/EFTau

Green - =
LIRol: Green ] | -
Groen ¢
n .
; | .
Grev t o !
+ tou25_medium1_tracktw “
» InnerDetecior: Red S
» JetTagging: Green ",
@ Jets: Undefined % . — L
+ LiCalo: Red _ wonf
e

A Va0t 66 o gy o —---(:~ E1 Raw -—:~
¥ - . —
T %
* ‘
.: w .‘
te } '.
. .\.
@ Sewmeowe, ot —
N U Mol wel® N pe—rT
i O, - - S
EF TnguaoChster 18 o Wofrctonw | tn =
i — 4 =]
i = [
iy ¢ -

Trigger DQ Eff. ATLAS DQ Eft. | Integrated Luminosi

Year Dataset L1 [Sog] HLT [%] [%] of iood quality dat'c:y
2015 pp @ 13TeV (50ms) | 100.00 | 99.94 88.77 84 pb!

pp @ 13 TeV 99.97 99.76 88.79 327!
2016 pp @ 13TeV 98.33 | 100.00 93.07 337!
2017 pp @ 13 TeV 99.95 | 99.96 95.67 441!
2018 pp @ 13 TeV 99.99 | 99.99 97.46 59fb !
2015-2018 || pp @ 13 TeV 99.57 | 99.94 95.60 139 fb-1

arXiv:2007.12539, submitted to JINST
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Synergies

The ATLAS trigger menu in Run-2

Trigger menu decided in advance of data taking period: example for 2018

Trigger Selection L1 Peak HLT Peak

Trigger Typical offline selection L1 [GeV] HLT [GeV] Rate [kHz] & Rat_ej[l-g]
L=2.0x10"" cm™ s
Single isolated u., pt > 27 GeV 20 26 (i) 16 218
Single isolated tight e, pr > 27 GeV 22 (i) 26 (i) 31 195
Single leptons | Single u, pt > 52 GeV 20 50 16 70
Single e, pr > 61 GeV 22 (i) 60 28 20
Single 7, pr > 170 GeV 100 160 1.4 42
Single photon | One loose y. pr > 145 GeV 24 (i) 140 24 47
Jet (R =0.4), pr > 435 GeV 100 420 3.7 35
Single jet Jet (R = 1.0), pr > 480 GeV 111 (topo: R =1.0) 460 2.6 42
Jet (R = 1.0), pr > 450 GeV, mje > 45 GeV 111 (topo: R =1.0) 420, mje > 35 2.6 36

TRIG-2019-04, ATL-DAQ-PUB-2019-001

- More or less flexible to adjustments (changes need very good reasons!)
- Follows priorities dictated by experiment’s physics strategy

- Algorithms for object identification/selection also make use of machine learning

Caterina Doglioni - 2021/06/11 - Heraeus Seminar
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Introduction DM@LHC Data for DM searches DM@LHC, in context

Synergies

There will be new triggers...

All graphics from H. Russell's slides, HEP Software Foundation Trigger & Reco WG, 2019

analysis shows

appreciable gain
over existing menu

and implements
selection as trigger

physics analysis
realises existing
triggers are
EGELVEICRET 6!
develops selection

first online data is
scrutinized to

ensure trigger
performs as
expected

trigger is deployed
online

ieather Russell, McGill University

trigger becomes
an official part of
the physics menu

Caterina Doglioni - 2021/06/11 - Heraeus Seminar

if necessary,
selection or
algorithms are
tuned to fix rates,
CPU usage

trigger is validated
in test samples
(l.e. it does what
it's supposed to)

Now is the time to request trigger to record data in Run-3! | '
(good physics motivations & theory/experimental cross-talk always welcome) el
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Data for DM searches DM@LHC, in context Synergies

Overcoming storage (and CPU) bottlenecks

Save many more smaller events

TRIG-2019-04

Size of full event

Size of RTA event
(relative to full event)

