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Slides largely taken also from these talks (both highly recommended):

F. Déliot https://moriond.in2p3.fr/QCD/2023/MondayMorning/Deliot.pdf (ATLAS tttt obs)

K. Skovpen https://indico.cern.ch/event/1231799/attachments/2619648/4528902/kskovpenCERN.pdf (CMS tttt obs) 

https://moriond.in2p3.fr/QCD/2023/MondayMorning/Deliot.pdf
https://indico.cern.ch/event/1231799/attachments/2619648/4528902/kskovpenCERN.pdf
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LHC: search engine

“Physics beyond the standard model”

Energy: 7,8,13,14 TeV

Protons/Bunch: 1.5 1011

Bunches/beam: ~3500

Bunch crossing: 40 MHz

Rates:

Top quark: 600/minute

Higgs boson: 30/minute

BSM: ?
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History top quark – at the start of LHC

2011
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Top quark: now
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BSM signatures in the ttbar phase space

See also: Czakon et al. arXiv:1501.01112 
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Use the top quark to break the standard model
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Top pair branching fractions

B-quark identification

used to reduce background

= six jets

= four jets, lepton, MET= two jets, two leptons, MET
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Top physics: decay channel choice
• Difficulty of isolation of top quark events 

inversely proportional to the complexity of 
the mass reconstruction

Isolation signal Reconstruction

Di-lepton Relatively easy Two neutrinos, ambiguities

Lepton+jets Reasonable One neutrino, use missing 
transverse energy

All-hadronic Very difficult Possibility to observe top as 
‘peak’ in invariant mass 
spectrum, no energetic 
neutrinos

22 June 2020
9



freyablekman FH physics discussion

tttt: theory and strategy

Cross section ~1 order of 
magnitude smaller than ttH
Signatures: 4leptons4b - 3leptons4b2j – 
2leptons4b4j -1lepton4b6j – 4b8j

Experimental results don’t always use the 
the newest cross section - fb comparison 
always better than mu/signal strength
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Analysis strategy
• Depends on final state

• (similar ttH analysis: fewer leptons = more work)

Dominant background: 
multijet QCD, ttbar+HF

Dominant background: 
ttbar+HF

Dominant background: 

OS dileptons: ttbar+HF

SS dileptons: ttW/Z/H, dibosons, 
fakes

Dominant background: 

ttW/Z/H, dibosons, fakes
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The top quark ladder
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Four top quark cross section - what is it?
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K. Skovpen
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Four top quark cross section - what is it?
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On ttbar+HF
• Entire topic by itself

• With theory considerations!
• Also very relevant for ttH 

production

• Important to remember for 
four-top production: these are 
real b quarks 

• so just using (tight) b-
tagging to reject QCD 
background is typically not 
the most beneficial strategy 
as it cuts (just as) hard into 
signal
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Different final states
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CMS all-hadronic, l+jets, OSDL: TOP-21-005 

(accepted arXiv:2303.03864)  
 
ATLAS l+jets, OSDL: arXiv:1811.02305 


http://arxiv.org/abs/2303.03864
https://arxiv.org/abs/1811.02305
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CMS: evidence for tttt (l+jets input)
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More details: CMS TOP-21-005  arXiv:2303.03864 (Accepted PLB)


http://arxiv.org/abs/2303.03864
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CMS: evidence for tttt (OS leptons input)
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More details: CMS TOP-21-005  arXiv:2303.03864 


http://arxiv.org/abs/2303.03864


freyablekman FH physics discussion

CMS: evidence for tttt (all-hadronic input)
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Innovative ML intermezzo
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Innovative ML intermezzo
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Neural net does

 transformation 
 
 
 
auto-regressive  
flow DNN

More details: CMS TOP-21-005  arXiv:2303.03864 


http://arxiv.org/abs/2303.03864
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CMS: evidence for tttt in 0,1,2(OS) leptons
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Why re-analysis?
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ATLAS: SSDL, ML (motivation)
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Re-analysis (just like CMS) 
Submitted to EPJC 

