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tt+X measurements
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❏ High precision inclusive/differential measurements of tt+𝛾/Z/W 
➢ High purities in lepton-dominated final states
➢ Most lepton channels covered by ATLAS+CMS in RunII

❏ Searches for four top production
➢ Low cross-section
➢ Often difficult background (tt+heavy flavor, ttW)
➢ Good coverage by ATLAS+CMS in RunII

❏ Measurements of tt+heavy flavor
➢ Important background (tttt and ttH)
➢ Not covered today

LHCTopWG

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots


tt+𝛾
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tt𝛾 2ℓ: JHEP 05 (2022) 091
tt𝛾 1ℓ: JHEP 12 (2021) 180

tt𝛾+tW𝛾 eµ: JHEP 09 (2020) 049 138fb⁻¹139fb⁻¹

LHCTopWG

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-004/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-010/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-03/
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots


❏ Measurement of tt𝛾 in OS2ℓ channel
❏ Fiducial region at particle level:

➢ 2 leptons (ee/µµ/eµ), ≥1 b-jet, one 𝛾 
❏ Fit pT(𝛾) distribution for inclusive cross-section

❏ Backgrounds:
➢ non-prompt 𝛾 → data-driven estimation
➢ Z𝛾 → CR on Z peak
➢ Others (e.g. t𝛾) estimated from simulation

❏ Observed: 𝜎(tt𝛾) = 175.2 ± 2.5(stat) ± 6.3(syst) fb
➢ Precision of 4%
➢ Dominated by luminosity, signal modeling, 

background normalization

❏ Agrees well with prediction (MG5aMC)
𝜎(tt𝛾) = 155 ± 27 fb (LO sim. + NLO k factor)
➢ Slight underprediction possibly due to importance of 

𝛾 in NLO calculations (JHEP 03 (2020) 154)

CMS tt𝛾 2ℓ: JHEP 05 (2022) 091

138fb⁻¹

4

tt+𝛾 cross section measurement (CMS)Also covered in 
EFT talk by Jon 
Wilson (Tuesday)

https://doi.org/10.1007/JHEP03(2020)154
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-004/index.html
https://conference.ippp.dur.ac.uk/event/925/contributions/5716/


❏ Differential measurement via unfolding to particle level with TUnfold
❏ Photon kinematics well-described by MG5aMC simulations 
❏ Some trends in lepton observables and lepton+𝛾 observables

➢ Hints on mismodelling of 𝛾 origin in MG5aMC simulation

CMS tt𝛾 2ℓ: JHEP 05 (2022) 091

138fb⁻¹
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tt+𝛾 cross section measurement (CMS)Also covered in 
EFT talk by Jon 
Wilson (Tuesday)

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-004/index.html
https://conference.ippp.dur.ac.uk/event/925/contributions/5716/


Dedicated Poster 
by Amartya Rej 
(Monday)

ATLAS tt𝛾 charge asymmetry: ATLAS-CONF-2022-049 

❏ Probe charge asymmetry of top quarks and antiquarks
➢ Symmetrical in LO tt, small asymmetries from qq→tt
➢ Enhanced in initial-state 𝛾 radiation (+interference)
➢ Diluted by symmetrical 𝛾 from tt decay

❏ Signal definition: 
➢ only tt𝛾 production; decay is background
➢ Single lepton channel

❏ Employ DNN to identify tt𝛾 production
➢ Used to split phase space in SR / CR

❏ Backgrounds:
➢ Fake 𝛾 → estimated on Z peak / photonID inversion
➢ Non-prompt → data-driven from loose leptonID region
➢ Prompt 𝛾 and tt𝛾 decay estimated from simulation

139fb⁻¹
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Also covered in 
ML talk by Philip 
Keicher (Friday)

Charge asymmetry in tt+𝛾 (ATLAS) 

https://conference.ippp.dur.ac.uk/event/925/contributions/5843/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-049/
https://conference.ippp.dur.ac.uk/event/925/contributions/5732/


