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Introduction
Why Single top? → It is the main direct probe of the electroweak couplings in 

production. 

❑ Direct Access to 𝑽𝒕𝒃 : 
▪ Cross-section Relation: 𝜎𝑠𝑖𝑛𝑔𝑙𝑒−𝑡  ∝ 𝑉𝑡𝑏

2

▪ No Unitary Assumption: measure of 𝑉𝑡𝑏  without 
assuming only three quark generations  

▪ Testing the CKM matrix: test of the Standard Model 
flavour’s sector 

❑ Sensitivity to New Physics: 
▪ Vertex Structure: deviation from 𝑉 − 𝐴 →  BSM signals.
▪ Sensitivity: a glass for higher-dimensional operators that modify 

the 𝒕𝑾𝒃 vertex 
▪ Indirect sensitivity via SMEFT 𝚲: using effective field theory to 

parameterize New Physics from higher-energy scales.
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Overview of Production Modes

❑ Most abundant Single Top Production 
channels: 
▪ 𝒕-channel (largest forward Jet)
▪ 𝒕𝑾 (top and W association production)
▪ 𝒔-channel (pure CKM challenging)

❑ Rare Electroweak Associations:
▪ 𝒕𝒁𝒒 & 𝒕𝑾𝒁:

• Probe for 𝒕𝑾𝒃 and 𝒕𝒁 couplings
• High sensitivity to SMEFT and 

BSM
▪ 𝒕 ҧ𝒕𝒁:

• Probe for top quark and Z 
couplings  

• Main background for rare single 
top processes.
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Main Single top Channels
The 𝑡𝑊𝑏 vertex is primarly probed through three distinct single top quark production channels 

𝒕-channel
Direct 𝑽𝒕𝒃  probe

𝒔-channel
Rare channel sensitive 

to NP

𝒕𝑾-channel
Direct top-W coupling

• Largest cross section 
(~218 pb at 13 TeV) 

• Distinct forward-jet signature 
• Direct measurement of 

𝒇𝑳𝑽𝑽𝒕𝒃  

• Pure electroweak couplings 
(~10 pb at 13 Tev)

• Challenging background-
dominated signal

• Probes for 𝑽 − 𝑨 anomalous 
structure in 𝑡𝑊𝑏

• Second most prominent single 
top process (~ 82 pb at 13 TeV)

• Direct sensitive to anomalous 
𝑡𝑊 couplings 

• Sensitive to SMEFT operators 
and top quark decay kinematics 
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𝑉𝑡𝑏  Extraction Strategy
Motivation: moving from measured cross section 𝝈𝒎𝒆𝒂𝒔 to CKM matrix element 𝑽𝒕𝒃

❑ Direct vs. Indirect:
▪ Indirect (B-Physics/Top Decays):

• Assumes CKM Unitary and 3 Generations
▪ Direct (Single top Production):

• Unitary-independent

𝑓𝐿𝑉𝑉𝑡𝑏 =
𝜎𝑚𝑒𝑎𝑠.

𝜎𝑡ℎ𝑒𝑜(𝑉𝑡𝑏 = 1)

❑ Key Advantage: 
▪ Direct measurement. No assumption on the number 

of quark generations (Unitarity-independent).

❑ Experimental Challenge:
▪ Controlling systematic uncertainities (eg. 

luminosity, Jet Energy Scale, PDF, 𝜇𝐹/𝜇𝑅)

𝝈𝒎𝒆𝒂𝒔: single top measured cross section 

𝝈𝒕𝒉𝒆𝒐: theoretical expected cross section

𝒇𝑳𝑽 (𝑭𝒐𝒓𝒎 𝑭𝒂𝒄𝒕𝒐𝒓): parameterizes anomalous left-handed 
vector couplings:  

• Standard Model: 𝑓𝐿𝑉 = 1 
• BSM:  𝑓𝐿𝑉  ≠ 1
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𝑓𝐿𝑉𝑉𝑡𝑏  Combination
Goal: Combining measurements from both LHC experiments to achieve the most precise legacy results for Run 1. 

