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CKM
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CKM matrix

- Unitary complex matrix that governs quark mixing and 
CP violation in flavour-changing weak interaction in 
the Standard Model

- Elements must be determined by experiments!
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PDG 2025: 
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CKM matrix
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● Most precise measurements so far are made in 
semileptonic and leptonic decays of hadrons

● Limited by non-perturbative QCD knowledge 
(decay constants, form factors) which leads to 
inevitable theoretical uncertainty

● Can we measure them independent of hadrons?

● On-shell W decay! (e.g. LEP2 W->cs)

● What can be done with ATLAS and CMS?
Image credit: Jolanta Brodzicka
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Traditional |Vcb| measurements

- |Vcb| has so far (> 40 years) only been measured in semileptonic B-hadron decays (q ~ mb/2)
- Persistent 3σ tension between the inclusive and exclusive methods
- Both approaches depend closely on different theoretical inputs.
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Phys. Rev. D 113, 012008

Decay Rate: Γ ∝ |Vcb|² F

● Inclusive: Decay rate is predicted using Heavy Quark 
Expansion (HQE). F contains HQE parameters that are 
extracted from data.

● Exclusive: Decay rate is measured in specific channels; 
The form factor F’s shape is determined from data, 
whereas its normalisation relies on lattice calculation.

● (Both approaching 1% uncertainty..)
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[*] Ignore phase space difference of 0.25% 

|Vcb|

New |Vcb| measurement in on-shell W decays

- Proposal to measure |Vcb| in tt̄ events: JHEP01(2019)191 [P. F. Harrison & V.E. Vladimirov]
- Offers an independent test to the tension in traditional low-energy extractions

- Complementary approach, different source of uncertainties
- First measurement at weak scale (q ~ mW) using on-shell W boson decays 
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Probes CKM suppressed t → bW → bcb

Additional physics potential:
❏ Validation of energy scale dependence
❏ Any deviation from the world average could indicate new physics

|Vcb| extracted from the ratio of W → cq BFs:

≈ 1.7 x 10-3

[*]
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Top-quark physics in ATLAS
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A single top production (Image credit: P. Ferreira da Silva)

Production (QCD):
- Single production (|Vtx|)
- Pair production: tt̄
- Associated production

About 100 million tt̄ pairs 
produced in Run 2(3)

Decay:
- Exclusively decay to Wb 

(|Vtb|~1)

- tt̄ → 1L or 2L often used 
(trigger on leptons) for low 
background levels

- W boson factory..
- Rare/BSM decays (FCNC, ..)

Property:
- Heaviest known elementary particle: mt~172.5 GeV, yt~1
- Crucial in loop corrections of SM observables: test SM 

consistency and probe BSM phenomena
- Decay before hadronise: momentum and spin preserved in 

decay products
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Top-quark analysis in ATLAS

About 40M single-lepton tt̄ events with Run 2 data:
- Single lepton events with exactly 4 jets
- Neutrino appears as missing momentum
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A single-lepton tt̄ event
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Precision knowledge of mt is crucial to test the internal consistency of the SM
- Historically limited by Jet Energy Scale (JES) and Resolution (JER) uncertainties
- This analysis uses a specific decay chain: t → (W → ℓv) (b → J/ψ+X → μμ+X) to avoid jet reconstruction 

and use fully lepton observables
- Main uncertainties are complementary to other analyses: Important for combination!
- Unbinned likelihood fit to m(ℓμμ) distribution using a template technique

Mass measurement using J/ψ
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JHEP 04 (2026) 099

Result:
172.17 ± 0.80(stat) ± 0.81(syst) ± 1.07(recoil) GeV

JES+JER unc. drastically reduced (<0.1 GeV)
Dominant component is signal modelling

- Parton shower gluon-recoil scheme
- Parton shower and hadronisation model

mailto:bowen.zhang@cern.ch
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Yukawa coupling using tt̄
Uniquely large Yukawa coupling

- Extract yt via virtual EW correction to tt̄ production cross section
- This correction is enhanced near tt̄ production mass threshold and is proportional to yt

2

- Highly complementary approach to direct tt̄H extractions
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JHEP 01 (2026) 117

Result: yt
2 = 1.3 ± 1.7

Dominated by systematic uncertainty (±1.7 vs ±0.4 statistical): 
- Signal modelling (±1.2, from QCD scales, parton shower 

and hadronisation, NNLO QCD reweighting)

mailto:bowen.zhang@cern.ch
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tt̄  event in ATLAS detector