ATLAS tt𝛾 charge asymmetry: ATLAS-CONF-2022-049 

❏ Probe charge asymmetry of top quarks and antiquarks
➢ Construct asymmetry from top quark/antiquark rapidity

❏ Kinematic reconstruction of top quark pair
➢ Fit performed in two bins of |yt|–|yt̅|

(Top quark or antiquark rapidity higher)

❏ Observed: AC= –0.006 ± 0.024(stat) ± 0.018(syst)
➢ Limited by data and MC statistics

❏ Agrees well with prediction (MG5amC)
AC= –0.014 ± 0.001(scale)

139fb⁻¹
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Charge asymmetry in tt+𝛾 (ATLAS) Also covered in 
ML talk by Philip 
Keicher (Friday)

Dedicated Poster 
by Amartya Rej 
(Monday)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-049/
https://conference.ippp.dur.ac.uk/event/925/contributions/5732/
https://conference.ippp.dur.ac.uk/event/925/contributions/5843/


tt+Z
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77.5fb⁻¹139fb⁻¹

LHCTopWG

ttZ 3ℓ/4ℓ: JHEP 03 (2020) 056ttZ 3ℓ/4ℓ: EPCJ 81 (2021) 737  

𝜎(ttZ) = 0.99 ± 0.05(stat) ± 0.08(syst) pb 𝜎(ttZ) = 0.95 ± 0.05(stat) ± 0.06(syst) pb

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-009/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-08/


ATLAS ttZ 3ℓ/4ℓ: EPCJ 81 (2021) 737  

❏ Measurement of ttZ in multilepton channels

❏ Fit in lepton / jet / b-jet bins

❏ Backgrounds:
➢ Non-prompt → data-driven
➢ WZ/ZZ → CRs on Z peaks in 3/4ℓ
➢ Remaining (e.g. t(t)+X) estimated from MC

❏ Observed: 𝜎(ttZ) = 0.99 ± 0.05(stat) ± 0.08(syst) pb
➢ Precision of 10%
➢ Dominated by PS modeling, backgrounds, b-tagging

❏ Agreement with NLO+NNLL calculation (EPJC 79 (2019) 249)

𝜎(ttZ) = 0.86 +0.07/-0.08(scale) ± 0.03 (pdf+αS) pb

139fb⁻¹
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tt+Z cross section measurement (ATLAS)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-08/
https://link.springer.com/article/10.1140/epjc/s10052-019-6746-z


❏ Differential measurement via unfolding to particle and parton level with RooUnfold
❏ Various observables in 3ℓ and 4ℓ channel

➢ Probing tZ coupling, modeling of Z boson, top quark and additional radiation
❏ Compared to multiple simulations and NLO+NNLL calculation (JHEP 08, 039 (2019))

➢ Similar trends for most simulations and calculations

139fb⁻¹

ATLAS ttZ 3ℓ/4ℓ: EPCJ 81 (2021) 737  10

tt+Z cross section measurement (ATLAS)

https://link.springer.com/article/10.1007/JHEP08(2019)039
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-08/


Boosted tt+Z/H cross section measurement (CMS)

CMS boosted ttZ/H: CMS-TOP-21-003 (submitted to PRD)

138fb⁻¹
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❏ Measurement of ttZ and ttH in boosted regime
➢ Single lepton channel, Xbb final state
➢ Sensitive to anomalous couplings in boosted regime

❏ Tag AK8 jets as Z/Hbb resonance
❏ DNN to separate signals from backgrounds

➢ Fit performed in AK8 soft-drop mass and DNN bins

❏ Backgrounds dominated
by tt+jets / tt+bb
➢ from simulation

Also covered in 
EFT talk by Jon 
Wilson (Tuesday)

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-003/index.html
https://conference.ippp.dur.ac.uk/event/925/contributions/5716/


CMS boosted ttZ/H: CMS-TOP-21-003 (submitted to PRD)

