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Introduction

• LHC is in an era of precision top quark measurements

• Rarest processes with the lowest cross sections may be probed

• Stringent tests of the Standard Model

• Tiny anomalies may appear from new physics, and be explored through 

Effective Field Theory
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Recent history of Rare Top Processes – 17+ new results in the last year!
ATL-PHYS-PUB-2022-031 ATL-PHYS-PUB-2022-030

See Jan Van Der Linden’s Talk!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-031/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-030/
https://conference.ippp.dur.ac.uk/event/925/contributions/5745/
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Introduction

ATL-PHYS-PUB-2022-031

ATL-PHYS-PUB-2022-030

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-031/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-030/
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EFT Importance of Rare Top Processes

JHEP 02 (2022) 032

https://link.springer.com/article/10.1007/JHEP02(2022)032
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EFT Importance of Rare Top Processes

JHEP 02 (2022) 032

See Josh McFayden, Jonathan Wilson 

(and many others’!) talks for EFT 

combinations with rare top processes!

𝑠-channel and 𝑡-channel probe same set of operators but 

from different ‘directions’

Good candidates for combination with 𝑡𝑍𝑞 and 𝑡𝑞𝛾
(Essentially 𝑡-channel single-top with an additional vertex)

JHEP 02 (2020) 131

https://link.springer.com/article/10.1007/JHEP02(2022)032
https://conference.ippp.dur.ac.uk/event/925/contributions/5718/
https://conference.ippp.dur.ac.uk/event/925/contributions/5716/
https://link.springer.com/article/10.1007/JHEP02(2020)131
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Measurement of single-top 𝑠-channel ATLAS-CONF-2022-030

Jacob Kempster - University of Sussex

𝜎SM = 10.32−0.24
+0.29 scales ± 0.29 PDF + 𝛼𝑠 pb

= 𝟏𝟎. 𝟑𝟐−𝟎.𝟑𝟔
+𝟎.𝟒𝟎 𝐩𝐛

• Single-top quark production via the 

electroweak interaction, the 𝑊𝑡𝑏
vertex

• 𝑠-channel has the lowest predicted 

cross-section of the three leading-

order diagrams (compared to 𝑡-
channel and associated 𝑡𝑊)

• Only observed by a combination of 

results from CDF and D0 

collaborations (PRL 112 (2014) 231803) 

(valence anti-quarks!)

• Sensitive to anomalous couplings
Calculated at NLO in QCD 

with HATHOR

PDF + 𝛼𝑠 uncertainties from 

PDF4LHC prescription

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.231803
https://www.sciencedirect.com/science/article/abs/pii/S0010465515000454?via%3Dihub
https://iopscience.iop.org/article/10.1088/0954-3899/43/2/023001
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Measurement of single-top 𝑠-channel ATLAS-CONF-2022-030
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ATL-PHYS-PUB-2022-031

3.2𝜎

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-031/
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Measurement of single-top 𝑠-channel ATLAS-CONF-2022-030
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ATL-PHYS-PUB-2022-031

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-031/
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Measurement of single-top 𝑠-channel ATLAS-CONF-2022-030

Jacob Kempster - University of Sussex

Single lepton with 

multiple b-jets and 

MET

Pre-selection
• ≡ 1 𝑒/𝜇 , 𝑝𝑇 > 30 GeV

• 𝐸T
miss > 35 GeV , 𝑚T 𝑊 > 30 GeV

• ≡ 2 jets , 𝑝𝑇 > 25 GeV , η < 2.5

Signal Region
• ≡ 2 jets , 𝑝𝑇 > 30 GeV and ≥ 1 jet , 𝑝𝑇 > 40 GeV
• ≡ 2 btags @ 77%WP
• ≡ 0 leptons , 10 GeV < 𝑝𝑇 < 30 GeV (𝑡 ҧ𝑡 dilepton)

• ≡ 0 jets , 20 GeV < 𝑝𝑇 < 30 GeV or η > 2.5 (𝑡-channel)

