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•The Large Hadron Collider and its experiments 

•How/why making the most of the data 

•Dark matter searches with real-time analysis 

•Real-time analysis beyond LHC/high energy physics
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Outline



Introduction
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What is real-time analysis at the LHC? 
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LHC collisions schedule:  
 June 2015 - December 2018: Run-2  
 2022: beginning of Run-3 
 ~2027: beginning of Run-4 (HL-LHC)
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Challenge: selecting interesting data at the LHC
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• If everything was recorded at the LHC: 
• up to 30 million collisions/second (MHz) 
• 1-1.5 MB/data per collision 
• 30 MHz * 1 MB = 30 TB/s 
• 30 TB/s * 10e+6 s/year (day & night) ~ 0.05 ZB/year  

• Facebook:  
• 600 TB/day ~ 200 PB/year [Facebook 2014]  

• “There’s always a bigger fish”  
[C. Tully’s talk @ siRTDM18]  

• But bigger fish also have bigger money… 
cost-effectiveness important for scientific instruments!

This picture is after selection  
of ”interesting” data:  

with all data, the stack of CDs 
reaches to the moon

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

http://www.apple.com/se
http://www.apple.com/se
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Trigger and data acquisition chain
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Introduction Weakly Interacting Massive Particles InitiativesBeyond WIMPs

Caterina Doglioni - 2020/04/09 - MIT Colloquium

who am I
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Data I would 
have used to 
like if I had 
been a data 

hipster

Data  
I like

Data  
you like

Data ~nobody likes

Data 
produced 

by the 
LHC  

(multiplied by large 
number)

What we can record in full after the trigger

…maybe discoveries?



LHC: the biggest man-made discovery machine

This works for a number of  
LHC measurements (& searches…)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-010/

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-010/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-010/


LHC: the biggest man-made discovery machine

…but are we missing something?

9What we can trigger on
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What is interesting at the LHC? 
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Cross-section * Luminosity  
= number of events produced 

Particle energy or mass

Cr
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Challenges: 

The definition of 
”interesting” changes 

experiment by experiment 

Rare signal processes that 
are buried in high-rate 

backgrounds have to be 
discarded
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Where are the limitations to record more data?
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Disk/tape to store eventsCPU for processing events 
(within the software trigger, and in the offline farm)

Detector readout  
to hardware trigger

Image from CMS HEPHY

Image from CERN

Image from C. Bernius's talk

This talk: how/why overcome them
Alternative data taking,  

trigger and analysis workflows
Low-mass resonance decays 

(motivated by dark matter & dark sectors)

https://www.oeaw.ac.at/en/hephy/research/cms-experiment-at-lhc/trigger/
https://www.oeaw.ac.at/en/hephy/research/cms-experiment-at-lhc/trigger/
https://home.cern/news/announcement/cern/souvenir-no-other
https://home.cern/news/announcement/cern/souvenir-no-other
https://cds.cern.ch/record/2276781/files/ATL-DAQ-SLIDE-2017-636.pdf
https://cds.cern.ch/record/2276781/files/ATL-DAQ-SLIDE-2017-636.pdf
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How LHC collaborations can make the most of the data
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Interesting time for high energy collider physics:  
we don’t know what to expect from dark matter / new physics  

(but we have a prior: it should be somewhere) 
we have the LHC running now,  

and the data we discard is gone forever
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How LHC collaborations can make the most of the data
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Interesting time for high energy collider physics:  
we don’t know what to expect from dark matter / new physics  

(but we have a prior: it should be somewhere) 
we have the LHC running now,  

and the data we discard is gone forever

1. Build detectors (+services) that can read-out more 
• Some LHC experiments aiming for 40 MHz readout for Run-3 

2. Save data for further reconstruction, later 
• Periods between data taking can be long…keep as much as possible 
• Byproduct: make data & workflows FAIR and sustainable! 

3. Analyze as much data as possible, as fast as possible 
• Requires making hard choices on what information to keep for further analysis 

4. Make software/hardware faster  
• Optimize software or use heterogeneous architectures, e.g. FPGAs/GPUs 

5. Implement more refined algorithms to look for the unexpected 
• Including unsupervised searches / novelty detection

Overcome  
detector limitations

Overcome  
computing  
limitations
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How LHC collaborations can make the most of the data
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Interesting time for high energy collider physics:  
we don’t know what to expect from dark matter / new physics  

(but we have a prior: it should be somewhere) 
we have the LHC running now,  

and the data we discard is gone forever

1. Build detectors (+services) that can read-out more 
• Some LHC experiments aiming for 40 MHz readout for Run-3 

2. Save data for further reconstruction, later 
• Periods between data taking can be long…keep as much as possible 
• Byproduct: make data & workflows FAIR and sustainable! 