138fb⁻¹

❏ 2D measurement of ttZ and ttH → Results compatible with prediction
➢ Low correlation (-10%) due to good separation of signals (soft-drop mass, DNN)
➢ Sensitivity limited by data statistics, tt+heavy flavor modeling and b/bb-tagging

12

Boosted tt+Z/H cross section measurement (CMS)Also covered in 
EFT talk by Jon 
Wilson (Tuesday)

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-003/index.html
https://conference.ippp.dur.ac.uk/event/925/contributions/5716/


tt+W
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138fb⁻¹36fb⁻¹

LHCTopWG

𝜎(ttW) = 0.87 ± 0.13(stat) ± 0.14(syst) pb 𝜎(ttW) = 0.87 ± 0.04(stat) ± 0.05(syst) pb

ttW 2ℓ/3ℓ: CMS-TOP-21-011
(submitted to JHEP)

ttW/ttZ 2ℓ/3ℓ/4ℓ: PRD 99 (2019) 072009   

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-011/index.html
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-11/


❏ Measurement of ttW in SS2ℓ/3ℓ regions

❏ SS2ℓ region
➢ DNN to separate non-prompt, ttZ, tt𝛾 from ttW
➢ Fit DNN scores separated by lepton flavors

❏ 3ℓ region
➢ Separate events in jet / b-jet regions
➢ Fit m3(leptons) in each region (best S/B separation)

❏ Backgrounds:
➢ Non-prompt leptons → data-driven estimation
➢ Charge misidentification of electrons → from simulation
➢ WZ/ZZ/ttZ → CR on Z peak 

CMS ttW 2ℓ/3ℓ: CMS-TOP-21-011 (submitted to JHEP)

Dedicated Poster
by Tu Thong Tran 
(Monday)

138fb⁻¹
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Also covered in 
YSF talk by Tu 
Thong Tran 
(Tuesday)

tt+W cross section measurement (CMS)

SS2ℓ

3ℓ

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-011/index.html
https://conference.ippp.dur.ac.uk/event/925/contributions/5845/
https://conference.ippp.dur.ac.uk/event/925/contributions/5761/


❏ Measurement of ttW in 2ℓ/3ℓ regions

❏ Observed: 𝜎(ttW) = 0.87 ± 0.04(stat) ± 0.05(syst) pb
➢ Precision of 10%
➢ Dominated by ttH background, luminosity, charge misID, 

b-tagging

❏ Measurement shows trend to higher values than calculations:
NLO+NNLL: 𝜎(ttW) = 0.59 +0.16/−0.10 pb (EPCJ 80 (2020) 428)

NLO+FxFx: 𝜎(ttW) = 0.72 +0.07/−0.08 pb (JHEP 11 (2021) 29)

❏ Also measure ttW⁺ and ttW⁻ cross sections and ratio
➢ Large difference expected due to qq initial state 
➢ R(ttW⁺/ttW⁻) = 1.61 ± 0.15 (stat) +0.07/−0.05 (syst)

CMS ttW 2ℓ/3ℓ: CMS-TOP-21-011 (submitted to JHEP)

138fb⁻¹
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tt+W cross section measurement (CMS)Also covered in 
YSF talk by Tu 
Thong Tran 
(Tuesday)

Dedicated Poster
by Tu Thong Tran 
(Monday)

https://link.springer.com/article/10.1140/epjc/s10052-020-7987-6
https://link.springer.com/article/10.1007/JHEP11(2021)029
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-011/index.html
https://conference.ippp.dur.ac.uk/event/925/contributions/5761/
https://conference.ippp.dur.ac.uk/event/925/contributions/5845/


tt+W charge asymmetry (ATLAS) 139fb⁻¹
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Also covered in YSF talk by 
Marcos Lopez (Tuesday) 
and Joker talk by James 
Keaveney (Thursday)

ATLAS ttW charge asymmetry: ATLAS-CONF-2022-062

❏ Probe charge asymmetry of top quarks and antiquarks
❏ ttW enhances qq initial state 
❏ Use charged leptons from top decays as proxy for top quarks
❏ BDT for correct lepton identification 