❑ Dataset and Objective:
▪ Channels: single top signal strenght in 𝑡-channel, 

𝑡𝑊 and 𝑠-channel. 
▪ Data: 𝑝𝑝 collisions at 𝑠 = 7 𝑇𝑒𝑉 5.1 𝑓𝑏−1  and 

8 𝑇𝑒𝑉 (20.3 𝑓𝑏−1)

❑ Strategy for Combination: 
▪ BLUE (Best Linear Unbiased Estimator) method used for 

the combination.
▪ Statistical Consistency: High agreement across all 

channels (within ±2σ)
▪ Robustness: stable against variation of correlation (𝝆)
▪ Dominant Weight: t-channel at 8 TeV provides the 

highest contribution

❑ Final 𝒇𝑳𝑽 𝑽𝒕𝒃  combination:

𝒇𝑳𝑽𝑽𝒕𝒃 = 𝟏. 𝟎𝟐 ± 𝟎. 𝟎𝟒 𝐦𝐞𝐚𝐬 ± 𝟎. 𝟎𝟐 (𝐭𝐡𝐞𝐨)

JHEP 05 (2019) 088

https://arxiv.org/abs/1902.07158
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𝑡 channel at 13 TeV
Goal: Identifying the 𝑡-channel signature against a background-rich of 13 TeV (Run2)

❑ Dataset: 2016 Run 2 𝑝𝑝 collisions at 𝑠 = 13 TeV (35.9 fb−1).  

❑ Object Selection:
▪ Tight Lepton: exactly 1 isolated 𝜇 (𝑝𝑇 > 26 𝐺𝑒𝑉) or 𝑒 

(𝑝𝑇 > 35 𝐺𝑒𝑉).
▪ Jets:

• 𝑝𝑇 > 40 𝐺𝑒𝑉 and 𝜂 < 4.7
• b-tagging: identification of Jets at low 𝜂 < 2.4.

▪ MET/W-Mass: 𝐸𝑇
𝑚𝑖𝑠𝑠 > 30 𝐺𝑒𝑉 and 𝑚𝑇 𝑊 > 50 𝐺𝑒𝑉

❑ Multi-Category Strategy: 
▪ 2jets, 1-tag: allows 𝑺𝑻(b,b) discriminantion from 𝑊+jets 

and 𝑡 ҧ𝑡  
▪ 3jets, 1 tag: allows 𝑺𝑻(b,b) and 𝑺𝑻(b, q) discriminantion
▪ 3jets, 2 tag: helps with 𝑺𝑻(b,b) extraction and 𝑡 ҧ𝑡 background 

control

Phys. Lett. B 808 (2020) 135609

https://arxiv.org/abs/2004.12181
https://arxiv.org/abs/2004.12181
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Methodology and Fit Strategy
❑ Multi-channel Likelihood Fit:

▪ Simultaneos fit across 6 categories (split by 𝑒/𝜇 channels)
▪ Use a BDT to separate the 𝑺𝑻(b,b) from backgrounds (𝑡 ҧ𝑡 and 

𝑊 + 𝑗𝑒𝑡𝑠) 
▪ Systematic Handling: profiled/non-profiled

❑ Signal Strenght Parametrization (𝝁):
▪ Fit strenghts written in terms of measured vs injected cross 

sections. 
▪ 𝝁𝒃: signal strenght for 𝑺𝑻(b,b) → Probes for 𝑽𝒕𝒃  (~ 𝑽𝒕𝒃

𝟒)
▪ 𝝁𝒔𝒅: probes the sum of 𝑺𝑻 𝐛, 𝒒  and 𝑺𝑻 𝐪, 𝐛  (sensitive to 

𝑽𝒕𝒅
𝟐 + 𝑽𝒕𝒔

𝟐)

Fit Parametrization
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Results for 𝑡 channel 

𝜇𝑏 = 0.99 ± 0.03 stat + prof ± 0.12 (nonprof)

𝜇𝑠𝑑 < 87 at 95 % CL (Correlation 𝜌 = −0.25) 

𝑉𝑡𝑏 > 0.970

𝑉𝑡𝑑
2 + 𝑉𝑡𝑠

2 < 0.057 95 % 𝐶𝐿

▪ Assumes CKM Unitary 

▪ More precision by the 𝑽𝒕𝒃
𝟒 dependece both 

in production × decay 

▪ Fixed Width: 𝑽𝒕𝒒  varies freely; assumes 
SM-like top decay: 

▪ Free Width (𝑹𝜞): allows for probe BSM top 
decays:

Results From the Fit 

SM Scenario 

BSM Scenario 
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𝑡𝑊𝑏 vertex structure 
Goal: Precision test of SM predictions and PDF sets trough differential distributions in the 𝑡-channel at 13 TeV 

❑ Analysis Strategy:
▪ Data: 35.9 fb−1 (2016, 13 TeV)
▪ Selection: 1 Lepton (𝜇/𝑒)+Jets (categorized: 2j1t,3j1t,3j2t).
▪ Signal Discriminantion: BDT used to isolate 𝑡-channel signal from 𝑡 ҧ𝑡 

and 𝑊 + 𝑗𝑒𝑡𝑠
▪ Method: Unfolding to parton/particles levels for direct NLO comparison

❑ Differential Measurements:
▪ Kinematic Observables: Differential cross section 

measured as function of 𝑝𝑇  and rapidity (𝑦) for top 
quark, the W boson, and the charged lepton.

