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Source: CMS Collaboration, Observation of four top quark production in proton-proton collisions at sqrt(s) = 13 TeV, Physics Letters B, 2023 
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Why four tops? 
Four top quark (tt̄tt̄) production in proton-proton (pp)
collisions is among the rarest Standard Model (SM)
processes currently accessible at hadron coliders.
The SM NLO QCD+EW prediction is 13.4 ⁺¹·⁰₋₁.₈ fb.

The production occurs predominantly through: 
Strong interaction

With a small contribution from:
Electroweak process 

This production process is of interest as a probe for
new physics, namely, beyond the SM models. 

Fig. 1: Examples of Feynman diagrams that provide
important contributions to tt̄tt̄ production. 

Comparing to tt̄ production
~830,000 fb 

Five orders of magnitude
suppression

Creating 4×173 GeV ≈ 700 GeV of top-quark rest mass



Probing the top Yukawa coupling
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Source: CMS Collaboration, Observation of four top quark production in proton-proton collisions at sqrt(s) = 13 TeV, Physics Letters B, 2023 

The Higgs-exchange diagram makes tt̄tt̄ sensitive to the top quark Yukawa coupling, complementary
to ttH and tt̄ kinematic measurements.

With a value of approximately y_t ~ 1, it is by far the largest coupling in the Standard Model, making the
top quark the heaviest fundamental particle.

What makes four-top production special?

The Yukawa coupling enters the production amplitude itself,
not via a decay or an associated process. 
One gets direct sensitivity to y_t² without needing an on-
shell Higgs at all.
Different systematics, different production topology, same
underlying coupling.



BSM sensitivity
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Explicit BSM models
Extended Higgs sectors, supersymmetric particles (sgluons, etc.) 

Model-independent
SMEFT four-top operators.

Source: CMS Collaboration, Observation of four top quark production in proton-proton collisions at sqrt(s) = 13 TeV, Physics Letters B, 2023 

A small shift in a four-top operator coefficient can produce a
much bigger fractional change in σ(tt̄tt̄t) than the same shift

would produce in tt̄ or ttH rates. 



The Road to Observation
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2017-2019 
CMS and ATLAS
search for this signal
with no evidence yet  

2021-2023
Bigger datasets and
upgraded tools 

2020
CMS and ATLAS have
evidence of the signal
>2σ

2023
Discovery - Both CMS
and ATLAS record >
5σ



CMS detector
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source: https://cms-opendata-workshop.github.io/workshop2024-lesson-cms-detector/01-introduction.html
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Silicon pixel/strip tracker (inside the 3.8 T solenoid):
reconstructs charged-particle trajectories with enough
precision to distinguish the primary vertex from pileup
vertices.

ECAL (lead tungstate crystals): detects electron and
photon energy. 

HCAL (brass/scintillator): designed principally to detect
any particle made up of quarks.

Muon system (embedded in the steel flux-return yoke):
muon tracks are measured by four layers of muon
detectors that are interleaved with the iron yoke.

Calorimeters:
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Event reconstruction
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Particle-flow algorithm: doesn't reconstruct "a jet" or "a muon" in isolation, it reconstructs every
individual particle in the event using the optimal combination of all sub-detectors, and
jets/leptons/MET are all built from that common particle list. 

This matters because it's what makes consistent lepton–jet overlap removal (ΔR > 0.4) and jet
energy corrections possible.

Jets originating from b quarks are identified with the DEEPJET algorithm, with three defined
working points (WPs):

loose 
medium
tight

Source: CMS Collaboration, Observation of four top quark production in proton-proton collisions at sqrt(s) = 13 TeV, Physics Letters B, 2023 



Lepton selection
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Electrons are reconstructed via a combination of tracker and ECAL measurements in the
range |𝜂| < 2.5.

Muons are reconstructed in the range |𝜂| < 2.4 by combining information from the tracker,
the muon spectrometers, and the calorimeters in a global fit.

Electrons and muons are selected with 𝑝T > 10 GeV and require that they are
compatible with originating from the PV and fulfill a loose set of identification (ID)
criteria.

Source: CMS Collaboration, Observation of four top quark production in proton-proton collisions at sqrt(s) = 13 TeV, Physics Letters B, 2023 



Lepton selection
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Prompt leptons
Signal events are characterized by the presence of leptons originating directly from the prompt
decay of top quarks or massive bosons.

Non prompt leptons
Background contributions arise from events with genuine leptons produced in hadron decays and
photon conversions, as well as from events with jet constituents misidentified as leptons. 

To distinguish prompt and nonprompt leptons, gradient boosted decision trees (BDTs) are employed.