3. Analyze as much data as possible, as fast as possible 
• Requires making hard choices on what information to keep for further analysis 

4. Make software/hardware faster  
• Optimize software or use heterogeneous architectures, e.g. FPGAs/GPUs 

5. Implement more refined algorithms to look for the unexpected 
• Including unsupervised searches / novelty detection

data parking / selective persistency 

(not covered in this talk…but worth mentioning)

real-tim
e analysis

see Maurizio Pierini’s talk
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Real-Time Analysis (RTA) 
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A paradigm change
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Asynchronous data analysis 
First record data, then reconstruct/analyze it

Real-time data analysis 
Reconstruct/analyze data as soon as it is read out 

so that only (smaller) final-state objects  
or histograms need to be stored

real-tim
e analysis
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Regular trigger & data analysis path

17
real-tim

e analysis
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Turbo/Data Scouting/TLA path
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Turbo stream (LHCb),  
Data Scouting (CMS), 

Trigger-level Analysis (ATLAS), 

real-tim
e analysis

https://arxiv.org/abs/1903.01360
https://arxiv.org/abs/1808.00902
https://arxiv.org/abs/1804.03496
https://arxiv.org/abs/1903.01360
https://arxiv.org/abs/1808.00902
https://arxiv.org/abs/1804.03496
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(Near-)real-time analysis of LHC data
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Graphics by K. Pachal

Reduced data formats: 
- Only keep final trigger objects (drop raw data) 
- Save only ”interesting” parts of the detector 
- A combination of the two

Perform as much ”analysis” as possible @ HLT 
- Reconstruction & calibration 
- First preselection to skim ”backgrounds”

ERC Consolidator Grant 

REALDARK (2021-2026)

real-tim
e analysis

ERC Starting Grant 

DARKJETS (2015-2021)

Size of RTA event
(relative to full event)

Size of full event
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More with less: Selective persistency/Partial Event Building
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Customizable output data @ 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)

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

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

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

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, 

data parking / selective persistency

https://indico.cern.ch/event/835074/
https://indico.cern.ch/event/835074/
https://indico.cern.ch/event/577856/sessions/291393/attachments/1881915/3101362/eps_run2tm_poster_talk_v2.pdf
https://indico.cern.ch/event/577856/sessions/291393/attachments/1881915/3101362/eps_run2tm_poster_talk_v2.pdf
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Physics use cases for real time analysis
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The need for dark matter
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Empirical problem in the Standard Model of Particle Physics:  
no explanation for Dark Matter  

 

A possible solution, guided by relic density:  
invisible Dark Matter particles in the ~GeV-TeV scale 

(including but not limited to one of the most studied DM hypotheses: Weakly Interacting Massive Particles) 

 

Wikipedia/NASA

68 %

27 %

5 %

Ordinary Matter
Dark Matter
Dark Energy

Complementary experimental strategies & inputs

Colliders & acceleratorsDirect DetectionIndirect Detection

Standard  
Matter 

Dark 
Matter

arXIv:0704.2276v1 

Astrophysics

Credit: ESA/Gaia/DPAC.

Theory

http://arXiv.org/abs/0704.2276v1
http://arXiv.org/abs/0704.2276v1
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Recreating dark matter/dark sectors in the lab: challenges
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Known 
particle

Dark matter 
(-related) particle(s)

Challenges:  
1. This kinds of processes are very rare 
2. Many other processes may look the same (→large backgrounds) 
3. Often we don’t know how the resonance decays look like

Known 
particle

Dark matter 
(-related) particle(s)

These challenges can be met  

with non-standard workflows!

Trying to stay  
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) 
 

added bonus: resonance searches are bread&butter 
at colliders → robust analysis toolkit available

?
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Dark matter mediators at the LHC

24

Caveat: very simple picture 
See e.g. DESY’s ”Puzzle of Dark Matter” workshop talks for more
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How would new particles manifest?
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Another look at the Standard Model
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Interesting signals
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Challenges for new particle searches

27



Introduction Triggers at the LHC Beyond HEPReal-time analysis for physics

Caterina Doglioni - 2021/03/08 - IWAPP

Example: dijet decays of DM mediators
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 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 

Mediator mass [GeV]
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Axial vector DM mediator decaying to quarks
Dirac DM

= 1.0= 10 TeV, gDM
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unexplored!
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model produces 
too much DM

model can 
produce the 

right amount of 
relic DMunexplored!

