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Introduction
• Significance of 𝑉𝑐𝑏

• The normalization of the unitarity triangle
• New Physics study in 𝐵𝑠/𝐵𝑑 mixing 

• Significance of 𝑉𝑐𝑏 at EW energy scale
• |𝑉𝑐𝑏| via 𝑏-hadrons decays

• non-perterbative QCD contribution
• PDG report the value as 0.0410(14)

• Larger than both Inclusive and exclusive analysis 
standalone, since they are in tension about p=1%

• 𝑉𝑐𝑏 via W decay
• Perturbatively QCD
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Δ𝑚𝑑 in  𝐵𝑑- ത𝐵𝑑 mixing
future development of Lattice QCD

Future bottleneck
𝑏-hadron decay

On-shell W decay

More about this topic: 
Phys. Rev. D 102, 
056023 (2020)

Phys.Rev. D91 (2015) 073007

NP parameter in the 𝐵𝑑 − ത𝐵𝑑 mixing Deviation from unitarity of CKM matrix

e.g. only minimum number of inputs: 𝑓𝐵𝑑 , 𝐵𝐵𝑑 , Δ𝑚𝑑, 𝑉𝑢𝑑 , 𝑉𝑢𝑏 , 𝑉𝑐𝑑 , 𝑉𝑐𝑏 , 𝛾



Study Setup
• Assumed:

• Lumi. 5600 fb−1 𝐸 = 240 GeV
• 13 million 𝜇𝜈𝑞𝑞 and 11 thousand 𝜇𝜈𝑐𝑏

• Study 𝜇𝜈𝑊 as first example
• Cleanness of 𝜇
• Complementary analysis: 𝑒𝜈𝑞𝑞 and 𝜏𝜈𝑞𝑞

even 𝑞𝑞𝑞𝑞

• Three signals measured simultaneously
• 𝑊 → 𝑐𝑏, 𝑊 → 𝑐(𝑠 + 𝑑), 𝑊 → 𝑢(𝑠 + 𝑑)
• 𝑊 → 𝑢𝑏 too tiny to access, fixed

• Besides 𝑉𝑐𝑏
• RW = Br(𝑊 → 𝑞𝑞)/Br(𝑊 → 𝑙𝜈) unitarity 

test: 
• Total norm of first two rows 

• 𝑊 → 𝑐𝑏, 𝑊 → 𝑐(𝑠 + 𝑑), 𝑊 → 𝑢(𝑠 + 𝑑)
unitarity test:
• each norm of first two rows
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Event selections
• Selection criteria are optimized for statistical uncertainty for Br(W → 𝑐𝑏)
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Jet flavour tagging

A first step to utilize differential information of flavour tagging of two jets (four variables)
Possible to cross-calibrate of the eff. between regions
Boundary between b1 and b2 (0.995): optimized for statistical error of 𝑊 → 𝑐𝑏

Flavour tagging at Z-pole
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classify events into 21 categories
There are 21 flavour tag paring configurations.
Self-calibration nature for e.g. 𝑊 → 𝑢(𝑑𝑠),

three unknown parameters 𝑁𝑢(𝑑𝑠) Eff𝑢𝑑𝑠→𝑔1 Eff𝑢𝑑𝑠→𝑔2
correlation may be the problem
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Extract the signal strength

• The 𝜒2

• Signal strengths 𝑆𝑎 obtained by minimizing 𝜒2

• the 𝜇2𝜈 ← 𝜏 𝜈𝑞𝑞 has treated as signal

• Signal strengths for 𝑊 → 𝑐𝑏 and 𝑊 → 𝑐(𝑑𝑠) and 𝑊 → 𝑢(𝑑𝑠):

• statistical relative errors : 0.026, 5.9E-4, 5.8E-4

• Correlation coef.
1 −0.077 0.020
⋯ 1 −0.46
⋯ ⋯ 1
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Result
• 𝑉𝑐𝑏 by 𝜇𝜈𝑞𝑞 and 𝜇2𝜈(← 𝜏)𝜈𝑞𝑞

• relative statical uncertainty 1.3%
• Half of either exclusive or inclusive analysis standalone 

result ~ 2%. one fourth of the combined result by PDG
• Global fit good, but in tension….
• Comparable to 𝑉𝑐𝑏 accuracy of 1% by the 3.6× 106 𝐵𝑐 → 𝜈𝜏

decays from 1 Tera 𝑍 at the CEPC
• At the FCC-ee by Marie-Helene Schune: 1.9%/1.5% level, aming at 

0.4% with 100 million WW pairs above threshold

• The check of unitarity of CKM

•
σ𝑗=𝑏𝑑𝑠 𝑉𝑐𝑗

2

σ𝑗=𝑏𝑑𝑠 𝑉𝑢𝑗
2 =

σ𝑆𝑗Br(𝑊cj)

σ𝑆𝑗Br(𝑊𝑢𝑗)

• Statistical error: 0.1%
• Systematics, need to take care of flavour tagging.