❏ Fit event yields in ±Δηℓ
 regions

❏ 3ℓ channel

❏ Fiducial result unfolded to particle-level:
AC = −0.112 ± 0.170 (stat) ± 0.055 (syst)
❏ Limited by signal and ttZ modeling and 

data statistics
❏ Compare to generator prediction (sherpa NLO QCD+EW):

❏ AC = −0.063 +0.007/–0.004 (scale) ± 0.004 (MC stat) 
❏ Also confirms ttW norm. offset between simulation and data from other measurements

https://conference.ippp.dur.ac.uk/event/925/contributions/5762/
https://conference.ippp.dur.ac.uk/event/925/contributions/5727/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-062


tttt
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0ℓ 1ℓ 2ℓ (OS) 2ℓ (SS) 3ℓ+

2018

2017

2016

EPJC 80 (2020) 1085 JHEP 11 (2021) 118 

2018

2017

2016

EPCJ 80 (2020) 75CMS-PAS-TOP-21-005

JHEP 11 (2019) 082

0ℓ 1ℓ 2ℓ (OS) 2ℓ (SS) 3ℓ+

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html
http://dx.doi.org/10.1007/JHEP11(2019)082


ATLAS four top SS2ℓ/3ℓ+: EPJC 80 (2020) 1085 
  

❏ Multi-lepton + SS2ℓ channel

❏ Fit of BDT output in combined region

❏ Backgrounds:
➢ Non-prompt leptons → data-driven
➢ ttW+jets → dedicated CR
➢ Other ttX → estimated from simulation

❏ Measured signal-strength:
μ(tttt) = 2.0 ± 0.4(stat) +0.7/−0.4(syst) (4.3𝜎)
➢ Limited by data statistics, signal and ttW 

modeling
➢ Evidence for four top from this channel alone!

139fb⁻¹
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Status of four top searches (ATLAS)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/


ATLAS four top 1ℓ/OS2ℓ+: JHEP 11 (2021) 118 
  

❏ 1ℓ + OS2ℓ channel

❏ Separated into jet / b-jet SRs and CRs
➢ Fit of BDT output distribution in SRs and HT in CRs
➢ Also using AK10 jet features as BDT input

❏ Background mostly tt+jets
➢ Estimation/reweighting from low b-jet CRs
➢ Bad modeling at high b-jet regions

❏ Measured signal-strength:
μ(tttt) = 2.2 ± 0.7(stat) +1.5/−1.0(syst) (1.9𝜎)
➢ Dominated by signal and tt+b/c modeling and jets

139fb⁻¹
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Status of four top searches (ATLAS)

OS2ℓ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/


❏ Combination of ATLAS four top searches
➢ SS2ℓ/3ℓ+: EPJC 80 (2020) 1085
➢ 1ℓ/OS2ℓ: JHEP 11 (2021) 118

❏ Measured cross-section
𝜎(tttt) = 24 +7/−6 fb (4.7𝜎)

❏ Larger than NLO QCD+EW calculation (JHEP 02 (2018) 031)

𝜎(tttt) = 12.0 +2.2/−2.5 fb  
➢ Compatible within 2𝜎

139fb⁻¹
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Status of four top searches (ATLAS)

0ℓ 1ℓ 2ℓ (OS) 2ℓ (SS) 3ℓ+

2018

2017

2016

EPJC 80 (2020) 1085 JHEP 11 (2021) 118 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/
https://link.springer.com/article/10.1007/JHEP02(2018)031
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/


BSM four top search (ATLAS)

❏ Search for ttH/A → tttt
➢ New heavy scalar H/A boson in H/A → tt decay
➢ SS2ℓ final state (follows analysis strategy in EPJC 80 (2020) 1085)

❏ Baseline: Same BDT for four top identification
➢ SR defined based on BDT output