▪ Charge Ratio (𝑹𝒕 = 𝝈𝒕/𝝈 ҧ𝒕): measured differentially; 
highly sensitive to the 𝑢/𝑑 quark ratio.

❑ Top Polarization & Spin Asymmetry:
▪ Theory: almost 100% polarized production via 𝑉 − 𝐴 

weak interaction
▪ Method: Extraction from cos 𝜃𝑝𝑜𝑙 (lepton angle in top 

rest frame)
▪ Result: 𝑨𝒍 = 0.440 ± 0.070
▪ Impact: Confirms Standard Model 𝒕𝑾𝒃 vertex 

Eur. Phys. J. C 80 (2020) 370

https://arxiv.org/abs/1907.08330
https://arxiv.org/abs/1907.08330
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Rare Single Top Channels
Probing neutral current interactions and SMEFT through rare top quark associated production  

𝒕𝒁𝒒-channel
Probing 𝑡𝑍 and 𝑡𝑊𝑏 verticies 

𝒕𝑾𝒁-channel
First observation 

𝒕 ҧ𝒕𝒁-channel 
Direct top-Z coupling 

measurement

• Sensitive to 𝑡𝑍 and 𝑡𝑊𝑏 coupling 
structure 

• Probes top quark dynamics
• High sensitive to BSM deviations 

• Probe of both vector and axial 
coupling components  

• Sensitive to SMEFT operators 

• 𝑡𝑡𝑍 coupling streght measurement
• Main background for rare single top 

processes
• Key channel for constraining neutral 

studying
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First Observation of 𝑡𝑊𝑍 
Goal: First observation of the single top quark production in association with both a 𝑊 and a 𝑍 boson (> 5𝜎) 

❑ The Experimental Challenge:
▪ Rarity: 𝜎𝑡𝑊𝑍 ~ 0.1 𝑝𝑏 (~ 1000 smaller than 𝑡 ҧ𝑡)
▪ Data: combined 𝟐𝟎𝟎 𝐟𝐛−𝟏 at 𝑠 = 13 and 13.6 TeV (Run 2+3) 

❑ Event Selection:
▪ Lepton Multiplicity: events with at least 3 leptons (𝑒, 𝜇)
▪ Z-boson tagging: at least one Opposite-Sign Same-Flavor 

(OSSF) pair within 𝒎𝒍𝒍 − 𝒎𝒁 < 𝟏𝟓 𝐆𝐞𝐕
▪ Jet Activity:

• 𝐒𝐑𝟑𝒍: ≥ 2 jets, at least 1 b-tagged
• 𝐒𝐑𝟒𝒍: ≥ 1 b-tagged jet

▪ MVA: used to suppress the non prompt leptons. 

❑ Signal Extraction: 
▪ Particle-Transformers: trained to classify 

𝑡𝑊𝑍 vs. 𝑡 ҧ𝑡 and 𝑊𝑍+jets
▪ 𝐒𝐑𝟑𝒍 categorization: divided into 3 sub-nodes 

(𝑡𝑊𝑍-rich, 𝑡𝑡𝑍-rich, and "others")
▪ 𝐒𝐑𝟒𝒍 binary classifier: is used due to the lower 

statistical precision with 4 leptons
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𝑡𝑊𝑍 Measurement & Physical Results

S

▪ Measured Cross Sections (Run2+3):
• 𝑠 = 𝟏𝟑 𝐓𝐞𝐕: 𝟐𝟒𝟖 ± 𝟓𝟐 𝒇𝒃 
• 𝑠 = 𝟏𝟑. 𝟔 𝐓𝐞𝐕: 𝟐𝟒𝟐 ± 𝟕𝟕 𝒇𝒃 

▪ Signal Strenght (𝝁𝒕𝑾𝒁):
• Combined value: 𝜇𝑡𝑊𝑍 = 𝟏. 𝟕𝟕 ± 𝟎. 𝟑𝟐 (𝒕𝒐𝒕)
• SM Agreement: result is 𝟐. 𝟑𝝈 larger than the 

SM expectation 

Direct 𝒕𝑾𝒁 Measurement

▪ Extracted 𝜇𝑡𝑊𝑍  and 
𝜇𝑡 ҧ𝑡𝑍 simultaneously to handle 
correlations.

