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Overview
§ Being the heaviest particle of the SM 

the top-quark is a good candidate for 
searching for new physics 
§ + precision physics (previous talk)

§ The latest LHC data allow for precise 
measurements of the top-EW 
sector

§ In this talk:
§ 4 tops measurement
§ Single top + photon observation
§ Flavour Changing Neutral Currents (FCNC) 

searches
§ 𝑡𝑞𝛾, 𝑡𝑞𝑍, 𝑡𝑞𝐻, 𝑡𝑞𝑔
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Four-top-quark Analysis Strategy
§ Most recent ATLAS 2LSS/3L @ 139 fb-1 with observed 4.3𝜎

[ Eur. Phys. J. C 80 (2020) 1085 ]

§ Sensitive to top-Yukawa coupling and BSM interpretations

§ Event Selection
§ Two categories: 1 lepton and 2 OS leptons 
§ Categories splitted in jet and b-jet multiplicity

§ Background Estimation
§ 𝑡𝑡+(HF) jets main background mismodelling is corrected

§ Flavour Rescaling: 𝑡𝑡 + light, ≥ 1𝑐,≥ 1𝑏 yields are rescaled in four 
dedicated control regions in a profile-likelihood fit to data

§ Sequential Kinematic Reweighing: mitigates mismodelling of kinematic 
variables. 
§ Events in the ≥ 3𝑏 regions are reweighed to data in 2𝑏 regions

§ Improved agreement and reduced systematics

§ Signal Extraction
§ Separate BDTs are trained in SRs using 14 input kinematic variables to 

discriminate signal from background
§ Maximum-likelihood fit to all 21 SR+CR to extract 𝑡𝑡𝑡𝑡 cross-section
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J. High Energ. Phys. 2021, 118

SR

CR

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


Four-top-quark Results
§ Very comprehensive 

systematic model
§ Largest contribution from 

signal and 𝑡𝑡 +≥ 1𝑏 modelling 
§ Systematic uncertainties 

dominate

§ Excellent post-fit 
agreement
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J. High Energ. Phys. 2021, 118

This result
§ 𝜎!!!! = 26 ± 8 stat. "#$

%#& syst. = 26"#&%#' fb
§ ×2.2 SM prediction (within 1 std.)
§ 1.9𝜎 (1.0)𝜎 observed (expected) significance

Combination with ML results
§ 𝜎!!!! = 24 ± 4 stat. "(

%& syst. = 24")%' fb
§ ×2.0 SM prediction (within 2 stds.)
§ 4.7𝜎 (2.6)𝜎 observed (expected) significance

https://link.springer.com/article/10.1007/JHEP11(2021)118


Single top + photon Analysis Strategy
§ Previous evidence from CMS @ 36fb-1 with 4.4𝜎 [ Phys. Rev. Lett. 121, 221802 ]

§ Probes 𝑡 + 𝛾 EW vertex [ J. High Energ. Phys. 2022, 32 ]

§ Event Selection
§ = 1 central lepton, = 1 central photon, = 1 b-tagged jet* (70% WP), 𝐸Tmiss > 30 GeV,

𝑚!" − 90 > 10 GeV
§ Two SRs: = 0 fwd jets, ≥ 1 fwd jet (2.5 < 𝜂 < 4.5)

§ Background Estimation
§ 𝑡𝑡𝛾 and 𝑊𝛾 main backgrounds are estimated in dedicated control regions

§ 𝑡𝑡𝛾 uses a NN distribution while 𝑊𝛾 only has one bin
§ 𝑒 → 𝛾 (𝑡𝑡 dilepton) and ℎ → 𝛾 (𝑡𝑡 l+jets) fakes using data-driven methods

§ Signal Extraction
§ 2 NNs are used to enhance the signal for each signal region

§ Using 12/15 input variables based on final-state kinematics and b-tag properties
§ Shapes of inputs are well modelled by data

§ Maximum-likelihood fit to all 4 SR+CR with 3 free-floating parameters: signal, 𝑡𝑡𝛾 and 𝑊𝛾
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*Events with 2nd b-jet (85% WP) are vetoed

ATLAS-CONF-2022-013

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.221802
https://link.springer.com/article/10.1007/JHEP02(2022)032
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-013/


