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Preamble
Workshop


Great idea for this workshop


Thanks for the excellent organization !


Some caveats about this talk

High level filter talk on excellent, detailed, presentations


Filter based on myNN convoluted with memory retention, 
understanding, and saturation thresholds + apparently some form of 
adversarial training


Mixed and matched from most talks

So credit goes to to all presenters & discussions :)

Far from comprehensive


Apologies for omissions, misunderstandings, over-simplifications

Lots to digest in ~real time
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Multiple Higgs productionCritical probe of the Higgs potential

Introduced ad-hoc to the SM


No fundamental explanation to its shape


Sensitive to new physics
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Fuks/Moser/Stamenkovic

Very weak constraints
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Multiple Higgs production

4

Stamenkovic/Stylianou 
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Multiple Higgs production
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Moser/Stylianau

HH and HHH Constraints on k3 and k4 are complementary 

HH based on Run 2 sensitivities 

HHH based on the Pheno 100 TeV scaled down
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Multiple Higgs production
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Moser/Stylianau

HH and HHH Constraints on k3 and k4 are complementary 
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BSM hhh

Example: TRSM can predict large HHH 7

Karkout+++++
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BSM  additional scalars/resonances
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Papaefstathiou/Pasechnik/Robens/++
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TRSM
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SM + Two Real Singlet Scalars [= TRSM]
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TRSM reach @ LHC
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Analysis @ LHC & HL-LHC
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Multi-higgs <=> Multi-theories
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Fuks, Papaefstathiou, Pasechnik ++++



HHH

Experimental 

view
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Some SM HHH numerologyProduction rates /
branching fractions
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Moser/Landsberg/Papaefstathiou
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“Simpler than HH=>4b”, but still
Small number of events


Improve HF-tagging


Improve triggers


Smart event reconstruction and jet pairings

Boosted jets numerology


Full event reconstruction 


Extra QCD jets


Background modeling to improve sensitivity

Data driven control and validation regions


Event generation with multi-b / multi-jet final states

For ML algorithms training
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Flavor Tagging generalitiesHF-jets:

~ps lifetime (few mm): secondary vertices, displaced tracks


Harder fragmentation, larger mass, charm decays/terciary vertices


Leptons 20% (10%) in b (c) hadron decays


Tagging algorithms

Since Tevatron [CDF] times


Take advantage of silicon trackers, close to beam pipe


“Combine” all these properties… work of last 30 yrs


B-jets vs light jets vs charm => keep fakes low


Then charm more explicitly


More and more (and more) ML


Lots of internal [& external] collaboration competition :)


Improvements with time + add to the trigger


Relatively newer boosted X=>bb/cc taggers


ATLAS 

Recurring NNs [RNNIP], Deep IP [DIPS], GNN, + transformer + combine


CMS

Similar evolution, ParticleNet / Particle Transformer are the latest [GNN engines]
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Chen/Liu/Karkout/Kolosova

Improved performance !
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Flavor tagging performance e.g.
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ATLAS CMS

Chen/Liu/Karkout/Kolosova
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Flavor Tagging @ triggerImportant for a myriad of physics searches

Trigger rate dominated by QCD multijets


Historically managed by increasing pT threshold

Asymmetric thresholds for multi-jet signatures help


Target HF production @ trigger level

 Reduce rate and increase phase-space reach in 
analyses with HF in final states [lower turn on region]


 Moving to ML algorithms @ trigger level

Not only to tag directly b/c/light, but also reject 
g=>bb, without affecting much multi H(bb) ! 
(ATLAS in progress)


Particle Net [lighter] in CMS operational in Run 3 !


Deep-tau bbtautau @ CMS also operational


Q: can we/should we target final state 
reconstruction/pairing with ML @ trigger level, not 
just final state objects? [A: yes]
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Chen/Liu/Karkout/Kolosova



J. Konigsberg @ HHH  2023 Dubrovnik

Boosted HF taggingBoosted vs non-boosted

A question of how merged the jets are


Can use [too large] large cones in which the jets are 
anyhow resolved


Can combine both e.g. ATLAS Xbb tagger


Need to understand not only efficiencies but also how 
backgrounds behave


And systematics…


Sensitivity should be the final word

And will be event/physics dependent


Different fractions of merged jets

• For multijet final states like hhh=>6b for ex.

• Or for different BSM resonance mass points as TRSM

18

Chen/Liu/Karkout/Kolosova

ATLAS Xbb tagger
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HHH pairing/reconstruction strategies
Useful to reconstruct correctly the H’s in the event


Can help much with differentiation from background!


Different strategies for different mix of boosted [merged]/
resolved


ISR and FSR complicate matters further !


ML techniques being implemented:  ___Net


e.g. SPA-Net [symmetry preserving attention network]

Rank the pairings


Assignment probability + detection probability


Inputs:


Reconstruct events in which not all Higgses are present fiducially

Compares ML vs baseline (mass minimization)


• Wins on purity

• Background sculpting?

• Working on boosted…


e.g. LorenzNet

GNN for full event reconstruction
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Balunas/Landsberg/Li/Stamenkovic/Ganguly

Handle with care

SPA-Net

X=>YH=>6b

Not 6 !
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Background modeling
For multi-jet/b final states


MC is useful for analysis guidance


For ML training we need large b-enriched 
datasets


Care to not shape background as signal 
(e.g. mass)


For accurate background shape 
determination data in control regions is 
used


Need to extrapolate to signal regions


Use validation regions to check extrapolation


Mindful of statistics and systematics


Critical, non-trivial, part of the analyses !!
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Balunas/others

ATLAS Run 2 HH4b analysis

Note: CMS uses 3=>4 and BDT reweighing
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QCD  precision
More precision more sensitivity 

NLO HH QCD is a solved problem


Not just rates but kinematics distortion

NNLO 2=>2 SM model processes done


2=>3 next frontier


2=>4 not being addressed yet


NNLO + PS

2-2 w/ bosons and w/HQ ok


Nothing beyond yet
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Zanderighi
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HHH constraints @ 100 TeV
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Papaefstathiou/Fuks/Sakurai

2-sigma now

=> discovery later
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Final remarks
HHH SM prospects @ LHC


Bleak, dim, hopeless?


But H=>bb was thought of the same… done and done


So was HH… and we’ll get to it - promise!


We are doing the right thing here in figuring out how

Our knowledge & tools evolve continuously


Workshops catalyze the process


There is anyway [earlier/good] hope for BSM HHH

Many opportunities for discovery


Also, experimentally, we should just search. period.
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What’s next ?

24

2024 ?
H