Adapted from JHEP 1507 (2015) 089 

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

Strength of the 
interaction  

(=coupling) 
mediator-quarks

https://arxiv.org/abs/1503.05916
https://arxiv.org/abs/1503.05916
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ATLAS/CMS results on DM mediator searches
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Phys. Rev. Lett. 121, 081801 (2018)

Dijet+anything Dijet+1 other jet

Phys. Lett. B 805 (2020) 135448 

Mass reach limitation by hardware trigger… …can also be overcome by choosing other signatures!

https://arxiv.org/abs/1804.03496
https://arxiv.org/abs/1804.03496
https://arxiv.org/abs/1911.03761
https://arxiv.org/abs/1911.03761
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CMS and ATLAS are closing the gap at low mediator masses
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Mass of the new particle

C
ou

pl
in

g 
to

 q
ua

rk
s

Summary of public material from ATLAS and CMS, plot by C. Doglioni / W. Kalderon  
Apologies for ATLAS-centricity! CMS results are equally sensitive 

Updated from https://arxiv.org/abs/1810.12238 
Status as of February 2020

real-time analysis

Note: CMS searches  
go down to 50 GeV

https://arxiv.org/abs/1810.12238
https://arxiv.org/abs/1810.12238
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Real-time analysis beyond HEP
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Parallels with astrophysics?
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The LHC and modern surveys are data firehoses

C. Fitzpatrick, LHCb E. Bellm, LSST
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Caterina Doglioni - 2021/02/02 - Low-mass resonances @ LHC seminar, Marseille 

Example: common “big data” problem in large infrastructures

33

REALTIME advanced study group, Pufendorf Institute for Advanced Studies (2018)

https://www.heliosgraduateschool.org

about

https://realtime.blogg.lu.se
https://realtime.blogg.lu.se
https://www.heliosgraduateschool.org
https://www.heliosgraduateschool.org
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Real-time analysis in HEP and industry
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• Big data analysis / real-time analysis 
• Shared tools: machine learning, hybrid computing architectures 
• Connections: IT, industry (e.g. Internet-of-Things) 

• data is mostly cheap to record: large datasets in industry as well 
• time-to-insight is the key metric

(funded with LU as coordinator, starting late 2021)

SMARTHEP:  
International network of high energy physicists 
and companies for real-time data analysis 

Main challenge tackled: how to take decisions, 
fast and efficiently 

Tools: 

• Hardware (FPGA, GPU) & software 

• Machine learning to enable fast decisions



35

Conclusions
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Motivating real-time analysis in HEP
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• Many different theories can explain the shortcomings of the SM 
including low-mass resonances  

• None of these theories is yet favored by data 
• Very different detector signatures  

• Some of them buried in high-rate backgrounds   
• Some of them rare but very unusual  
 

Making the most of the data: enabling discoveries 
ensuring these events are recorded and analyzed

Probing for new physics below/at the electroweak scale where 
many (rare) SM particles are located requires efficient trigger systems 
and novel data taking techniques
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The Economist 

Particle physics 
discoveries require 
large instruments 

and time

What does it take for a discovery? Real-Time 

Many interesting 

upgrades planned for 

HL-LHC (and beyond)! 

European Strategy Update, deliberation document 

• We aren’t done taking LHC 
data (10x more expected)  
"low-hanging fruit” checked 
first, expect surprises 

• Real-time analysis and decision 
making cross fields: let’s think 
together and collaborate on tools 
& infrastructure

https://www.economist.com/graphic-detail/2012/07/04/worth-the-wait
https://www.economist.com/graphic-detail/2012/07/04/worth-the-wait
https://europeanstrategyupdate.web.cern.ch/sites/europeanstrategyupdate.web.cern.ch/files/CERN-ESU-016-2020%20Deliberation%20Document%20European%20Strategy.pdf
https://europeanstrategyupdate.web.cern.ch/sites/europeanstrategyupdate.web.cern.ch/files/CERN-ESU-016-2020%20Deliberation%20Document%20European%20Strategy.pdf


Introduction Triggers at the LHC Beyond HEPReal-time analysis for physics

Caterina Doglioni - 2021/03/08 - IWAPP

Thanks for your attention from the DARKJETS/TLA team

Photo: Lena Björk Blixt.
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In the picture from the left: 
• Postdocs William Kalderon (now BNL), Jannik Geisen (not pictured) 
• PhD students Eric Corrigan, Eva Hansen (remote on that day, now @ 

