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INNOVATIVE TECHNIQUES FROM CMS: 
FROM SCOUTING TO MACHINE LEARNING
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Freya Blekman 
NNPDF Collaboration Meeting 

23 September 2024 

Disclaimer: heavily based on some recent CMS overview 
talks (e.g. from ICHEP, last week’s seminar)

Plus: W mass!
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STANDARD MODEL AT THE LHC:  
ORDERS OF MAGNITUDE

Ref: CMS “stairway to discovery” SM crosss section paper SMP-23-004 
arxiv:2045..18661 (Submitted to Physics Reports)
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LHC PERFORMANCE OVER THE 
YEARS

But: we throw away 
most of this data! 

So my apologies to 
you, but we are 
going to talk about 
triggers!
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THE  CMS TRIGGER  
PARKING AND SCOUTING
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CMS OVERVIEW PAPER
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https://arxiv.org/abs/2403.16134 

EXO-23-007 
(Accepted by Physics Reports) 
 
 
it’s long! I won’t do it justice. 
Check it out if you’re interested in 
lower pT than typical at LHC, 
large cross sections, displaced 
signatures, signatures with large 
backgrounds 

https://arxiv.org/abs/2403.16134
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THE DATA CONSTRAINT
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LHC bunch crossing 30 MHz 

'Standard" trigger cross section 
~100 nb -> 1kHz 

Main bottleneck rate: prompt offline 
reconstruction 

Delayed reconstruction can be 
used to bypass the rate limit 

In 2018 CMS collected 10B events 
just with displaced single muon 
triggers that were 'parked' until 
later analysis 

CMS (and ATLAS, "delayed 
reconstruction"!) has expanded 
strategy
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THE DATA CONSTRAINT
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LHC bunch crossing 30 MHz 

'Standard" trigger output  
~100 nb -> 1kHz 

Main bottleneck rate: prompt offline 
reconstruction and storage 

Scouting means directly saving 
high-quality trigger objects 

Event size 10 kB/event instead of 
1MB/event 

(ATLAS, "trigger level analysis". 
Also done by LHCb btw, 100% in 
HL-LHC)
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SCOUTING OBJECTS
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MUCH lower momentum threshold 

Opens effectively a flavour-physics 
program a la LHCb
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SCOUTING OBJECTS
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MUCH lower momentum threshold 

Opens effectively a flavour-physics 
program a la LHCb 

Including lepton ratio 
measurements!

Src: LHCb performance monitoring https://lbfence.cern.ch/alcm/public/figure/details/444
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SCOUTING OBJECTS
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MUCH lower momentum threshold 

Opens effectively a flavour-physics 
program a la LHCb 

But also: lower HT thresholds
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SCOUTING OBJECTS
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Two dijet trigger selection efficiencies (left is scouting)
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SCOUTING OBJECTS
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Improvements on the physics (Z'->di-jet)
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SCOUTING OBJECTS
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By now objects like taus and b-jets 
Also available!
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SCOUTING OBJECTS
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And long-lived signatures
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SCOUTING OBJECTS
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And long-lived signatures
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SCOUTING OBJECTS
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And long-lived signatures
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SCOUTING - LET'S DO IT
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CMS by now collecting factors 
10-30 more data through 
scouting than 'normal' 
trigger+reconstruction 

Particularly good for low-mass 
and low-pT signatures that are 
normally rejected by triggers 

Let's look at it :) 

Example: low-mass 
HNL /Majorana 
neutrino limits
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SCOUTING - LET'S DO IT
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CMS by now collecting factors 
10-30 more data through 
scouting than 'normal' 
trigger+reconstruction 

Particularly good for low-mass 
and low-pT signatures that are 
normally rejected by triggers 

Let's look at it :) 

Light long-lived particles decaying to displaced jets 
EXO-23-013, arXiv:2409.10806 
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SCOUTING - LET'S DO IT
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CMS by now collecting factors 
10-30 more data through 
scouting than 'normal' 
trigger+reconstruction 

Particularly good for low-mass 
and low-pT signatures that are 
normally rejected by triggers 

Let's look at it :) 

World’s strongest limits on D to μμ (BR < 2.6 10^-9) 
BPH-23-008 (PAS) 
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TIME FOR DISCUSSION: WHAT CAN THIS COMMUNTITY 
GAIN FROM SCOUTING AND PARKING?
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Scouting Now/Run 3: ~20 kHz