❏ Additional mass-parameterized BDT for BSM identification 

❏ Limits on BSM signal 
➢ m(H/A) range [400–1000] GeV
➢ No excesses observed

139fb⁻¹

21ATLAS ttH/A → tttt: ATLAS-CONF-2022-008
  

Also covered in BSM 
talk by Daniel 
Scheirich 
(Wednesday)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-008/
https://conference.ippp.dur.ac.uk/event/925/contributions/5722/
https://conference.ippp.dur.ac.uk/event/925/contributions/5722/


❏ OS2ℓ channel
➢ Fit HT(jets) distributions in lepton / jet / b-jet categories
➢ Low jet/b-jet categories function as CRs

❏ 1ℓ channel
➢ BDT for signal / background separation
➢ Resolved top tagger as BDT input 
➢ Lepton / jet / b-jet / top candidate regions

❏ All-hadronic channel
➢ First time the all-hadronic channel is used in four top searches!
➢ Fit output of BDT for signal / multijet separation
➢ Categories of resolved / boosted top candidates and HT
➢ Data-driven estimation of multijet / tt+jets backgrounds

❏ Backgrounds: tt+jets / tt+bb (+ multijet in all-hadronic channel)

CMS four top 0ℓ/1ℓ/OS2ℓ: CMS-PAS-TOP-21-005

138fb⁻¹
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Also covered in 
JOKER talk by 
Nick Manganelli 
(Thursday)

Status of four top searches (CMS)

Dedicated Poster 
by Melissa 
Quinnan (Monday)

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-005/index.html
https://conference.ippp.dur.ac.uk/event/925/contributions/5728/
https://conference.ippp.dur.ac.uk/event/925/contributions/5848/


❏ Combination of CMS four top searches
➢ 0ℓ/1ℓ/OS2ℓ: CMS-PAS-TOP-21-005
➢ SS2ℓ/3ℓ+: EPCJ 80 (2020) 75
➢ OS2ℓ (2016): JHEP 11 (2019) 082

❏ Combined signal-strength and significance:
µ(tttt) = 1.4 ± 0.4 (4.0𝜎)
➢ Limited by data statistics and 

ttbb background modeling

❏ Compatible with NLO QCD+EW calculation (JHEP 02 (2018) 031) 
𝜎(tttt) = 12.0 +2.2/−2.5 fb

138fb⁻¹
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Status of four top searches (CMS)Also covered in 
JOKER talk by 
Nick Manganelli 
(Thursday)

0ℓ 1ℓ 2ℓ (OS) 2ℓ (SS) 3ℓ+

2018

2017

2016

EPCJ 80 (2020) 75CMS-PAS-TOP-21-005

JHEP 11 (2019) 082

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html
http://dx.doi.org/10.1007/JHEP11(2019)082
https://link.springer.com/article/10.1007/JHEP02(2018)031
https://conference.ippp.dur.ac.uk/event/925/contributions/5728/
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html
http://dx.doi.org/10.1007/JHEP11(2019)082
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❏ High precision inclusive/differential measurements of tt+𝛾/Z/W 
➢ Inclusive cross-sections established at 5–10% level
➢ Many differential measurements 

❏ Important input for modeling of processes
❏ Interpretations in EFT/BSM scenarios

➢ Also: Collaboration of CMS+ATLAS on
modeling of tt+W process (HiggsXSWG)

❏ Searches for four top production
➢ Well-established evidence by ATLAS & CMS
➢ Analyzed full RunII in almost all top decay channels
➢ Observation by the individual experiments within reach

Public ATLAS TOP Results
Public CMS TOP Results
LHCTopWG Summary Plots

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP/index.html
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots


 Backup
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❏ Measurement of tt𝛾 in OS2ℓ channel

CMS tt𝛾 2ℓ: JHEP 05 (2022) 091

138fb⁻¹
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tt+𝛾 cross section measurement (CMS)Also covered in 
EFT talk by Jon 
Wilson (Tuesday)

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-004/index.html
https://conference.ippp.dur.ac.uk/event/925/contributions/5716/