𝒕 ҧ𝒕 Validation Regions

• ≡ 3 (4) jets , 𝑝𝑇 > 25 GeV
• ≡ 2 btags @ 77%WP

𝑾+jets Validation Region
• ≡ 2 jets , 𝑝𝑇 > 30 GeV
• ≡ 2 btags @ 85%WP
• ≥ 1 jet failing btag @ 77%WP
• ≡ 0 leptons, 10 GeV < 𝑝𝑇 < 30 GeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030/
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Measurement of single-top 𝑠-channel ATLAS-CONF-2022-030

Jacob Kempster - University of Sussex

𝒕 ҧ𝒕 - 1L or 2L 𝑾+jets

𝒕-channel 𝒕𝑾-channel

All modelled by MC simulations

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030/
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Measurement of single-top 𝑠-channel ATLAS-CONF-2022-030
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Signal Region 𝑾+jets Validation Region

𝒕 ҧ𝒕 Validation Regions

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030/
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Measurement of single-top 𝑠-channel ATLAS-CONF-2022-030

Jacob Kempster - University of Sussex

Multijet estimation in electron channel → The Jet-Electron method

Jets

Non-prompt leptons (HF decays)

Photon Conversions
“electron”

• Dedicated selection on dijet events with large EM energy fractions (energy 

deposition in ECAL), appearing as “electrons” passing quality criteria

• B-tagging and MET requirements dropped to increase statistics

• Multijet normalisation extracted from binned maximum likelihood fit to data in 

loosened SR (with 𝑡 ҧ𝑡 and W+jets free-floating) – process repeated in loosened VRs

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030/
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Measurement of single-top 𝑠-channel ATLAS-CONF-2022-030
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Multijet estimation in muon channel → The Anti-Muon method

Jets

Non-prompt leptons (HF decays)
“muon”

• Dedicated selection with inverted/modified muon identification criteria:

• Calorimeter energy loss

• Longitudinal impact parameter

• Tracking and Calorimeter Isolation

• 𝑚T
𝑊 requirements dropped to increase statistics

• Multijet normalisation extracted from binned maximum likelihood fit to data in 
loosened SR (with 𝑡 ҧ𝑡 and W+jets free-floating) – process repeated in loosened VRs

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030/
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Measurement of single-top 𝑠-channel ATLAS-CONF-2022-030

Jacob Kempster - University of Sussex

Matrix Element Method (MEM) – for Signal and Background separation.
Used at Tevatron, and ATLAS at 8 TeV

This is a per-event likelihood calculation for the hypothesis that a measured 
final state 𝑿 is of a certain process 𝑯𝐩𝐫𝐨𝐜

The normalised fully differential cross-section gives the probability density for a 
scattering process 𝐻proc to lead to a parton-level final state Φ as a function of 

the four-momenta of all outgoing particles.

The transfer functions map between the measured final state X and the parton-
level state Φ, accounting for:

• Detector energy resolution 

• Reconstruction and b-tagging efficiencies as a function of transverse 

momenta and pseudorapidities

• Permutations between the partons and the reconstructed objects.

(Likelihood values consider 2 signal and 8 background processes/diagrams which match the final state)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030/
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Matrix Element Method – for Signal and Background separation

In practice the MEM is utilised through Bayes’ theorem to product a discriminant 

distribution – the probability for a measured event 𝑿 to be a signal event 𝑺.  

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030/
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Measurement of single-top 𝑠-channel ATLAS-CONF-2022-030
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Signal Extraction

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030/


09 September 2022 19

Measurement of single-top 𝑠-channel ATLAS-CONF-2022-030

Jacob Kempster - University of Sussex

Signal Extraction

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030/
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𝝈𝐒𝐌 = 𝟏𝟎. 𝟑𝟐−𝟎.𝟑𝟔
+𝟎.𝟒𝟎 𝐩𝐛

𝝈𝐨𝐛𝐬 = 𝟖. 𝟐−𝟐.𝟗
+𝟑.𝟓 𝐩𝐛

3.3𝜎 (3.9𝜎) observed (expected) 

significance

Precision dominated by multiple 

systematic uncertainties

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030/
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Observation of 𝑡𝑞𝛾 ATLAS-CONF-2022-013

Jacob Kempster - University of Sussex

For maximal 

details see talk 

by Joe Lambert!