Stream

Average event size

Physics, express
Trigger-level analysis
Calibration

B-physics and light states

1 MB

6.5 kB
1.3kB to 1 MB

1 MB

Allows to record and store

much higher event rates

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriegerOperationPublicResults

— 30 : . :
I ATLAS Trigger Operation
= HLT stream rates
40_,(; 25 pp data, September 2018, vVs=13 TeV
- mmm Trigger-level analysis
% 20| ™= B-physics and LS \
v Main physics 2 \V\ /
i mmm Express g \
= | mmm Other physics S
= 151 o Monitoring smaller event
Calibration (&& lower LHC
10} instantaneous lumi)
. — higher HLT rates
— Jower thresholds
0

09:00 11:00 13:00 15:00 17:00 19:00
Time [h:m]

Use all the CPU, all the time
L HC end-of-fill @ unused HLT farm nodes
Can lower the HLT thresholds to record more

trigger-level events
Note: this does not work with lumi-leveling, so not clear this will
happen in Run-3
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TRIG-2019-04/

Introduction DM@LHC Data for DM searches = DM@LHC, in context  Synergies

More with less: Partial Event Building (=Selective persistency)

Real-time analysis is necessary for searches
that would otherwise have been impossible due to trigger constraints

Traditional offline analysis still required for a number of searches/final states
where all raw information is needed (but we could do better)

Partial Event Building / Selective Persistency as a middle way:

save raw data && trigger objects only in the regions of interest, re-reconstruct later
H. Russell, EPS-HEP 2019,

Example of customizable outputs @ LHCb:

- keep trigger objects only (7 kB)

- keep trigger objects + “on-demand” raw and/or
reco in selected regions (< 200 kB)

- keep everything (200 kB)

HSF Trigger & Reco / Institut Pascal discussion, July 2016:
https.//indico.cern.ch/event/835074/

e.g. events for low-pr muon
performance save only data in
cone around J/Y > uu candidate

ales ey
........
a
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https://indico.cern.ch/event/835074/
https://indico.cern.ch/event/577856/sessions/291393/attachments/1881915/3101362/eps_run2tm_poster_talk_v2.pdf

Introduction The trigger system Real-time analysis Dark matter Collaborations

Link to data selection: exotic dark jets & other signatures

Tim Cohen, Snowmass 2027

Mapping of “exotic” signatures to big picture of theoretical models not easy
— difficult to prioritize on theory grounds pp—
— difficult to decide what exactly to save and select, in advance |

Example: group of signatures with a common denominator:
unusual tracks/energy distributions,
more or less l0Calized in the detector, e.g. dark QCD jets

I bl
Finv
- £ ‘e e
] ~ s
| & | &
© o 0%o}
' Jd

How do we make sure we don’t miss these events?

1. write dedicated trigger algorithms

2. save (custom-reconstructed) trigger-level objects only
3. save a mixture of trigger-level objects and raw data in _

interesting regions
4, save any of the above and reconstruct data later

5. [outlier detection...in the very far future]

Stay tuned for ATLAS/CMS upcoming search results! e.g. events for low-py muon.
performance save only data in

cone around J/Y > uu candidate

. SN \|ANCHESTER
L 1824
coscalsom LUNDS Caterina Doglioni - 2022/05/31 - KEK QUP Serinar

UNIVERSITET

Partial event building


https://indico.cern.ch/event/577856/sessions/291393/attachments/1881915/3101362/eps_run2tm_poster_talk_v2.pdf
https://indico.fnal.gov/event/44704/contributions/193861/attachments/132936/163766/Cohen_Dark_Showers_Snowmass.pdf

Introduction DM@LHC Data for DM searches DM@LHC, in context Synergies

More, later: delayed streams (= data parking)

If offline CPU availability is the bottleneck to recording more data:
delay data reconstruction until LHC ends taking data and the (Tier-0) farm is free

Run-1: delayed stream (HT>500 GeV) brought large
advantages for hadronic searches

-
-
—
—
—
-
—
—
-

e e 0 0 0 ® 0 0 0 o o
@)

ATLAS .