❏ Measurement of tt𝛾 in OS2ℓ channel

CMS tt𝛾 2ℓ: JHEP 05 (2022) 091

138fb⁻¹
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tt+𝛾 cross section measurement (CMS)Also covered in 
EFT talk by Jon 
Wilson (Tuesday)

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-004/index.html
https://conference.ippp.dur.ac.uk/event/925/contributions/5716/


Dedicated Poster 
by Amartya Rej 
(Monday)

ATLAS tt𝛾 charge asymmetry: ATLAS-CONF-2022-049 

❏ Probe charge asymmetry of top quarks and antiquarks

139fb⁻¹
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Also covered in 
ML talk by Philip 
Keicher (Friday)

Charge asymmetry in tt+𝛾 (ATLAS) 

https://conference.ippp.dur.ac.uk/event/925/contributions/5843/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-049/
https://conference.ippp.dur.ac.uk/event/925/contributions/5732/


ATLAS ttZ 3ℓ/4ℓ: EPCJ 81 (2021) 737  

❏ Measurement of ttZ in multilepton channels

139fb⁻¹
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tt+Z cross section measurement (ATLAS)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-08/


ATLAS ttZ 3ℓ/4ℓ: EPCJ 81 (2021) 737  

❏ Measurement of ttZ in multilepton channels

139fb⁻¹
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tt+Z cross section measurement (ATLAS)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-08/


ATLAS ttZ 3ℓ/4ℓ: EPCJ 81 (2021) 737  

❏ Measurement of ttZ in multilepton channels

139fb⁻¹
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tt+Z cross section measurement (ATLAS)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-08/


ATLAS ttZ 3ℓ/4ℓ: EPCJ 81 (2021) 737  

❏ Measurement of ttZ in multilepton channels

139fb⁻¹
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tt+Z cross section measurement (ATLAS)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-08/


Boosted tt+Z/H cross section measurement (CMS)

CMS boosted ttZ/H: CMS-TOP-21-003 (submitted to PRD)

138fb⁻¹
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❏ Measurement of ttZ and ttH in boosted regime

Also covered in 
EFT talk by Jon 
Wilson (Tuesday)

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-003/index.html
https://conference.ippp.dur.ac.uk/event/925/contributions/5716/


Boosted tt+Z/H cross section measurement (CMS)

CMS boosted ttZ/H: CMS-TOP-21-003 (submitted to PRD)
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ATLAS four top SS2ℓ/3ℓ+: EPJC 80 (2020) 1085 
  

❏ Multi-lepton + SS2ℓ channel

139fb⁻¹
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Status of four top searches (ATLAS)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/
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Status of four top searches (ATLAS)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/


BSM four top search (ATLAS)

❏ Search for ttH/A → tttt
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40ATLAS ttH/A → tttt: ATLAS-CONF-2022-008
  

Also covered in BSM 
talk by Daniel 
Scheirich 
(Wednesday)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-008/
https://conference.ippp.dur.ac.uk/event/925/contributions/5722/
https://conference.ippp.dur.ac.uk/event/925/contributions/5722/


BSM four top search (ATLAS)

❏ Search for ttH/A → tttt
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41ATLAS ttH/A → tttt: ATLAS-CONF-2022-008
  

Also covered in BSM 
talk by Daniel 
Scheirich 
(Wednesday)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-008/
https://conference.ippp.dur.ac.uk/event/925/contributions/5722/
https://conference.ippp.dur.ac.uk/event/925/contributions/5722/


ATLAS four top 1ℓ/OS2ℓ+: JHEP 11 (2021) 118 
  

❏ 1ℓ + OS2ℓ channel
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Status of four top searches (ATLAS)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/
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Status of four top searches (ATLAS)
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Status of four top searches (ATLAS)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-05/


❏ OS2ℓ channel
➢ only analyze 2017 and 2018
➢ 2016 measurement in JHEP 11 (2019) 082

❏ Fit HT(jets) distributions in lepton / jet / b-jet categories
➢ Low jet/b-jet categories function as CRs