arXiv:2303.15061

https://arxiv.org/abs/2303.15061
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ATLAS: SSDL, ML (backgrounds)
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Submitted to EPJC arXiv:2303.15061


https://arxiv.org/abs/2303.15061
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ATLAS: SSDL, ML (backgrounds)
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Submitted to EPJC arXiv:2303.15061


https://arxiv.org/abs/2303.15061
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ATLAS: SSDL, ML: Signal region
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Submitted to EPJC arXiv:2303.15061


https://arxiv.org/abs/2303.15061
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ATLAS: three tops?
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Submitted to EPJC arXiv:2303.15061


https://arxiv.org/abs/2303.15061
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ATLAS: three tops?
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Submitted to EPJC arXiv:2303.15061


https://arxiv.org/abs/2303.15061
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CMS: SSDL, ML: analysis strategy
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CMS TOP-22-013 - arXiv:2305.13439 (submitted to PLB) 


http://arxiv.org/abs/2305.13439
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CMS: SSDL, ML: analysis strategy
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arXiv:2305.13439 (submitted to PLB) 


http://arxiv.org/abs/2305.13439
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CMS: SSDL, ML (backgrounds)
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arXiv:2305.13439 (submitted to PLB) 


http://arxiv.org/abs/2305.13439
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CMS: SSDL, ML
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arXiv:2305.13439 (submitted to PLB) 


http://arxiv.org/abs/2305.13439
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CMS: SSDL, ML
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arXiv:2305.13439 (submitted to PLB) 


http://arxiv.org/abs/2305.13439
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CMS: SSDL, ML
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arXiv:2305.13439 (submitted to PLB) 


http://arxiv.org/abs/2305.13439
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CMS: SSDL, ML: result
arXiv:2305.13439 (submitted to PLB) 


http://arxiv.org/abs/2305.13439
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Four-tops now really established in multi lepton final states!
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Also shows power of well-understood data!
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Some thoughts on interpretation
• The CMS and ATLAS tttt results 

are all very ML heavy

• The various ML methods are 
trained on (N)LO tttt MC 
(typically even with many 
diagrams turned off on purpose!)

• See for example 1501.07580 for 
example of the consequences 

• (executive summary: ML 
results cannot necessarily be 
directly interpretated in BSM 
context if scale >4*mtop TeV) 
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https://arxiv.org/abs/1501.07580
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Different approaches to EFT
• ATLAS: BSM-like EFT 

looking for dramatic 
changes in shape at high 
scale 

• CMS: SM-like EFT trying 
to constrain small changes 
cross section limit/
uncertainties and mapping 
fit cross section limits to 
Wilson coefficients

• Both have pros and cons
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EFT interpretations
• Like many rare processes involving loop diagrams, 

four-top production is extremely sensitive to new 
physics

• SM effective field theory at order 6

• ATLAS previous Run 2: use         -        as signal model, 
constrain Λ          

• CMS FTR/Run 2(2016): constrain          /         with Δ𝜎tttt/ 𝜎tttt, fix 
Λ, constrain Ck

• HL-LHC yellow report has lookup tables to map cross section uncertainties to EFT parameters!
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Yukawa coupling from yt
• About 20% of tttt 

production diagrams 
contain H, and yt has 
substantial influence on 
value σtttt 

• Interpreting more than 
just cross section: not 
easy (as many 
diagrams involved) with 
current MC - will be very 
ML heavy goal

41

CMS-TOP-21-005 arXiv:2303.03864 (see additional material)
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Yukawa coupling from yt
• About 20% of tttt 

production diagrams 
contain H, and yt has 
substantial influence on 
value σtttt 

• ATLAS mad an attempt 
in the context of the CP 
even/odd H yukawa
• ttH dependence 

other important effect
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Submitted to EPJC arXiv:2303.15061


https://arxiv.org/abs/2303.15061
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Many more high multiplicity top physics results in the future
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Many more high multiplicity top physics results in the future
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