Normal stream only O

* Dijet resonances (as a precursor to TLA):
arXiv:1407.1376

- RPV stops (with b-tagging):
arXiv:1601.07453

Delayed stream added

v

Luminosity[fb™]
o

—

I lllllll] I Illlllll L

* Also used for 2012 jet energy scale derivation 107 .o =

: . :

- [ —

Run-2: also available as “safety net” in case Trigger Level 2L KN a

Analysis saw events F o i

- L -

, , 107 =

* A public answer to yesterday’s questions about RK - \E;groev s;gLeV z

iS in the neXt Slide ‘4 i | I 1 1 | I | 1 1 I 1 | 1 I | 1 1 l 1 1 1 l | | 1 I-
10

200 400 600 800 1000 1200 1400
Reconstructed mij[GeV]

Run-3: plans to expand use of delayed stream
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https://arxiv.org/abs/1407.1376
https://arxiv.org/abs/1601.07453v1

Introduction DM@LHC Data for DM searches DM@LHC, in context

Synergies

More, later: delayed streams (= data parking)

TRIG-2019-04, ATL-DAQ-PUB-2019-001

depending on their primary use case and their specific offline reconstruction needs. Figure 1

shows the average recording rate of the physics data stream of all ATLAS pp runs taken in 2018.

Events for physics analyses are recorded at an average rate of ~ 1.2 kHz.? This comprises two
streams, one dedicated to B-physics and light states (BLS) data, which averaged 200 Hz, and
one for main physics data, which averaged 1 kHz. The BLS data are kept separate so the offline

reconstruction can be delayed if available resources for offline processing are scarce due to high
LHC uptime.

— 30
T ATLAS Trigger Operation
= = HLT stream rates
I i H . . \_=
£ 2500, T :h:;;c;::aa':d — ATLAS Trigger Operations % 25} pp data, September 2018, v3=13 TeV
2 — _ = Trigger-level analysis
g —-= Average total rate (1.2 kHz) Data 2018, Vs =13 TeV, p-p runs 5 20} ™= B-physics and LS
@ 2000, — = Average rate Physics Main (1.0 kHz) £ Main physics
3 0 m Express
) - == Other physics
g i' 15 === Monitoring
g Calibration
< 10
5

0 09:00 11:00 13:00 15:00 17:00 19:00
Time [h:m]
3.5
ATLAS Trigger Operation Calibration
April  May June July August September October 3.0 HLT stream bandwidths . == Trigger-level analysis
Date of run : pp data, September 2018, vs=13 TeV s B-physics and LS

N
w

Figure 1: The average recording rate of the main physics data stream and the B-physics and light states data
stream for each ATLAS pp physics run taken in 2018. The total average of all runs is indicated as a red
dash-dotted line, and the total average of the main physics stream is indicated as a blue dashed line.

Main physics
; = Express
s Other physics

\\\\

N
o

—
w
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=
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o
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TRIG-2019-04/
https://cds.cern.ch/record/2693402

iDMEu,

the Dark Matter Test Science Project
and the HEP Software Foundation




Dark matter at ATLAS

Real-time analysis

DM Complementarity Collaborations

Two complementary projects (everyone is welcome!)

searches & interpretation

Astroparticle

Particle

Nuclear

| Common theory ground |

e

instrumentation
(accelerators, beams, detectors,

vacuum & cryogenics,
control & automation...)