• self-calibration from data? Correlation between jets? Enough 
data?
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Systematics 
• 𝑉𝑐𝑏 by 𝜇𝜈𝑞𝑞 and 𝜇2𝜈(← 𝜏)𝜈𝑞𝑞

• relative statical uncertainty 1.3%
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Extreame cut on 𝑏-likeliness
• Signal:

• 𝑏 → 𝑏1, 𝑐 → 𝑐1,2 for signal, maybe calibrated from data

• Backgrounds:
• 𝜇𝜈𝑊,𝑊 → c + 𝑑/𝑠 and ZZ → 𝜇𝜇𝑏𝑏
• need to estimate the tag  eff. 𝑑/𝑠 → 𝑏1 and 𝑏 → 𝑐1/𝑐2
• Which process this eff. dominate?

• Extreame cut on 𝑏-likeliness > 0.999
• relax the requirement of relative systematical error of backgrounds
• Relative statistical error for S𝑊→𝑐𝑏: 3.1% (optimal one: 2.6% )
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Extrapolation for flavour tagging performance

• Migration matrix 𝑀𝑖𝑗
• the 𝑖 quark tagged as label 𝑗.

• mimic data with:
• 𝑁𝑡1𝑡2 = σ𝑖𝑗𝑁𝑖𝑗𝑀𝑖𝑡1𝑀𝑗𝑡2 (2 − 𝛿𝑡1𝑡2)

• Trace of the migration matrix
• Tr 𝑀 = 𝑀𝑏𝑏1 +𝑀𝑏𝑏2 +𝑀𝑐𝑐1 +𝑀𝑐𝑐2 +𝑀𝑢𝑑𝑠,𝑔1 +𝑀𝑢𝑑𝑠,𝑔2

• characterizing the tagging performance

• Extrapolation 
• Linear mix the baseline and `unit` matrix to obtain migration matrix with 

other trace
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Questions still kept in mind
and more?

• 𝑏 → 𝑏1, 𝑐 → 𝑐1,2 for signal, possibly calibrated from data?

• How to check the MC tag  eff. 𝑑/𝑠 → 𝑏1 and 𝑏 → 𝑐1/𝑐2 with data?

• How much the full hadronic WW process contribute?
• Considering 13 million semi-hadronic, 40 million full-hadronic.

• Unlikely overwhelm the semi-hadronic

• Jet confusion?

• Analysis beyond average flavour tagging eff?
• E.g. binning with Pt?

• where analysis beyond jets level will lead us to?

• Other SM process contribution to 𝜇𝜈𝑞𝑞 not via two on-shell 𝑊𝑊 decay, can be ignored, 
for the purpose of projecting future precision.
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thanks
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Study Setup
• Assumed:

• Lumi. 5600 fb−1

• 𝐸 = 240 GeV

• Study 𝜇𝜈𝑊 as first example
• Cleanness of 𝜇
• Complementary analysis: 𝑒𝜈𝑞𝑞 and 𝜏𝜈𝑞𝑞 even 𝑞𝑞𝑞𝑞

• Three signals measured simultaneously
• 𝑊 → 𝑐𝑏, 𝑊 → 𝑐(𝑠 + 𝑑), 𝑊 → 𝑢(𝑠 + 𝑑)
• 𝑊 → 𝑢𝑏 too tiny to access, fixed

• Besides 𝑉𝑐𝑏
• RW = Br(𝑊 → 𝑞𝑞)/Br(𝑊 → 𝑙𝜈) leading to either 𝛼𝑠

assuming unitary of CKM or inclusive unitarity check of the 
first two rows of CKM i.e. σ𝑖=𝑢,𝑐;𝑗=𝑑𝑠𝑏 𝑉𝑖𝑗

2
= 2

• 𝑊 → 𝑐𝑏, 𝑊 → 𝑐(𝑠 + 𝑑), 𝑊 → 𝑢(𝑠 + 𝑑) leading to unitarity 
check of each of first two rows . 
σ𝑗=𝑑𝑠𝑏 𝑉𝑢𝑗

2
= σ𝑗=𝑑𝑠𝑏 𝑉𝑐𝑗

2
= 1
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At z-pole 
correlations of flavour tagging

between jet pair 
for selected events by jet mass
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simple demonstration of 
the clibrtion at Z-pole
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C=

M_extracted_mean/M_truth*