Parking Now/Run 3: ~3.5 kHz
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MACHINE LEARNING: 
WHAT IS THE CUTTING EDGE FOR CMS?
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• Loads happening, so only highlights 
• CMS is frequently publishing ML method papers now: code: MLG 
• ML in event selection 
• ML in analysis: 

• Event reconstruction 
• Background estimation 
• Classic: signal vs background separation 

• ML in interpretation: 
• Likelihood-free inference 
• Reweighting 
• Unfolding
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MACHINE LEARNING: 
ARE WE MISSING SOME EVENTS?
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• Running various ML-based 
anomaly detection algorithms in 
the trigger - and selecting 
events we normally would reject 

• Trained on data (random/
low bias selection) 

• Shown: 12-jet event likely 
from double hard scatter (75 
PU) that would not be 
selected by normal triggers 
(or offline, only 7 jets there)

AXOL1TL Anomaly detection in global trigger (in Run 3): CMS-DP-2023-079 
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AXOL1TL IN SCOUTING
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• Selects collisions with high 
HT but from many low pT 
objects (with a preference 
for high-PU events) 

•

AXOL1TL in 2024 data: CMS-DP-2024-059 
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EXAMPLE :  FOUR TOP QUARK 
PRODUCTION (TICKS MANY BOXES IN ML)

• Case study: All hadronic channel (9+jets) 
• Of course: 

• Relies heavily on ML-based top and 
b tagging 

• uses ML (BDT in this case) for signal-
background discrimination. 

• But also: Using Neural autoregressive flow 
NN to predict BDT shapes from data 
control region to signal region

27

Evidence for tttt in final states with few leptons (all-hadronic, 1 slepton, 2 OS leptons) 
TOP-21-005 in PRD, arXiv:2303.03864 
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EXAMPLE :  FOUR TOP QUARK 
PRODUCTION (TICKS MANY BOXES IN ML)
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Evidence for tttt in final states with few leptons (all-hadronic, 1 slepton, 2 OS leptons) 
TOP-21-005 in PRD, arXiv:2303.03864 

Neural net does 
 transformation 
 
 
 
auto-regressive  
flow DNN
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EXAMPLE :  FOUR TOP QUARK 
PRODUCTION (TICKS MANY BOXES IN ML)
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CMS-PAS-FTR-18-031  
(recast of  2016SS dilepton tttt analysis with HL-LHC assumptions, also in HL-LHC YR) 
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EXAMPLE :  FOUR TOP QUARK 
PRODUCTION (TICKS MANY BOXES IN ML)
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Observation for tttt in final states with many leptons (2 SS leptons, 3/4 leptons) 
TOP-22-013 in PLB, arXiv:2305.13439 
(old result TOP-19-017) 

Same data 
Better reconstruction 
 
 
 
+much more ML 
Gets you from  
2.7 sigma 
To 
Over 5 sigma
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SIGNAL - BACKGROUND SEPARATION: 
PITFALLS!
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CMS-PAS-MLG-23-005 : systematic uncertainty aware NNs (examples with Higgs boson 
production in gluon fusion and vector-boson fusion signatures), 

• how reliable is the simulation? 
• simulation @ LO → might miss extra channels  
• QCD multijet simulation in analysis phase 

space challenging  
• optimal binning scheme of classifier output 

score? → might leave performance on the 
table  

• classification = not the best training target?  
• optimize for discovery significance : systematic 

(& profiling)-aware training  
→ CMS-PAS-MLG-23-005, INFERNO  

 
fits also in ML transparency/reproducibility discussion 
(relevant in wider ML community) - Q: are we 
teaching our NNs the “LO SM signature” or the “real 
SM signature”?
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W BOSON MASS

32
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W BOSON MASS
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• Long time in the making 

• Completely new method that does not rely (as much) extrapolation from Z to W 

• Loads of expertimental improvement (including on muon resolution, new 
tracking, corrections to magnetic field, etc etc) 

• Loads of theory development as well! 