Idata acquisition,
software, computing,
data sharing

& open science

software & data

MANCHESTER

The University of Manchester

LUNDS

UNIVERSITET

1824

JENAS Eol: Initiative for Dark Matter in Europe and beyond: Towards

facilitating communication and result sharing in the Dark Matter
community (iDMEu)

https://indico.cern.ch/event/869195/

ESCAPE newsletter APPEC newsletter
build a discussion platform and tools to

facilitate collaboration of existing groups/
efforts on dark matter searches
and their interpretation
kick-off meeting 9-12/05/2020

ESCAPE Towards a Dark Matter

compare end-to-end analysis workflows for
WIMP searches, towards their implementation
in a common Software Catalogue and
as input to the design of the
European Open Science Cloud

Test Science Project
ESCAPE Progress Meeting, 2020

TOOLS conference contribution

Caterina Doglioni - 2023/03/27 - UofM - TAU Workshop


https://indico.cern.ch/event/869195/
https://projectescape.eu/news/escape-engages-initiative-dark-matter-spanning-ecfa-nupecc-and-appec
https://www.appec.org/news/idmeu-an-eoi-gathering-the-dark-matter-community
http://www.hepsoftwarefoundation.org
https://indico.in2p3.fr/event/20203/contributions/79577/
https://indico.cern.ch/event/955391/contributions/4075802/
https://indico.cern.ch/event/1016060/

Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

More about iDMEu (following yesterday’s discussion)

iDME iDMEu kick-off - 2021/05/10-12 The JENAA iDMEu LOI proponents:
NI : . ElenaCuoco Jocelyn Rebecca Monroe
u https://indico.cern.ch/e/iDMEu Waipne e A
Caterina Doglioni  Federica Petricca
o g = ™ N L f h. FI . R . |
initiative for Dark Matter Gaia Lanfranchi  Florian Reind

in Europe and beyond

The best region to find dark matter is the one We realized that there was no common platform
where more techniques and ideas can discover for these discussions or for resource sharing
and explore DM! > we decided to start developing it,

with three interconnected objectives

N N

After the European Strategy Update process and
during a joint ECFA/APPEC/NuUPECC (JENAA)
meeting, a number of DM researchers

met with similar questions:

E.g. “what are your assumptions?” “why do you use this
technique?” “how will findings in your DM research impact
my DM research?” “where can we meet and discuss this topic
in depth after this meeting?”

Facilitate (and
participate in) new
cross-community
scientific
ollaborations

Collect dark
matter resources
in an online
meta-repository

Help develop a common dark
matter story for different
audiences

MANCHESTER

1824
iversi LUNDS | .
The University of Manchester  uNiversiTeT Caterina Doglioni - 2023/03/27 - UofM - TAU Workshop




Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

More about iDMEu (following yesterday’s discussion)

. . . Note: iDMEu is intended as a platform that brings
Three connected iDMEu Ob]eCthCS together existing/future community efforts

iDMEu enables finding synergies and highlighting the complementarity of different dark
matter communities by developing a common platform to:

Today and tomorrow’s

Facilitate (and

Domain and preliminary website: iDMEu.org
== 2 .l i Sto“eCt dark participate in) new community talks
i matter resources cross-community +
in an online ientifi ,
ro Gt meta-repository scientitic Tomorrow’s
- e laborations breakout sessions
- ' Experim oo
P Help develop a common dark Wednesday's

matter story for different closing session

audiences

. - e o Wednesday's outreach session
Work in progress: tables of past/present/future DM experiments (With a hands-on component)

ﬂ @
Tom Laclavére

Masler studert, Unreorate
de Paris, France)

Gabriella Szabd Romane Kulesza
(Rachalor shudece, | und (Bachelor stwgenr, PSL
Irovmrnity Swrden Univers ty, Paris, France)

Created by curators:

students doing an internship on
collecting info & learning about DM .
- ‘erc
— contact us if interested! 2 -

Link to kick-off meeting (with recordings)

Mailing list: will be qgmmunicated to endorsers/kick-off meeting participants
MANCHESTEK. da > if you’d like to stay informed, enter your details here

1824 & *\” <&
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https://indico.cern.ch/event/869195/

Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

More about the Dark Matter Test Science Project in EOSC-Future

* Implement open and reproducible end-to-end analysis workflows on a common infrastructure
* Using ESCAPE services, see https://projectescape.eu, to serve as stepping stone for European Open Science Cloud
* DM Test Science Project (TSP): take 5 use cases included in ESCAPE Ind
—> 5 postdoc positions funded by INFRAEOSC-03 open here
* Another parallel TSP for Extreme Universe (focused around gravitational waves)