• Associated top quark production with 

a photon

• 𝑡-channel top quark production

• Probes coupling sensitive to EW 

parameters

ATL-PHYS-PUB-2022-030

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-013/
https://conference.ippp.dur.ac.uk/event/925/contributions/5704/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-030/
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Observation of 𝑡𝑞𝛾
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Single lepton, single 

photon and multiple 

jets with MET

Signal Regions
• ≡ 1 𝑒/𝜇
• ≡ 1 𝛾 , (80 GeV > 𝑚𝑒𝛾 < 100 GeV (𝑍𝑒𝑒))

• ≡ 1 `tight′ btag
• ≡ 0 `loose′ btags
• ≡ 0 forward − jets 𝐎𝐑 ≥ 1 forward −

jet (2.5 < η < 4.5)

𝒕 ҧ𝒕𝛾 Control Region
• SR Selection, except:

• ≥ 0 forward − jets
• ≥ 1 `loose′ btags

ATLAS-CONF-2022-013

𝑊𝛾 Control Region
• SR Selection, except:

• ≥ 0 forward − jets
• ≥ 1 `loose′ btags
• ≡ 0 `tight′ btags

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-013/
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Electron to “photon” fakes

Tag and probe method employed in 

dedicated CRs to derive MC scale 

factors using 𝑍-mass peak

Binned in photon η and reconstruction 

properties (e.g. track hits)

𝐹𝑒→𝛾 =
𝑁(𝑍 → 𝑒 𝑒 → 𝛾 )

2 × 𝑁(𝑍 → 𝑒𝑒)

Jet to “photon” fakes

ABCD method employed – splitting regions by photon identification and isolation 

criteria 

Binned in photon η , 𝑝𝑇 and reconstruction properties (e.g. track hits)

𝑆𝐹𝑒→𝛾 =
𝐹𝑒→𝛾
Data

𝐹𝑒→𝛾
MC

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-013/
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Observation of 𝑡𝑞𝛾 ATLAS-CONF-2022-013
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Signal and Background separation and Signal Extraction

• Neural networks are trained using kinematic variables:

• η, 𝑝𝑇, 𝜑 of the photon, lepton, leading b-tagged and forward jets, MET, b-

tagging properties, and kinematic combinations

• Top-quark mass is most useful input variable

• Simultaneous profile-likelihood fit performed across all regions with free-floating 𝒕 ҧ𝒕𝛾
and W𝛾

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-013/
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Observation of 𝑡𝑞𝛾 ATLAS-CONF-2022-013
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𝜎obs
parton

= 580 ± 19 stat. ± 63 syst. fb

𝜎SM
parton

= 406−32
+25 fb

𝜎obs
particle

= 287 ± 8 stat. −31
+31 syst. fb

𝜎SM
particle

= 207−11
+26 fb

Results (in fiducial phase space 

close to SR)

Process observed with a significance of 𝟗. 𝟏𝝈!

(Expected 𝟔. 𝟏𝝈).

(parton level)

1.9𝜎

2.5𝜎

𝜇SM
ATLAS consistent with previous CMS result in PhysRevLett.121.221802

𝜇SM
CMS = 1.42 ± 0.43

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-013/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.221802
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Summary

Jacob Kempster - University of Sussex

• Measurements of rare top processes are extremely active, making full 

use of the Run 2 dataset as we begin Run 3

• These processes are extremely important and useful inputs to EFT fits

• 𝑠-channel cross section extremely challenging due to large 

backgrounds, but achieved same sensitivity as 8 TeV result

• First observation of the SM 𝑡𝑞𝛾 process achieved

• Consistent ‘excess’ in 𝑡𝑞𝛾 cross section observed by both ATLAS and 

CMS



Thanks for your attention

09 September 

2022
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BACKUP
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030/


09 September 2022 30

Measurement of single-top 𝑠-channel ATLAS-CONF-2022-030

Jacob Kempster - University of Sussex

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-030/
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Observation of 𝑡𝑞𝛾
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ATLAS-CONF-2022-013

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