§ Main systematic uncertainties
§ 𝑡𝑡 and 𝑡𝑡𝛾 modelling
§ Background limited MC statistics
§ Jet and 𝐸Tmiss
§ Fake contributions are smaller in comparison

§ The observed (expected) significance is 9.1𝜎 (6.7)𝜎

§ Parton-Level Fiducial cross-section
§ 𝜎!"#×ℬ 𝑡 → 𝑙𝜈𝑏 = 580 ± 19(stat.) ± 63(syst.) fb

§ Particle-Level Fiducial cross-section
§ 𝜎#$"×ℬ 𝑡 → 𝑙𝜈𝑏 + 𝜎 #→&'(" $ = 287 ± 8(stat.) ± 31(syst.) fb

§ Measurements are within 2.5𝜎 and 1.9𝜎 of the SM predictions for 
Parton and Particle-level respectively 
§ With the measurement being higher than the prediction for both

Single top + photon Results
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≥1fj SR

ATLAS-CONF-2022-013

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-013/


Flavour Changing Neutral Currents
§ FCNC are forbidden at Born level and highly supressed at loop level in the 

SM due to GIM mechanism

§ Any observation of enhanced rates would be clear evidence of BSM

§ Several BSM models also set bounds on the FCNCs BRs
§ 2HDM, RPV SUSY, MSSM, RS, … [ arXiv: 1311.2028 ]

§ FCNC vertex in production and decay modes is treated in a model 
independent way in an EFT framework
§ Limits from cross-sections reinterpreted as limits on EFT Wilson coefs. and BRs

§ Results are separated for 𝑢(𝑐) valence (sea) quarks to due the different PDFs
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arXiv:hep-ph/0409342 SM ℬℛ(u) SM ℬℛ(c)
𝑡 → 𝛾 + 𝑢/𝑐 4×10$%& 5×10$%'

𝑡 → 𝑍 + 𝑢/𝑐 8×10$%( 1×10$%'

𝑡 → 𝐻 + 𝑢/𝑐 2×10$%( 3×10$%)

𝑡 → 𝑔 + 𝑢/𝑐 4×10$%' 5×10$%*

https://arxiv.org/abs/1311.2028
https://arxiv.org/abs/hep-ph/0409342


FCNC 𝒕𝒒𝜸 Analysis Strategy
§ Analysis is optimised in both FCNC production and decay modes

§ Shares many similarities with SM 𝑡𝑞𝛾 analysis
§ Same final-state, main background (𝒕𝒕𝜸 and 𝑾𝜸 ) and fake (𝒆 → 𝜸 and ) 

estimation techniques
§ No separation of SRs in forward jets

§ Signal Extraction
§ Multi-class NN are trained for each region and up or charm quarks

§ 37 input variables from final-state kinematics and photon conversions
§ 3 output nodes: 𝑦prod, 𝑦decay, 𝑦bkg
§ This approach is ~30% better than optimised binary classifier

§ Maximum-likelihood fit to all 3 SR+CR to obtain limits on EFT WC and BRs
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ATLAS-CONF-2022-003

SR bkg. composition

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-003/


FCNC 𝒕𝒒𝜸 Results

§ Previous ATLAS 81fb-1 (focus on production mode) [ Phys. Lett. B 800, 135082 ]

§ These results present a factor 3.3−5.2 improvement with respect to the previous search 
§ Adding events with additional jets (decay mode), optimised signal region and analysis 

strategy, more luminosity (139 fb-1)
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Stat. and syst. 
uncertainties
§ Analysis is dominated by 

statistical uncertainties
§ Leading syst. unc.: 𝑡𝑞𝛾

SM cross-section

ATLAS-CONF-2022-003

SR

https://www.sciencedirect.com/science/article/pii/S0370269319308044?via%3Dihub
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-003/


FCNC 𝐭𝒒𝒁 Analysis Strategy
§ Analysis is optimised in both FCNC production and decay modes
§ Event Selection

§ 𝑍 → 𝑙𝑙, semi-leptonic top decay: = 3 isolated leptons 𝑝T > 27/15/15 GeV,               
= 1 b-tagged jet (70% WP)