Mediator Type, DM Type
(gq =0X¢ & 0.Y)

ESCAPE p.odRalysis workflows for DM-TSP e

UNIVERSITET s E Collider experiments
o” 1077 £ observed exclusion 90% CL
Collider search

Integration work, foreseen in EOSC-Future

Generation & Data Sharing and Data analysis’ preservation 10:373
simulation of events data pr ocessing and interpretation Combination of results po S

challenges challenges with other searches/ 1074
experiments i

Analysis of events/ A

Direct Detection experiments
observed exclusion 90% CL

DD Experiment 1
DD Experiment 2

DD Experiment 3
(projection)

Experimental data

L L L L L L L

Data processing distributions -
(including > (including background > Interpretation of results : s T I—r
reconstruction & subtraction, background P Science outputs mp,, [GeV]
calibration if possible) estimation, statistical Hllustrative example
analysis) v ]
. 10—22
Comparison of results — 1023
Consolidation work in EOSC-Future and ESCAPE with other searches / B o2
experiments 95 .
B I I I I I I N N I N N N N N = = L sy
I 10_26 = ; ----- ;(-;n-r;;e: ..........
Data Lake SOftware Cataloguel 10'27' —ig Exgeriment; projection
[ ment S, project
Analys‘s Platform I 10_28 i ID Ef(perlment 3, projection
I e s maE = B BN BN BN BB 10_29 i &= Collider search
@ 10'30 Mediator Type, DM Type
. . . . ’ 10_31 8pm= 0-X, 8 _=0.Y
,.,...;.«.m.c TLA Caterina Doglioni - EOSC-Future meeting - 22/01/2020 f 1032 Observed limiat 95% CL
e B 4 . 10 102 103 10*
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https://projectescape.eu
https://projectescape.eu/news/vacancy-notices-searching-dark-matter-and-investigating-extreme-universe-within-escape
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Discussions on improving interpretations/plots:
\ IndlreCt deteCthH iDMEu (JENAA Eol), PhyStatDM, existing working groups
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ESCAPE Meta-Workflow for DM sub-projects:
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Dark matter at ATLAS Real-time analysis DM Complementarity Collaborations

Where to discuss trigger&reconstruction in HEP & beyond

HSF = High Energy Physics (HEP) Software Foundation

» Forum for physicists with interest in software for HEP
» ...and beyond: contacts and shared meetings with
nuclear physics, accelerator, DM experiments
 Latest whitepaper on common software and techniques
* Initial whitepapers helped shape IRIS-HEP US/NSF effort
» Working groups including trigger & reconstruction Webeite

» Trigger & reconstruction plans for 2021 include Discussion Forums
ML for hardware triggers, heterogeneous architectures

Innovative Training Networks (ITN) [Starting 10/21] SMARTHEP = European Training Network
Call: H2020- MSCATN-2020 on real-time analysis, machine learning and hybrid architectures

* “Too much data” is not only a high energy physics problem

« Time-to-insight also the key metric for industry (= finance, self-driving cars, industrial
maintenance...)

« Shared supervision: 12 students from LHC experiments + Computer Science + Industry,
tackling the problem of efficient decision-making

« Shared Tools: Hardware (FPGA, GPU) & software, machine learning

REAL TIME O™
ANALYSIS NP

Sear,
th ang i"dustry

Similar collaborations exist in the US,
«gigzhttps://fastmachinelearning.org, https://clariphy.org

Synergies between MAchine learning, Real Time analysis
and Hybrid architectures for efficient Event Processing and decision making

* B— LUNDS Caterina Doglioni - 2023/03/27 - UofM - TAU Workshop
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https://iris-hep.org
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https://hepsoftwarefoundation.org/organization/planning/plan-of-work-2021.html
https://hepsoftwarefoundation.org
https://hepsoftwarefoundation.org/forums.html
https://fastmachinelearning.org
https://clariphy.org