❏ Backgrounds mostly ttbb/ttjj/ttX
➢ estimated from simulation

 
❏ Measured signal-strength:

µ(tttt) = 1.6 +1.4/-1.3 (1.3𝜎)

CMS four top 0ℓ/1ℓ/OS2ℓ: CMS-PAS-TOP-21-005
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Also covered in 
JOKER talk by 
Nick Manganelli 
(Thursday)

Status of four top searches (CMS) Dedicated Poster 
by Nick Manganelli 
(Monday)

http://dx.doi.org/10.1007/JHEP11(2019)082
https://conference.ippp.dur.ac.uk/event/925/contributions/5728/
https://conference.ippp.dur.ac.uk/event/925/contributions/5849/


❏ 1ℓ channel

❏ BDT for signal / background separation
➢ Resolved top tagger as input
➢ Fit BDT distributions 
➢ Lepton / jet / b-jet / top candidate regions

❏ Background dominated by ttbb
➢ estimated from simulation

❏ Measured signal-strength:
µ(tttt) = 1.2 ± 0.9 (1.4𝜎)

CMS four top 0ℓ/1ℓ/OS2ℓ: CMS-PAS-TOP-21-005
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Status of four top searches (CMS)Also covered in 
JOKER talk by 
Nick Manganelli 
(Thursday)

https://conference.ippp.dur.ac.uk/event/925/contributions/5728/


❏ All-hadronic channel
➢ First time the all-hadronic channel is used in four top searches!

❏ Fit output of BDT for signal / multijet separation
➢ Categories of resolved / boosted top candidates
➢ Further divided into HT(jets) bins

❏ Backgrounds:
➢ Multijet / tt+jets → data-driven estimation
➢ Minor contributions estimated from simulation

❏ Measured signal-strength:
µ(tttt) = 5.8 +2.5/-2.4 (2.5𝜎)
➢ High fluctuation relative to expected 0.4𝜎

CMS four top 0ℓ/1ℓ/OS2ℓ: CMS-PAS-TOP-21-005

138fb⁻¹
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Status of four top searches (CMS)Also covered in 
JOKER talk by 
Nick Manganelli 
(Thursday)

Dedicated Poster 
by Melissa 
Quinnan (Monday)

https://conference.ippp.dur.ac.uk/event/925/contributions/5728/
https://conference.ippp.dur.ac.uk/event/925/contributions/5848/


tt+𝛾 cross section measurement (ATLAS)

19ATLAS tt𝛾+tW𝛾 eµ: JHEP 09 (2020) 049 

❏ Combined measurement of tt𝛾+tW𝛾 in OS e+µ channel
➢ Resonant tt𝛾 and non-resonant tW𝛾 from pp→bWbW𝛾 process

❏ Fiducial region at parton level: 
➢ eµ from W decays, two b-jets from top decay, one 𝛾

❏ Fit ST distribution for inclusive cross-section

❏ Backgrounds mostly τ-decays and non-prompt 𝛾
➢ Estimated from simulation

❏ Observed: 𝜎(tt𝛾) = 39.6 ± 0.8(stat) +2.8/-2.2(syst) fb
➢ Precision of 6%
➢ Dominated by S&B modeling + photon identification

❏ Agrees well with calculations (JHEP 10 (2018) 158, JHEP 01 (2019) 188)

𝜎(tt𝛾) = 38.5 +0.56/-2.18(scale) +1.04/-1.18(pdf) fb 

139fb⁻¹

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-03/
https://link.springer.com/article/10.1007/JHEP10(2018)158
https://link.springer.com/article/10.1007/JHEP01(2019)188


ATLAS tt𝛾+tW𝛾 eµ: JHEP 09 (2020) 049 

❏ Differential measurement via unfolding to parton level with RooUnfold
❏ Photon kinematics well-described by NLO calculation and MG5aMC simulations

(sensitive to t𝛾 coupling) 
❏ NLO calculation describes observables related to leptons better 