LHCb Manchester)  
• Master’s (now PhD) student Alexander Ekman  
+ Lund Master’s and Bachelor’s students

TLA team @ Heidelberg workshop, 2017

Heidelberg 
Geneva 

Buenos Aires

Ohio State 
Oregon 
CERN

DM Complementarity plots: 
Isabelle John (Lund, now Stockholm) 

Boyu Gao (OSU) 
Marco Rimoldi (DESY)

Collaborators & Contributors for this talk: Jannik Geisen, Alexander 
Ekman, Eva Hansen, Eric Corrigan, Will Kalderon, Antonio Boveia, Monica 
Dunford, Steven Schramm, David Strom, Suchita Kulkarni, Marie-Helene 
Genest, Dilia Portillo, Nathal Lalloué, Deepak Kar, Sukanya Sinha, Conor 

Fitzpatrick, the SMARTHEP network & many others
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Video: LHC collisions and data selection
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CERN-MOVIE-2013-041-001

https://videos.cern.ch/api/files/483e8626-ee1d-48a7-96e1-95ebb9ac2711/CERN-MOVIE-2013-041-001-2672-kbps-1280x720-audio-128-kbps-stereo.mp4?versionId=fd4a2800-b5ec-44c9-9e8c-284992808ac7
https://videos.cern.ch/api/files/483e8626-ee1d-48a7-96e1-95ebb9ac2711/CERN-MOVIE-2013-041-001-2672-kbps-1280x720-audio-128-kbps-stereo.mp4?versionId=fd4a2800-b5ec-44c9-9e8c-284992808ac7
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Real-time analysis, in the CMS trigger
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From a talk by Mia Tosi 
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Which workflow to choose? (a rough guide)
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My analysis is limited by HLT and I have relatively simple objects/backgrounds  
- use real-time analysis 

I have a real-time analysis going and I am sure I’ll discover something  
- use partial event building to keep more raw data behind the objects 
- use delayed stream as a safety net (CMS)   

My analysis is limited by HLT and I have more complicated objects  
- use real-time analysis and partial event building to look into region of interests  

My analysis is limited by HLT but I still need the full event  
(and I don’t mind when I get it) 
- use delayed stream
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More CMS results from jet searches

43

First results of this technique for dijets at 8 TeV… …now also extended to three-jet searches 

Phys. Rev. Lett. 117, 031802 (2016)

arXiv:1810.10092

\

https://arxiv.org/abs/1604.08907
https://arxiv.org/abs/1604.08907
https://arxiv.org/abs/1810.10092
https://arxiv.org/abs/1810.10092
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Turbo/Data Scouting/TLA path
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Customizable output data @ 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)

Objects and data sizes @ CMS: 

Data sizes @ ATLAS: 

Information from ATLAS Trigger Operation plots, 2017

JLab HSF workshop session on RTA: LHCb, ALICE, ATLAS, CMS  

Turbo stream (LHCb),  
Data Scouting (CMS), 

Trigger-level Analysis (ATLAS), 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults#Trigger_Rates_and_bandwidth
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TriggerOperationPublicResults#Trigger_Rates_and_bandwidth
https://indico.cern.ch/event/759388/contributions/3303363/
https://indico.cern.ch/event/759388/contributions/3303371/
https://indico.cern.ch/event/759388/contributions/3303365/
https://indico.cern.ch/event/759388/contributions/3303370/
https://indico.cern.ch/event/759388/contributions/3303363/
https://indico.cern.ch/event/759388/contributions/3303371/
https://indico.cern.ch/event/759388/contributions/3303365/
https://indico.cern.ch/event/759388/contributions/3303370/
https://arxiv.org/abs/1903.01360
https://arxiv.org/abs/1808.00902
https://arxiv.org/abs/1804.03496
https://arxiv.org/abs/1903.01360
https://arxiv.org/abs/1808.00902
https://arxiv.org/abs/1804.03496
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Mediator mass-coupling summary plot

45
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Are trigger jets good enough? 
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September 2015 (interview)

(Note the change in y-axis scale)

May 2017 (paper submission)

…they have to be, to be able to detect very small signals!

