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The CKM Matrix
• Quarks can change flavour

• CKM matrix quantifies transition amplitudes:

𝑉"# 𝑉"$ 𝑉"%
𝑉&# 𝑉&$ 𝑉&%
𝑉'# 𝑉'$ 𝑉'%

• Must be unitary:
𝑉()*
+ 𝑉()* = 𝐼

𝑉"#𝑉"%∗ + 𝑉&#𝑉&%∗ + 𝑉'#𝑉'%∗ = 0 
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What is 𝛾?

• The angle with one of the largest uncertainties 
in the unitary triangle. It accounts for the 
charge-parity violating phase between b->u 
and b->c quark transitions.

• 𝜸 is theoretically (and experimentally) very 
clean so sets a benchmark for the SM.

• Improving the measurement of the CKM angle 
𝜸 is a  key physics goal for LHCb.

• Current LHCb combination measurement
is (65.467.89:.;)° (JHEP 12 (2021) 141)
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𝑉"#𝑉"%∗ + 𝑉&#𝑉&%∗ + 𝑉'#𝑉'%∗ = 0 

http://eprints.gla.ac.uk/261818/1/261818.pdf


Motivation

• The charge parity violation described by 𝛾
accounts for some of the matter and anti-
matter difference we observe.

• The extent of the matter and anti-matter 
asymmetry we observe in the Universe  is 
not accounted for in the standard model.
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Motivation

• 𝐵± → 𝐷%𝐾± decays are predominantly mediated by tree-level 
processes. 

• Physics beyond the standard model is expected to manifest itself as 
virtual particles within loop diagrams.

• Tree vs loop diagram measurements could point to New Physics (NP)



Motivation
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Sensitivity to 𝛾
• 𝜸 can be measured through interference of 𝐵± → 𝐷B𝐾± and 𝐵± →
D𝐷B𝐾±.
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Sensitivity to 𝛾
• 𝜸 can be measured through interference of 𝐵± → 𝐷B𝐾± and 𝐵± →
D𝐷B𝐾±.
• Observation of the interference pattern over the 5-D phase space, 

since 𝐷 is	reconstructed	as	4𝜋±, increases	the	sensitivity	to	𝜸.
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Model Independent Method
• GGSZ	method	with 𝐷# → 2𝜋!2 𝜋": 

• This achieved by dividing the 5-D 𝐷 decay phase space into bins 
according to strong phase difference and integrating over each 
bin.

• 10	bin	pairs,	the	5	positive	bins	are	calculated	using:

Where,
and 𝑟$% = 𝑥±% + 𝑦±% .

• Hadronic parameter inputs (𝑐', 𝑠', 𝑇', m𝑇') from CLEO-c data in 5
different binning schemes and varying numbers of bins (JHEP 01
(2018) 144).

• Symmetry of self-conjugate D meson final state 2pi+2pi- can be
exploited by defining bins in pairs which map onto each other. 9

Example binning scheme for 𝐷! → 𝐾"𝜋𝜋, CERN-THESIS-2017-334
(Babar 2008 binning scheme)

https://doi.org/10.1007/JHEP01(2018)144
https://cds.cern.ch/record/2308521/files/CERN-THESIS-2017-334.pdf


Hadronic Parameters
• S. Harnew and C. Prouve (JHEP 01 (2018) 144) measured the 

hadronic parameters model independently with Cleo-c data for 5 
binnings using quantum correlated D𝐷𝐷 decays.

• The hadronic parameters are related only to the 𝐷 decays (not the 𝐵
decay.) 
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https://doi.org/10.1007/JHEP01(2018)144


Sensitivity Study
• Run 1 + Run 2 event yield - 9000 events
• Generated gaussian 𝐵± mass distributions of 𝐵± → '𝐷%𝐾±, 𝐷 → 4𝜋± decays
• Hadronic parameters (𝑐,, 𝑠,, 𝑇,, /𝑇,) constrained according to uncertainties and 

correlation. 5 different binning schemes all with 1-5bin options.
• Fit for 2 sets of parameters:

• 𝛾 , 𝑟$ , 𝛿$. 
• 𝑥! , 𝑥" , 𝑦!, 𝑦".

• Sensitivity to 𝜸 ~ 15° for run 1 + run 2 data
• Sensitivity to 𝒙± , 𝒚± ~ 0.031, 0.035, 0.065, 0.076 for run 1 + run 2 data
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Simultaneous Global Fit 
(Unofficial, Preliminary)

• Pre-selections

• Boosted Decision Tree

• veto

• Cut to reduce charmless bkg

• Particle ID Cuts

• Preliminary Fit for DK

• DPi used as a reference channel 
and constrain partially 
reconstructed background yields.

LHCb Unofficial
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Next Steps
• Optimise cuts.

• Simultaneous fit combining 
all bins to determine shapes.

• Simultaneous fit to each bin, 
split by charge to determine 
𝑥9 , 𝑥6 , 𝑦9, 𝑦6 . 

• Systematics.
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Conclusion

• 𝛾 being measured using 𝐵± → 𝐷B (→ 2𝜋92 𝜋6)𝐾± decays

• Model independent approach implemented.

• 𝛾 is evaluated at different points over the 5-dimensional phase space of the 
D meson decay, increasing the sensitivity to Gamma.

• This is the first time 𝛾 will be measured in the 𝐷B → 2𝜋92 𝜋6 decay mode 
with a model independent approach using phase space bins.