▪ Background Control (𝝁𝒕 ҧ𝒕𝒁):
• Measured 𝜇𝑡 ҧ𝑡𝑍: 0.91 ±  0.05
• Compatible with latest 

aN3L0 QCD + NLO EW 
predictions

Simultaneous Fit: 𝒕𝑾𝒁 vs 𝒕 ҧ𝒕𝒁

• SMEFT sensitivity: strong constraints on 𝑐𝜙𝑡  and 𝑐𝑡𝑍 operators.
• Directly probes anomalus 𝒕𝒁 and 𝒕𝑾𝒃 couplings.

Legacy & Future Impact• 5.8 𝜎 (expected 3.5 𝜎)

Combined Significance  

This represent the 13 and 13.6 TeV combined results for 𝒕𝑾𝒁

Phys. Rev. Lett. 136 (2026) 081802

https://arxiv.org/abs/2510.19080
https://arxiv.org/abs/2510.19080
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Inclusive 𝑡𝑡𝑍, 𝑡𝑊𝑍, 𝑡𝑍𝑞 
Goal: Simultaneous measurmeant of 𝑡+𝑍 processes to test SM predictions at the 13 TeV frontier.

❑ Multiclass Analysis Strategy: 
▪ Data: 138 fb (Full Run 2)
▪ Signal Regions: 3 prompt leptons+multiple jets/b-jets
▪ Separation: a Multiclass DNN is trained to handle the overlap 

between
• Node 1: 𝑡 ҧ𝑡𝑍 + 𝑡𝑊𝑍 
• Node 2: 𝑡𝑍𝑞
• Node 3: Backgrounds (𝑊𝑍 + 𝑗𝑒𝑡𝑠, non prompt)

▪ Fit: global profile likelihood fit used for simultaneous 
unfolding to parton level

• Differential Precision: First multi 
differential 𝑡(𝑡) 𝑍 measurments; 
full kinematic characterization 

• SM & SMEFT: 𝑝𝑇(𝑍) and angular 
spectra (Δ𝜙, cos 𝜃∗) show no 
deviations from SM, setting legacy 
constraints for EFT

𝜎 𝑡 ҧ𝑡 + 𝑡𝑊𝑍 = 1.14 ± 0.07 tot  pb

𝜎 𝑡𝑍𝑞 = 0.81 ± 0.10 tot  pb

Results

JHEP 02 (2025) 177

https://arxiv.org/abs/2510.19080


15SM@LHC 202610/04/2026

❑ Summary of the Single Top measurements at LHC:
▪ Precision Measurements: Successful direct extraction of 𝑉𝑡𝑏  and CKM properties using Run 1 and Run 2 data (JHEP 05 

(2019) 088, Phys. Lett. B 808 (2020) 135609) 
▪ Vertex Structure: Detailed probe of the 𝒕𝑾𝒃 interaction through 𝑊 boson helicity and angular observables (Eur. Phys. J. C 

80 (2020) 370), confirming the 𝑽 − 𝑨 structure of the SM.
▪ New Discoveries: Transioned from evidence to the first observation of the 𝑡𝑊𝑍 production at 𝟓. 𝟖 𝝈 (Phys. Rev. Lett. 136 

(2026) 081802) 
▪ Differential Era: First multi-differential measurments of ttZ and tZq (JHEP 02 (2025) 177), providing a high-resolution map 

of top-quark EW interactions

❑ Physics Takeaways: 
▪ SM Resilience: All results across inclusive and differential spectra show excellent agreement with NLO (and NNLO where 

available) predictions.
▪ SMEFT Sensitivity: No significant deviantions found in high-energy tails; more stringent legacy constraints

❑ Run3 & Beyond: 
▪ Statistics: Many rare channels (like 𝑡𝑊𝑍) are still stat-limited. The Run 3 dataset will be pivotal to reduce uncertainties.
▪ Global interpretation: Integration of these precision measurments into large-scale SMEFT fits to indirectly probe New 

physics scales.

Conclusion & Outlook 

https://arxiv.org/abs/1902.07158
https://arxiv.org/abs/1902.07158
https://arxiv.org/abs/2004.12181
https://arxiv.org/abs/2004.12181
https://arxiv.org/abs/1907.08330
https://arxiv.org/abs/1907.08330
https://arxiv.org/abs/1907.08330
https://arxiv.org/abs/2510.19080
https://arxiv.org/abs/2510.19080
https://arxiv.org/abs/2510.19080
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