§ Two SRs: targeting decay SR1 (≥ 2 jets), targeting production SR2 (≥ 1 jet, 
𝑚&' > 40 GeV)

§ Background Estimation
§ 𝑡𝑡 and 𝑡𝑡𝑍 main backgrounds are estimated in dedicated control regions
§ 𝑉𝑉+HF are estimated in 2 sideband control regions 

§ Signal Extraction
§ 𝜒) minimisation technique is used to reconstruct kinematics of top quark 

candidates
§ Three separate BDTs are trained to discriminate signal from background

§ SR1 (𝐷*): both FCNC 𝑡𝑢𝑍 and 𝑡𝑐𝑍 decay modes
§ SR2 (𝐷)+): FCNC 𝑡𝑢𝑍 production mode
§ SR2 (𝐷),): FCNC 𝑡𝑐𝑍 for both production and decay modes

§ Maximum-likelihood fit to all 6 SR+CR to obtain limits on EFT WC and BRs
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ATLAS-CONF-2021-049

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


FCNC 𝐭𝒒𝒁 Results

4th May 2022 Marcos Miralles - DIS2022 10

SR1 𝒖 SR2 𝒖

§ Stat. and syst. Uncertainties
§ Analysis is dominated by statistical 

uncertainties

§ Previous ATLAS 36fb-1 (focus on decay 
mode)  [ J. High Energ. Phys. 2018, 178 ]

§ This results present a factor ~3 (2) 
improvement 𝑢 𝑐 with respect to 
the previous search

§ Adding production mode, optimised 
signal region and analysis strategy, more 
luminosity (139 fb-1)

ATLAS-CONF-2021-049

Decay mode Production mode

https://link.springer.com/article/10.1007/JHEP07(2018)176
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-049/


FCNC 𝒕𝒒𝑯(𝝉𝝉) Analysis Strategy
§ Analysis is optimised in both FCNC production and decay 

modes

§ Event Selection
§ = 1 b-tagged jet (70% WP), = 0,1 lepton different regions are defined 

depending on top and tau decays and jet multiplicity

§ Background Estimation
§ Fake 𝜏 main background scale factor estimated in data-MC control 

regions
§ Sources are 𝑡𝑡 and multi-jet production

§ Signal Extraction
§ One BDT is trained per-region to discriminate signal from background

§ Uses 12−17 kinematic input variables (𝜏 𝑝T,𝑚--, 𝑚(.., … )
§ Maximum-likelihood fit to all 7 analysis regions to obtain limits on 

EFT WC and BRs
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ATLAS-CONF-2022-014

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-014/


FCNC 𝒕𝒒𝑯(𝝉𝝉) Results
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Stat. and syst. uncertainties
§ Stat. uncertainties are larger 

than syst. uncertainties
§ MC stats, signal modelling 

and fake 𝜏 modelling are the 
leading ones

§ Observed excess is 2.3𝜎
significant

Most sensitive lep region

§ Previous ATLAS combination limits (𝐻 → 𝜏𝜏 + 𝑏𝑏 + 𝛾𝛾 +ML) [ J. High Energ. Phys. 2019, 123 ]

§ This results present a factor ~1.7 (1.1) improvement 𝑢 𝑐 with respect to the previous 
combination (factor ~2 wrt. 𝐻 → 𝜏𝜏 search) 

§ Optimised signal region and analysis strategy, more luminosity (139 fb-1)

ATLAS-CONF-2022-014

https://link.springer.com/article/10.1007/JHEP05(2019)123
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-014/


FCNC 𝒕𝒒𝒈 Analysis Strategy
§ Analysis is optimised in FCNC production mode

§ Unique single-top signature final state

§ Event selection
§ = 1 central lepton, = 1 b-tagged jet (SR) (30% WP), 𝐸Tmiss > 30 GeV, 

𝑚&' > 50 GeV

§ Background Estimation
§ Validation regions are defined for the main backgrounds: 𝑡𝑡 +𝑊𝑡, 𝑊 + jets 

and single-top production
§ Multi-jet background estimation is performed using matrix method

§ Signal Extraction
§ Two NNs are trained separately for 𝑡𝑐𝑔 and 𝑡𝑢𝑔 (𝐷* and 𝐷))