14



Any Questions
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Back Up
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Model Independent Method
• GGSZ	method	with 𝐷B → 2𝜋92 𝜋6: 

• This achieved by dividing the 5-D 𝐷 decay phase space into bins 
according to strong phase difference and integrating over each bin.
• 10	bin	pairs,	the	5	positive	bins	are	calculated	using:

Where, and 𝑟o8 = 𝑥±8 + 𝑦±8.

• Hadronic parameter inputs (𝑐p, 𝑠p, 𝑇p, m𝑇p) from CLEO-c data in 5 different binning
schemes and varying numbers of bins (JHEP 01 (2018) 144).

• Symmetry of self-conjugate D meson final state 2pi+2pi- can
be exploited by defining bins in pairs which map onto each other.
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Example binning scheme from analysis 
𝐷! → 𝐾"𝜋𝜋 analysis  JHEP 10 (2014) 097

https://doi.org/10.1007/JHEP01(2018)144
https://arxiv.org/pdf/1408.2748.pdf


Hadronic Parameters
• Sam Harnew and Claire Prouve (JHEP 01 (2018) 144) measured the 

hadronic parameters with Cleo-c data for 5 binnings using quantum 
correlated D𝐷𝐷 decays.
• The hadronic parameters are related only to the 𝐷 decays (not the 𝐵

decay) 
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https://doi.org/10.1007/JHEP01(2018)144


Hadronic Parameters
• Bin average sine and cosine of 

strong phase difference 
(describes interference of 
𝐷% → 𝑓 and '𝐷% → 𝑓
amplitudes over the region 𝑖)

• The branching fraction for 
𝐷% → 𝑓𝑖 and '𝐷% → 𝑓𝑖 decays 
that populate phase space bin 𝑖

• Fraction of 𝐷% → 𝑓 and '𝐷% →
𝑓 decays that populate phase 
space bin 𝑖.
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• To best exploit the symmetries of the self-
conjugate 4𝜋± final state, phase space bins are 
defined in pairs to map to each other under the 
CP operation s.t:

• Equal and Variable ∆𝛿$%&:
• Based on an equal/variable division of ∆𝛿!"#=
arg(𝐴!"#) − arg(𝐴̅!"#)

• Alternate binning
• Also uses the relative magnitude of 𝐷$ → 4𝜋± to 
'𝐷$ → 4𝜋± amplitudes but also considers the 
variation across each bin.

• Optimal and Alternate Optimal
• Defined to optimise the expected sensitivity to 𝜸 in 
𝑩± → 𝑫𝑲±decays.

• Note: Although an amplitude model is used to 
inspire the binning schemes the results are 
model-unbiased.
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Binning Schemes
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Likelihood scans for 𝜸 , 𝒓𝑩 , 𝜹𝑩 fitter
• Ambiguities arising from the cos 𝛿$ ± 𝛾 and sin 𝛿$ ± 𝛾 terms.

• Two primary maxima in both plots as expected from the cos and 𝑠𝑖𝑛 relation

• Two secondary maxima in Alternate binning are more prevalent than Equal ∆𝛿()* binning explains fitters 
reduced performance in the Alternate binning case.
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Likelihood scan for Equal ∆𝜹𝒑𝟒𝝅 binning Likelihood scan for Alternate binning 
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Full PDFs

𝑷𝑫𝑭𝑫𝑲 𝒄𝒉𝒂𝒏𝒏𝒆𝒍 = 𝑵𝑫𝑲𝒔𝒊𝒈𝑷𝑫𝑭𝑫𝑲𝒔𝒊𝒈 + 𝑵𝑫𝑲𝒄𝒐𝒎𝒃𝑷𝑫𝑭𝑫𝑲𝒄𝒐𝒎𝒃 +𝑵𝒄𝒉𝒂𝒓𝒎𝒍𝒆𝒔𝒔𝑷𝑫𝑭𝒄𝒉𝒂𝒓𝒎𝒍𝒆𝒔𝒔 + 𝑵𝑫𝝅→𝑫𝑲𝑷𝑫𝑭𝑫𝝅→𝑫𝑲

+𝑵𝑫𝑲𝒑𝒂𝒓𝒕𝒊𝒂𝒍𝑷𝑫𝑭𝑫𝑲𝒑𝒂𝒓𝒕𝒊𝒂𝒍 + 𝑵𝑫𝝅→𝑫𝑲𝒑𝒂𝒓𝒕𝒊𝒂𝒍𝑷𝑫𝑭𝑫𝝅→𝑫𝑲𝒑𝒂𝒓𝒕𝒊𝒂𝒍

𝑷𝑫𝑭𝑫𝝅𝒄𝒉𝒂𝒏𝒏𝒆𝒍 = 𝑵𝑫𝝅𝒔𝒊𝒈𝑷𝑫𝑭𝑫𝝅𝒔𝒊𝒈 + 𝑵𝑫𝝅𝒄𝒐𝒎𝒃𝑷𝑫𝑭𝑫𝝅𝒄𝒐𝒎𝒃 + 𝑵𝑫𝑲→𝑫𝝅𝑷𝑫𝑭𝑫𝑲→𝑫𝝅 +𝑵𝑫𝝅𝒑𝒂𝒓𝒕𝒊𝒂𝒍𝑷𝑫𝑭𝑫𝝅𝒑𝒂𝒓𝒕𝒊𝒂𝒍
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