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• Top quark is very special and produced at a very high rate at the LHC


• Run 2 of the LHC brought us to an unprecedented centre-of-mass energy of 13 TeV!


• Opened up measurements to new rare SM processes


• Rare top production modes become fully accessible with Run 2 data


• Results shown here use 139 fb-1 of data


• Rare top processes:


• Allow to probe top quark coupling to  
gauge bosons


•  


• Dominant and irreducible  
backgrounds to BSM searches


• , 


• Sensitive to new physics effects 
(FCNC processes)

tZq , tqγ, tWZ

ttW, ttZ tt̄tt̄

Different processes
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Observation of the electroweak production of       JHEP 07 (2020) tZq
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• Strategy: 

• Events contain three isolated leptons ( )


• One pair should build a Z mass peak


• Two or three jets, one of which is identified as containing a b-hadron 
(b-tagged) 


• Large background coming from diboson+Heavy Flavour jets (VV+HF)


• Signal and backgrounds are separated using a Neural Network


• Signal fraction is estimated using a profile-likelihood fit 


• Results: 

• Yields a tZq production cross section of  
97 ± 13 (stat.) ± 7 (syst.) fb [SM cross section:  fb ]


• Statistically limited, systematics dominated by prompt lepton 
background 


• Observation with

e/μ

102+5
−2

> 5σ

Neural network output

https://link.springer.com/article/10.1007/JHEP07(2020)124
https://link.springer.com/article/10.1007/JHEP07(2020)124


Inclusive & differential   production    Eur. Phys. J. C 81 (2021) 737tt̄Z
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• Inclusive and differential measurement, targeting 3-lepton and 4-lepton channels ( )


• ≥ 3 jets and ≥ 1 b-jet


• Control regions for  and  backgrounds (free-floating)


• Expected cross section:  pb


• Measured cross-section:  pb

e/μ

WZ ZZ

σexp
tt̄Z = 0.84+0.09

−0.10

σtt̄Z = 0.99 ± 0.05(stat.) ± 0.08(syst.)

Observed and expected event yields in the Signal and Control regions

https://link.springer.com/article/10.1140/epjc/s10052-021-09439-4
https://link.springer.com/article/10.1140/epjc/s10052-021-09439-4


Inclusive & differential   production    Eur. Phys. J. C 81 (2021) 737tt̄Z

5

• 10 observables unfolded to parton and particle level


• Sensitive to BSM effects and modeling


• Dominated by stat. uncertainty


• Main systematic uncertainties are: Fake leptons,  modeling,  modeling, and b-tagging  WZ tt̄Z

Good agreement with the prediction!

Particle-level pZ
T Particle-level Njets

https://link.springer.com/article/10.1140/epjc/s10052-021-09439-4
https://link.springer.com/article/10.1140/epjc/s10052-021-09439-4


Production of four tops                  Eur.Phys. J. C (2020)80:10985   JHEP 11 (2021)118
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• Rare process predicted by the SM and has never been observed  

•  = 11.97 fb at NLO (QCD+QED) at 13 TeV


• Sensitive to the magnitude and CP properties of the Yukawa coupling  
of the top quark to the Higgs boson


• Sensitive to many BSM models (EFT, 2HDM SUSY, …)


• Channels are split according to:


• 2ℓSS (7%) / 3ℓ (5%)


• Small branching fraction & Small background  
( , , non-prompt leptons, charge misidentification)


• Most sensitive channel 


• 1ℓ (42%) / 2ℓOS (14%)  


• Dominant branching fraction 


• Large irreducible background from tt+jets (tt+heavy flavour jets) 

σSM(tt̄tt̄ )

tt̄W tt̄Z

Opposite signSame sign

https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf
https://link.springer.com/article/10.1007/JHEP11(2021)118
https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf
https://link.springer.com/article/10.1007/JHEP11(2021)118


Production of four tops                  Eur.Phys. J. C (2020)80:10985   JHEP 11 (2021)118
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• Targeting events with high jet and b-jet multiplicities


• Split in multiple regions: Control (CR) signal (SR) and 
validation (VR) regions 


• Dedicated Control Regions are defined to constrain 
normalisation factors in 2ℓSS/3ℓ channel 

• Designed a 3-step sequential re-weighting to target 
different type of mismodeling in the  
1ℓ/2ℓOS 

Regions in the 1l channel
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf
https://link.springer.com/article/10.1007/JHEP11(2021)118
https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf
https://link.springer.com/article/10.1007/JHEP11(2021)118


Production of four tops                  Eur.Phys. J. C (2020)80:10985   JHEP 11 (2021)118
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• Signal is separated from background based on a BDT in the SR 


• A simultaneous profile likelihood fit is performed in the CR and SR


• The combined four-top cross-section: 


• To be compared to 


• Compatible with the SM prediction within 2.0 σ 


• Observed (expected) significance:  4.7 (2.6) σ 

• The dominant systematics uncertainties:


• modeling of the four top signal


• modeling of   and +jets


• b-tagging and Jet Energy Scale

σ(tt̄tt̄ ) = 25+7
−6 fb

σ(tt̄tt̄ ) = 12 ± 2.4 fb

tt̄W tt̄

BDT score

https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf
https://link.springer.com/article/10.1007/JHEP11(2021)118
https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-08509-3.pdf
https://link.springer.com/article/10.1007/JHEP11(2021)118


ATLAS finds first evidence the four top quark process!
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Searches for Flavour Changing Neutral Current (FCNC) 
• FCNC in the SM is forbidden at tree-level: heavily suppressed in loops by GIM mechanism BRs ~10-14 


• BSM can enhance FCNC up to ~10-4 


• Many potential models: 2HDM, MSSM, RPV SUSY, …


• Any observation of FCNC can hint to new physics


• FCNC probe can be done in both top quark production, and decay
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FCNC Search for                                  ATLAS-CONF-2021-049t → Zq
• Strategy: 

• Events contain three isolated leptons leptons (e, μ) 
≥2 jets, (one b-tagged) and MET


• Only Z boson decays into charged leptons and 
leptonic W boson decays are considered as signal


• 2 signal regions (SRs) considered targeting FCNC 
in production and decay:


• SR1 (ttbar decay): ≥2 jets, 1 b-tag


• SR2 (tZ production): 1& 2 jets, 1 b-tag


• Events reconstructed via minimisation of kinematic 
properties of the final state objects under the 
FCNC top hypothesis


• Mass veto to ensure orthogonality in 2j events


• Largest background contributions from 
 Diboson and tt̄Z

Mass of the FCNC top-quark candidate in SR1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-049/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-049/
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• Gradient BDT used to better separate signal from backgrounds


• Four separate fits performed to extract LH and RH results for the FCNC tZu and tZc couplings


• Good agreement between MC predictions and data


• 95% CL upper limits set on branching ratios for both tZu and tZc vertices and for both RH/LH 
couplings


• Improved by a factor of 2-3 on previous limits 

• Limits on relevant EFT Wilson coefficients for vertices also set

FCNC Search for                                  ATLAS-CONF-2021-049t → Zq

 D1 discriminant in SR1

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-049/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-049/


• Target -tagged jet and 


• Main backgrounds: , t-channel single-top and  production 


• Multijet contribution determined in a data-driven way by fitting 
  and  


• Neural Network (NN) used to construct two discriminants:


• D1 targeting top antiquark production  : signal region for  and  in  channel 


• D2 aimed at direct top quark production  : signal region for  in  channel 

l + b Emiss
T

W + bb̄ tt̄

Emiss
T mT(W )

ū /c̄ + g → t̄ cgt ugt l−

u + g → t ugt l+

13

FCNC Search for top-gluon with              2112.01302t → lνb

 mT(W)
NN discriminant D2  

of the 𝑢𝑔𝑡 search  

https://arxiv.org/abs/2112.01302
https://arxiv.org/abs/2112.01302
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FCNC Search for top-gluon with              2112.01302t → lνb
• Binned maximum-likehood fit performed separately to  and  FCNC processes


• Leading systematic uncertainties related to the +jets process for the  fit and the 
modelling of the parton shower for the  fit


• Measured data consistent with background-only hypothesis


• Limits for FCNC  couplings set at the 95% CL for cross-sections, branching ratios 
and further interpreted in terms of EFT coefficients


• A factor of three more restrictive than the previous ATLAS results

ugt cgt

W ugt
cgt

tgq

https://arxiv.org/abs/2112.01302
https://arxiv.org/abs/2112.01302
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Conclusion
• Run 2 opened up measurements to new rare SM processes  

• We’ve found exciting results using the full run 2 data-set  

• Processes with a top quark in association of boson(s) are searched for


• Establishing SM processes ( ) 


• Looking for new physics processes (FCNC)


• A slight excess in the measured  cross section, but still compatible with 
the SM prediction within 2 σ

tZq

tt̄tt̄

Complete list of ATLAS public top physics results

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults


Thank you & 
See you at the slopes!
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back-up ( )tZq
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back-up ( )tZq
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back-up ( )tZq
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back-up ( )tZq



21

back-up ( )tZq
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back-up ( )ttZ
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back-up ( )ttZ
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back-up ( )ttZ



25

back-up ( )ttZ
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back-up ( )ttZ
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back-up ( )tt̄tt̄

backgrounds

in 2ℓSS/3ℓ in 1ℓ/2ℓOS
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back-up ( )tt̄tt̄

ttW validation region in 2ℓSS/3ℓ
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back-up ( )tt̄tt̄

Sum of b-tag scores as input to the BDT
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back-up ( )tt̄tt̄

Uncertainties

in 2ℓSS/3ℓ in 1ℓ/2ℓOS
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back-up ( )tt̄tt̄

Observed and expected event yields as function of  - post-fit 
best fit  and  are shown

log10(S/B)
μ = 2.2 μ = 1.0
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back-up ( )tt̄tt̄
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back-up ( )tt̄tt̄
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back-up (FCNC, top-gluon with )t → lνb