• These slides won’t do the result credit, LHC CERN seminar by Josh Bendavid 
available (incl. web cast) here:   https://indico.cern.ch/event/1441575/ 

• PAS is out: SMP-23-002 
• The paper is planned to be very similar to the PAS, so important to give 

feedback on missing information NOW so it is added (really now, do not wait for 
arXiv!)

https://indico.cern.ch/event/1441575/
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W BOSON MASS
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CMS W mass measurement strategy (on one slide! And for this audience :) ) 
• Extremely well-understood (relatively large) sample of single muon events (no 

electron channel) from 2016 
• Directly measure the 2D binned distribution of yields vs muon pT, muon eta and 

separately per muon charge (so: not MT) 
• Also using helicity components (statistically less sensitive but valuable check) 

• Key point: get precise calibration of muons from J/ψ 
•  that way the Z can be used for testing/cross-checks 

• Relies on theory uncertainties from N3LL accuracy and QCD@NNLO calculations. 
Uncertainties are constrained in situ in the very finely binned fit to pT, eta, charge 

• PDFs: Uses methods from:  
• E. Manca, et al,“About the rapidity and helicity distributions of the W bosons 

produced at LHC”, JHEP, arXiv:1707.09344 
• S. Farry, et.al, “Understanding and constraining the PDF uncertainties in a W 

boson mass measurement with forward muons at the LHC”, EPJC, 
arxXiv:1902.04323
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PDF SET CHOICE
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CMS /ATLAS DY AFB/sin2theta and alpha-S results (plus blinded 
uncertainty) used to pick ‘main’ PDF
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THE FIT (PRE-FIT)
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• After 10 years of work….

CMS-PAS-SMP-22-002 (give feedback now! Particularly on extra appendices) 
as these distributions are in the paper they will be in HEPDATA! 
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THE FIT (POST-FIT)
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• After 10 years of work….

CMS-PAS-SMP-22-002 (give feedback now! Particularly on extra appendices) 
as these distributions are in the paper they will be in HEPDATA! 
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W MASS VS PDFS
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W MASS VS PDFS
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Z MASS, THE FINAL CROSS CHECK

40
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W BOSON MASS
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• 80350.2 ± 9.9 MeV 
• Largest uncertainties:   

• experimental muon 
momentum, 
reconstruction, non-
prompt background, 
MC sample size (!) 

• Theory: PDFs, higher 
order EW, pT-V 
modelling

CMS-PAS-SMP-22-002 (give feedback now! Particularly on extra appendices) 
as these distributions are in the paper they will be in HEPDATA! 
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W BOSON MASS
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CMS-PAS-SMP-22-002 (give feedback now! Particularly on extra appendices) 
as these distributions are in the paper they will be in HEPDATA! 
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W BOSON MASS PER PDF SET

43

CMS-PAS-SMP-22-002 (give feedback now! Particularly on extra appendices) 
as these distributions are in the paper they will be in HEPDATA! 

• “Scaled” effectively means differences in the MT/pT spectrum 
peak  of the nominal PDF were corrected before fitting
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W BOSON MASS PER PDF SET
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• “Scaled” effectively means differences in the MT/pT spectrum peak  of 
the nominal PDF were corrected before fitting 

• Information (pre-fit on more advanced pdfs (e.g. heavy quark 
dependence) are available internally  

• Plan is to provide theory-propagated PDF uncertainties for all PDF sets, 
once the theory model is fully published etc.

CMS-PAS-SMP-22-002 (give feedback now! Particularly on extra appendices) 
as these distributions are in the paper they will be in HEPDATA! 
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W BOSON MASS PER PDF SET
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CMS-PAS-SMP-22-002 (give feedback now! Particularly on extra appendices) 
as these distributions are in the paper they will be in HEPDATA! 
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CONCLUSION
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• CMS is probing lower pT  through scouting and parking 
• Also means “on demand” triggers, and lower thresholds on “main” analyses 
• ideas welcome! 

• Machine learning is pushing the edge  
• But standard “signal-background discrimination” is starting to reach its limits 
• Innovation in data-driven modelling, ML in low-level selection, simplification of 

complex prodedures 

• Completely new mW method that does not rely (as much on) extrapolation from Z to 
W 

• But it does rely on theory inputs, of course, including PDFs! 
• Important to give input now ! (easiest: cms-pag-conveners-smp@cern.ch ) 

Thank you 
 for the invitation and your attention

mailto:cms-pag-conveners-smp@cern.ch
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Thank you 
 for the invitation and your attention
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BACKUP
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AUTOREGRESSIVE FLOW (1)
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AUTOREGRESSIVE FLOW (2)
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