Full Run-2 pp dataset (140 fb-1, 2015-2018)

- ~100M tt̄ events produced
- ~40M single-lepton events
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- Jet flavours identified by flavour tagger (DL1r)
- Combine traditional IP- and vertex-based 

methods with Recurrent Neural Network (RNN) 
outputs in a high-level deep NN

A single-lepton tt̄ event
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|Vcb| event in ATLAS detector

Full Run-2 pp dataset (140 fb-1, 2015-2018)

- ~100M tt̄ events produced
- ~40M single-lepton events
- Only ~35K events expected with |Vcb|

Event signature:

- Single lepton events with exactly 4 jets
- 3 b-tagged + 1 c-tagged jets -> 3b1c
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|Vcb|

A single-lepton tt̄ event
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|Vcb| event in ATLAS detector

Full Run-2 pp dataset (140 fb-1, 2015-2018)

- ~100M tt̄ events produced
- ~40M single-lepton events
- Only ~35K events expected with |Vcb|

Event signature:

- Single lepton events with exactly 4 jets
- 3 b-tagged + 1 c-tagged jets -> 3b1c

1418 June 2026 Tagging rate fxy represent the probability to tag a jet with true flavour x as y (fxx = εx)

● Assign jet flavours using b-tagging working points in DL1r tagger
● Average tagging performance: 

● The standard c-jet tagging calibration assumes a fixed 
nominal value of |Vcb| and uses highly overlapped 
analysis region

● Using these scale factors will bias the |Vcb| extraction
● Need to perform in situ calibration for c-jets



|Vcb| event in ATLAS detector

Full Run-2 pp dataset (140 fb-1, 2015-2018)

- ~100M tt̄ events produced
- ~40M single-lepton events
- Only ~35K events expected with |Vcb|

Event signature:

- Single lepton events with exactly 4 jets
- 3 b-tagged + 1 c-tagged jets -> 3b1c

tt̄ reconstruction challenges:

- Jet origins can be mis-assigned
- Jet flavours can be mis-tagged
- Main background: tt̄ (without |Vcb|) events with 

mis-assigned and mis-tagged jets. 
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Jet assignment and flavour tagging
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c ✅ ⇾ light 

b ✅ ⇾ b

b ❌
b ✅ ⇾ c

u ✅ ⇾ light

Example (Signal): A 3b1c tt̄ (with |Vcb|) event is 
categorised into 2b1c PC and 1b1c TC

3b1c TC is expected to be the most signal-enriched 
region, however, |Vcb| events are distributed across 
other regions due to these effects

Events are sorted into Production Category based on truth flavours[*] of the jets (PC, denoted as mbnc) 
and Tagging Category based on the reconstructed flavours (TC, also denoted as mbnc)

- PC can be different from the generated process if a jet (e.g. from ISR) is mis-assigned as tt̄ decay product
- TC can be different from PC if a jet is mis-tagged with an incorrect flavour

[*] In ATLAS flavour tagging, this is defined 
according to the match generator-level hadrons

mailto:bowen.zhang@cern.ch


Jet assignment and flavour tagging

1718 June 2026 B.Zhang – Warwick EPP Seminar

Example (Background): A 2b1c tt̄ (without |Vcb|) event 
is categorised into 3b1c PC and 3b1c TC

Results in background contamination in 3b1c TC:
- Mostly b/c-associated tt̄ production (tt̄ + HF)
- Modelling of these processes are challenging
- MC consistently underpredicts data
- Normalisation must be extracted from data

Events are sorted into Production Category based on truth flavours[*] of the jets (PC, denoted as mbnc) 
and Tagging Category based on the reconstructed flavours (TC, also denoted as mbnc)

- PC can be different from the generated process if a jet (e.g. from ISR) is mis-assigned as tt̄ decay product
- TC can be different from PC if a jet is mis-tagged with an incorrect flavour

[*] In ATLAS flavour tagging, this is defined 
according to the match generator-level hadrons

c ✅ ⇾ b 

s ❌

b ✅ ⇾ b

b ✅ ⇾ b

b ✅ ⇾ c
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Jet assignment Neural Network (NN)

Binary classifier to suppress background from mis-assigned jets:

- Signal: tt̄ events with all four jets truth-matched to the partons from the decay
- Background: not fully matched tt̄ events and non-tt̄ events 

Notably, tt̄+HF is selected as Bkg., allowing to constrain it using the low NN output score regions
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Jet assignment Neural Network (NN)