§ Uses several kinematic input variables (b-jet 𝑝T, 𝑚&(, 𝑚&'(, …)
§ Maximum-likelihood fit to the signal region to obtain limits on EFT WC  

and BRs
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Eur. Phys. J. C 82 (2022) 334

https://link.springer.com/article/10.1140/epjc/s10052-022-10182-7


FCNC 𝒕𝒒𝒈 Results 
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§ This results present a factor ~2 improvement with respect to the previous ATLAS Run1 
search 

§ Optimised signal region and analysis strategy, more luminosity (139 fb-1)

Eur. Phys. J. C 82 (2022) 334

Stat. and syst. uncertainties
§ Addition of all systematics increase limits 

by factor ~5 (𝑡𝑢𝑍) and ~10 (𝑡𝑐𝑍)
§ Main uncertainties: bkg. modelling, jet 

and 𝐸Tmiss

SR (𝒖) SR (𝒄)

Expected limits

https://link.springer.com/article/10.1140/epjc/s10052-022-10182-7


𝑠 = 13 TeV, Run2

𝑠 = 13 TeV, 36fb-1

𝑠 = 7 + 8 TeV, Run1

𝑠 = 8 TeV, Run1

FCNC Overview
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ATLAS (LH) CMS
Observed (expected) limits on BR

×10/0

𝜏𝜏: 99 (50) 𝛾𝛾: 73 (51)

𝜏𝜏: 72 (36) 𝛾𝛾: 19 (31)

4.2 (3.4) 170 (200)

0.85 (0.88) 13 (19)

37 (20) 41 (28)

6.1 (4.9) 2.0 (2.8)

13 (11) 45 (37)

6.2 (4.9) 22 (27)

ATL-PHYS-PUB-2022-015

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-015/


Summary
§ The LHC Run2 data is being exploited:

§ Four-top production combination measurement at 4.7𝜎 (2.6𝜎)
§ Observation of single top+photon at 9.1𝜎 (6.7𝜎)
§ Overall factor 2 − 5 improvement in all FCNC channels wrt. to previous 

ATLAS results. 
§ 𝑡𝑞𝛾 → factor ~3.3−5.2
§ 𝑡𝑞𝑍 → factor ~2−3
§ 𝑡𝑞𝐻 → factor ~1.1−1.7 (big data excess)

§ 𝑡𝑞𝑔 → factor ~2 (syst. dominated)

§ Most of these analysis are stat. dominated → improvement in Run3

§ ATLAS Top Physics Results
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults


Back-Up



4tops SRs
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4tops SRs
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4tops SRs
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4tops tt+jets
backgound
corrections
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4tops BDT input variables
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4tops systematic modelling
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4tops systematic 
modelling
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4tops BDT discriminants
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1L 2LOS



FCNC 𝒕𝒒𝜸 Regions
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FCNC 𝒕𝒒𝜸 BDT input variables

4th May 2022 Marcos Miralles - DIS2022 27

Out of 44 input variables considered, 37
are used as the input to the NN: these 
were selected by removing 
the input variables with negligible 
impact on the separation power of the 
final discriminant 



FCNC 𝒕𝒒𝜸Wilson Coefficients
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FCNC 𝒕𝒒𝒁 𝝌𝟐 minimisation and SRs 
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FCNC 𝒕𝒒𝒁 BDT input variables
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FCNC 𝒕𝒒𝒁 Control Regions
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FCNC 𝒕𝒒𝒁 Wilson Coefficients
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FCNC 𝒕𝒒𝑯 Previous Results
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FCNC 𝒕𝒒𝑯 Selections and Regions
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FCNC 𝒕𝒒𝑯 BDT 
inputs
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FCNC 𝒕𝒒𝑯 Systematics
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FCNC 𝒕𝒒𝑯 Wilson Coefficients
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FCNC 𝒕𝒒𝑯 Limits
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FCNC 𝒕𝒒𝒈 Regions
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FCNC 𝒕𝒒𝒈 BDT input variables
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FCNC 𝒕𝒒𝒈 NN discriminants
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FCNC 𝒕𝒒𝒈 NN discriminants

4th May 2022 Marcos Miralles - DIS2022 42