Event selection & categorization
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Source: CMS Collaboration, Observation of four top quark production in proton-proton collisions at sqrt(s) = 13 TeV, Physics Letters B, 2023 



Backgrounds 
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ttX (ttW, ttZ, ttH): kinematically closest to signal, since they already contain a tt̄ pair plus an extra boson that
can itself produce jets/leptons. 

ttt (three-top): small (<9% of the SR yield) but disproportionately dangerous because its kinematics mimic tt̄tt̄
almost exactly.

VV(V) (WZ, ZZ, and triboson): leptons from genuine diboson decay, with extra jets from QCD radiation.

Xγ: photon conversions in both top and pure-vector-boson processes.

Nonprompt leptons: dominated by tt̄ production, where an extra lepton from a b-hadron decay or a jet
fragment fakes a "third" or "fourth" prompt lepton.

Charge misID: relevant only in the 2ℓ channel, where an electron's charge is occasionally mismeasured due to
bremsstrahlung/track curvature issues

Source: CMS Collaboration, Observation of four top quark production in proton-proton collisions at sqrt(s) = 13 TeV, Physics Letters B, 2023 



Multiclass BDT approach 
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The BDT is trained as a three-way classifier: 
tt̄tt̄t-like
tt̄X-like
tt̄-like

Two separate trainings (2ℓ vs. 3ℓ+4ℓ):

Kinematics differ by channel → A same-sign dilepton event and a four-lepton event have
different background compositions. 

Statistics:
       → Just for 4ℓ would be statistically unstable.
       → 3ℓ and 4ℓ are combined for training purposes (sharing statistical power).
       → 2ℓ gets its own dedicated training where sample sizes are large enough to support it.

Source: CMS Collaboration, Observation of four top quark production in proton-proton collisions at sqrt(s) = 13 TeV, Physics Letters B, 2023 



Key discriminating variables
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Source: CMS Collaboration, Observation of four top quark production in proton-proton collisions at sqrt(s) = 13 TeV, Physics Letters B, 2023 



Background estimation strategy
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Source: CMS Collaboration, Observation of four top quark production in proton-proton collisions at sqrt(s) = 13 TeV, Physics Letters B, 2023 

Prompt backgrounds (ttX, ttt, "other t," VV(V), Xγ): estimated from simulation, normalized to
state-of-the-art cross sections (e.g., ttW = 722±74 fb, ttZ = 859±80 fb).

Nonprompt-lepton background: estimated via a data-driven "tight-to-loose" ratio method.

Charge-misID background (2ℓ  channel only): estimated from same-sign vs. opposite-sign
sideband data, scaled by a misID probability from simulation.

The ttW and ttZ normalizations are left free in the final fit (unconstrained), since they're crucial
associated-production backgrounds that resemble the signal.

A known mismodeling of jet multiplicity in WZ/ZZ simulation is corrected using dedicated
data control samples.



Profile likelihood fit
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A simultaneous binned profile likelihood fit is
performed across all SR and CR distributions,
with signal strength modifiers for tt̄tt̄t, ttW, and ttZ
extracted simultaneously.

The parameters being fit :
Signal strengths r — how much to scale the
predicted tt̄tt̄t, ttW, and ttZ yields relative to
their reference cross sections. 

Nuisance parameters θ — every systematic
uncertainty (JES, b-tagging correction factors,
luminosity, DeepJet-shape correction, PDF
variations, etc.).

Source: CMS Collaboration, Observation of four top quark production in proton-proton collisions at sqrt(s) = 13 TeV, Physics Letters B, 2023 



Final result 
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Observed significance: 5.6σ (expected 4.9σ) →
the observation is driven mainly by the 2ℓ same-
sign channel.

σ(tt̄tt̄t) = 17.7 ⁺⁴·⁴₋₄.₀ fb, in agreement with the SM
prediction (13.4 fb) at the 1.0σ level.

As a byproduct:

σ(ttW) = 990 ± 98 fb, 2.2σ above the SM
prediction (722±74 fb) 

σ(ttZ) = 945 ± 81 fb, in good agreement with SM
(859±80 fb)

Correlations among the three simultaneously-fit cross
sections are modest (7–12%)

Source: CMS Collaboration, Observation of four top quark production in proton-proton collisions at sqrt(s) = 13 TeV, Physics Letters B, 2023 



Conclusion
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The paper concludes that improved lepton identification (BDT-based), improved
b-tagging (DeepJet), and a more sophisticated multiclass BDT analysis strategy
together push the sensitivity of the tt̄tt̄ search past the observation threshold. 

This is presented as a significant milestone for the LHC top-quark program, with
the measured cross section in agreement with SM predictions, this happened

almost simultaneously with an independent ATLAS observation (6.1σ), giving
strong combined confidence in the result.



Questions
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