Phys. Rev. Lett. 121, 081801 (2018)ATLAS jet trigger public results

https://arxiv.org/abs/1804.03496
https://arxiv.org/abs/1804.03496
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/JetTriggerPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/JetTriggerPublicResults
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LHCb online vs offline reconstruction
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arXiv:1812.10790 

Real-time data 
analysis 

requires real-time 
detector alignment 
and calibration, in 
computing farm

This is also done in ATLAS and CMS

https://arxiv.org/pdf/1812.10790.pdf
https://arxiv.org/pdf/1812.10790.pdf
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Choice of benchmarks
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from DM ATLAS feature

”Why should we choose/believe the simplest models?”  
”Do we think DM is all made of a single WIMP model?”  

(not really…see dark sectors!)

• Even simple models can encapsulate relevant experimental characteristics  
representing wider classes of theories  

as long as we are aware that they can be more rare than what we choose as example

• Lesson from SM: most common particles discovered first 

https://abstrusegoose.com/406

https://atlas.cern/updates/atlas-feature/dark-matter
https://atlas.cern/updates/atlas-feature/dark-matter
https://abstrusegoose.com/406
https://abstrusegoose.com/406
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Possibilities for cross-talk in collaborative environments
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• High Energy Physics Software Foundation 
• Not only LHC experiments 
• Forum for physicists with interest in software for HEP 
• Instrumental for creation of IRIS-HEP NSF effort 
• Working groups including trigger & reconstruction 

• Website 
• Mailing list: hsf-forum@googlegroups.com (google group) 

• DarkMachines 
• Collective of astro/particle physicists interested in machine learning tools 

for dark matter 
• Various (self-organized) efforts, including unsupervised searches 

• Website 
• Subscribe to main mailing list

https://iris-hep.org
https://indico.cern.ch/category/10917/
https://hepsoftwarefoundation.org
mailto:hsf-forum@googlegroups.com
http://darkmachines.org
http://eepurl.com/dkPbBz
https://iris-hep.org
https://indico.cern.ch/category/10917/
https://hepsoftwarefoundation.org
mailto:hsf-forum@googlegroups.com
http://darkmachines.org
http://eepurl.com/dkPbBz
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Astroparticle, particle and nuclear physics in Europe have strategies and plans  
that recognize the importance of synergies between the different fields 

 
US: Snowmass effort has started, (for DM at Colliders WG:            ) 

Finding synergies
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Astroparticle (APPEC) Particle (ECFA) Nuclear physics (NuPECC)

http://www.nupecc.org
https://europeanstrategyupdate.web.cern.ch
https://www.appec.org
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Foundations needed to exploit synergies

51

data acquisition,  
computing,  
data sharing 
& open science 

instrumentation  
(accelerators, beams, 
detectors, vacuum & 

cryogenics, 
control & automation…)

Common theory ground

Talk at EPS-HEP / ECFA session 2019, CERN EP Newsletter

& more…

What is dark matter?
68 %

27 %

5 %

Ordinary Matter
Dark Matter
Dark Energy

Slides from European Strategy Update release, 19/06/2020

https://indico.cern.ch/event/577856/contributions/3467632/
https://ep-news.web.cern.ch/content/discussing-synergies-between-particle-physics-astrophysics-and-nuclear-physics
https://indico.cern.ch/event/577856/contributions/3467632/
https://ep-news.web.cern.ch/content/discussing-synergies-between-particle-physics-astrophysics-and-nuclear-physics
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Two ongoing projects focused on Dark Matter
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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 
interpretation  

}
searches & interpretation

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
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
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Two ongoing projects focused on Dark Matter
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https://indico.cern.ch/event/869195/  
ESCAPE newsletter APPEC newsletter }

}
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

ESCAPE Progress Meeting, 2020

searches & interpretation

software & data

build a discussion platform and tools to 
facilitate collaboration of existing groups/

efforts on dark matter searches and 
interpretation  

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
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.in2p3.fr/event/20203/contributions/79577/
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Real-time analysis (well) beyond HEP
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• Connections to astrophysics 
• Real-time alerts for interesting events 

• Connections to accelerator beams / physics / engineering 
• Beam steering, “triggering” for synchrotron and laser experiments 

• Sharing of technology, hybrid architectures (FPGA/GPU) 
• Connections to social sciences & law 

• Real-time data deposition promotes open data and credibility of science 
• Implications for treatment and ownership of data treatment 
• Sharing of tools (versioning / data persistency) 

•      about the REALTIME Advanced Study Group
open to discuss further 

collaborations!

https://realtime.blogg.lu.se
https://realtime.blogg.lu.se