(sensitive to tt spin correlations)

Theory NLO: JHEP 10 (2018) 158, JHEP 01 (2019) 188
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tt+𝛾 cross section measurement (ATLAS)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-03/
https://link.springer.com/article/10.1007/JHEP10(2018)158
https://link.springer.com/article/10.1007/JHEP01(2019)188


tt+Z cross section measurement (CMS)

❏ Measurement of ttZ in multilepton channels
❏ Fit in lepton / jet / b-jet bins

❏ Backgrounds:
➢ Non-prompt → data-driven off-Z peak
➢ WZ/ZZ → CRs on Z peaks in 3/4ℓ
➢ Remaining (e.g. t(t)+X) estimated from MC

❏ Observed: 𝜎(ttZ) = 0.95 ± 0.05(stat) ± 0.06(syst) pb
➢ Precision of 8%
➢ Dominated by lep. ID, PS modeling and background yields

❏ Agreement with NLO+NNLL calculation (EPJC 79 (2019) 249)

𝜎(ttZ) = 0.86 +0.07/-0.08(scale) ± 0.03 (pdf+αS) pb

CMS ttZ 3ℓ/4ℓ: JHEP 03 (2020) 056
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https://link.springer.com/article/10.1140/epjc/s10052-019-6746-z
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-009/index.html


❏ Differential measurement via unfolding to parton level with TUnfold
➢ Only uses the 3 lepton channel
➢ OSSF lepton pair for Z reconstruction

❏ Probe pT of Z boson and angle between Z and ℓ– in Z rest frame
➢ Good agreement for simulation (amC@NLO) and NLO+NNLL calculation (EPJC 79 (2019) 249)  

CMS ttZ 3ℓ/4ℓ: JHEP 03 (2020) 056
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tt+Z cross section measurement (CMS)

https://link.springer.com/article/10.1140/epjc/s10052-019-6746-z
http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-009/index.html


CMS boosted ttZ/H: CMS-TOP-21-003 (submitted to PRD)

138fb⁻¹

❏ Setting differential limits on pT of Z and H boson
➢ Higher sensitivity on H than Z due to large H→bb branching fraction

53

Boosted tt+Z/H cross section measurement (CMS)Also covered in 
EFT talk by Jon 
(Tuesday)

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-21-003/index.html


tt+W cross section measurement (ATLAS)

ATLAS ttW/ttZ 2ℓ/3ℓ/4ℓ: PRD 99 (2019) 072009  

❏ Measurement of ttW and ttZ in multilepton channels
➢ ttZ measurement superseded by EPCJ 81 (2021) 737 

❏ SS2ℓ and 3ℓ regions targeting ttW:
➢ SS2ℓ split per charge and lepton flavors, b-jets
➢ 3ℓ split in on- and off-Z peak for ttW and ttZ and jet and b-jet regions

❏ Backgrounds:
➢ WW/WZ/ZZ → CRs 
➢ Non-prompt leptons → data-driven
➢ Others estimated from simulation

❏ Observed ttW cross section in 2D fit of ttW and ttZ:
𝜎(ttW) = 0.87 ± 0.13(stat) ± 0.14(syst) pb
➢ Precision of 22%
➢ Limited by signal modeling and data statistics
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-11/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2018-08/


❏ Multi-lepton + SS2ℓ channel
❏ Two analysis strategies

➢ Cut-based: Separate lepton / jet / b-jet bins
➢ BDT-based: BDT for signal identification in full region

❏ Backgrounds:
➢ ttW/ttZ → CRs with less jets / on Z peak
➢ Non-prompt → data-driven estimation

❏ Measured signal-strength for BDT analysis:
µ(tttt) = 1.1 +0.5/-0.4 (2.5𝜎)
➢ Higher sensitivity than cut-based analysis (1.7𝜎)
➢ Statistically limited

CMS four top SS2ℓ/3ℓ+: EPCJ 80 (2020) 75
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Status of four top searches (CMS)

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP-18-003/index.html