Input variable ranking: hadronic W boson mass drives the discrimination, followed by several 
variables with comparable importance
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Event Categorisation

- Need to constrain overall tt̄ normalisation
- cross section calculated at NNLO QCD

- Need to constrain tt̄ + b/c
- poorly modelled by MC

- Need to calibration charm jet tagging (and mistagging) efficiencies
- can’t use standard calibration

- Need to extract |Vcb|
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Event Categorisation

TCs defined by the number of b- and c-tagged jets:

- Signal TC (3b1c): maximises sensitivity for measuring |Vcb|
- Control TCs (2b0c, 2b1c, 3b0c, ..): calibrate c-jet tagging rates

NN bin edges optimised to minimise expected uncertainty of |Vcb|

- Three NN regions (NNRs): Low, Medium, High
- Low NNRs are used to constrain the tt̄ + HF background
- Sensitivity saturates with more than 3 bins

Fit to the 24 regions (8 TCs x 3 NNRs):
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● Fraction of events in each 
PC (based on truth flavours)

In situ c-jet tagging calibration

22

Calibrate c-jet efficiency εc and mis-tag rate fcb in all top processes in bins of NN score

Two-step procedure:

- Step 1: Extract tagging rates from MC by minimising χ² fitted to event yields in each NNR

18 June 2026 B.Zhang – Warwick EPP Seminar

Nj (ΔNj): event yield (uncertainty) in the j-th TC
N : total event yield

The expected event fraction in TC j  as a function of tagging rates

6 independent rates

● Transition probability from PC i to TC j:
● Example: 3b1c -> 3b1c:

mailto:bowen.zhang@cern.ch


In situ c-jet tagging calibration

- Step 2: Tagging rates from Step 1 define the normalisation factors in the final fit
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● (Scale factors of) c-jet efficiency εc and mis-tag rate fcb float freely
● Other tagging rates (denoted as ∗) in T are fixed to their calibrated 

values except εc and fcb 

- Compatible with values measured in the standard c-tagging calibration
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Fit results
- Profile likelihood fit to 8 TCs x 3 NNRs
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Free Parameters are determined simultaneously

- c-jet tagging efficiency and c–to-b mis-tag rate 
scale factors (see last page)

- Scaling of |Vcb| (event yield scales with |Vcb|²)
- Normalisation of inclusive tt̄
- Normalisation of tt̄+c fraction
- Normalisation of tt̄+b fraction

Consistent with 
dedicated tt̄+HF 
measurements 
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Fit results
- |Vcb| signal in 3b1c 
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Free Parameters are determined simultaneously

- c-jet tagging efficiency and c–to-b mis-tag rate 
scale factors (see last page)

- Scaling of |Vcb| (event yield scales with |Vcb|²)
- Normalisation of inclusive tt̄
- Normalisation of tt̄+c fraction
- Normalisation of tt̄+b fraction
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|Vcb| extraction and uncertainty
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-14|Vcb|: (50+11) x 10-3 – Compared with world average: (41.1 ± 1.2) x 10-3

● Balanced statistical and systematic uncertainties
● Systematic uncertainty dominated by tt̄ modelling

Corresponds to:
|Vcb|² = (2.5 ± 1.2) × 10−3

B(t → bcb̄) in SM: (8 ± 4) x 10-4
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- First measurement of |Vcb| via on-shell W decays: |Vcb| = (50+11) x 10-3

- Within 3-generation SM: B(t → bcb̄) = (8 ± 4) x 10-4

- Not yet enough to test the tension in traditional extractions, however, demonstrates the 
potential to measure CKM matrix elements at electroweak scale

Summary
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-14

Projections in different scenarios Stat Syst Total

This paper (Run 2, L=140 fb-1) +7 / -9 +9 / -10 +11 / -14

Only data and MC stat scale with Luminosity (Run 2+3, L=500 fb-1) +4 / -5 +9 / -10 +9 / -11

+ Systematic uncertainties are halved* (Run 2+3, L=500 fb-1) +4 / -5 +5 / -5 +6 / -7

- Also profits from state-of-the-art flavour tagging algorithms and extended analysis categories

* Maybe too optimistic
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Backup
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tt̄+c: Phys. Lett. B 860(2025)139177 tt̄+b: JHEP 01(2025)068 
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Standard c-jet tagging calibration: Eur. Phys. J. C (2022)

https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09843-w.pdf
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GN2: Nature Commun. 17 (2026) 541 GN3: ATL-PHYS-PUB-2026-001
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arxiv:2503.00118
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