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Introduction – CKM matrix 

𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏
𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏
𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏
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Cabibbo-Kobayashi-Maskawa (CKM) matrix

– information on the strength of flavour –

changing charged weak decays

tcu 

bsd

CKM matrix is NOT diagonal. Weak

interaction may change quarks flavour

between generation.

Quark mixing matrix
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𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏
𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏
𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏
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Cabibbo-Kobayashi-Maskawa (CKM) matrix

– information on the strength of flavour –

changing charged weak decays

CKM matrix is NOT diagonal. Weak

interaction may change quarks flavour

between generation.

Quark mixing matrix
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1 −
1

2
𝜆2 𝜆 𝐴 𝜆3 (𝜌 − 𝑖𝜂)

−𝜆 1 −
1

2
𝜆2 𝐴 𝜆2

𝐴 𝜆3(1 − 𝜌 − 𝑖𝜂) −𝐴 𝜆2 1

Wolfenstein parametrization

*

cs cbV V
*

us ubV V
*

ts tbV V

Bd triangle

Bs triangle

𝛾

α

𝛽

*

ud ubV V
*

td tbV V

𝛽𝑠

𝑉𝑢𝑑𝑉𝑢𝑏
∗ + 𝑉𝑐𝑑𝑉𝑐𝑏

∗ + 𝑉𝑡𝑑𝑉𝑡𝑏
∗ = 0

It’s  unitarity matrix : σ𝑘𝑉𝑖𝑘𝑉𝑗𝑘
∗ = 0

𝑉𝑢𝑠𝑉𝑢𝑏
∗ + 𝑉𝑐𝑠𝑉𝑐𝑏

∗ + 𝑉𝑡𝑠𝑉𝑡𝑏
∗ = 0

most interesting ones

𝜸 = 𝐚𝐫𝐠(
−𝑽𝒖𝒅𝑽𝒖𝒃

∗

𝑽𝒄𝒅𝑽𝒄𝒃
∗ )

*

cs cbV V

*

cs cbV V

−

|𝑉𝑢𝑑| |𝑉𝑢𝑠| |𝑉𝑢𝑏|𝑒
−𝑖𝜸

|𝑉𝑐𝑑| |𝑉𝑐𝑠| |𝑉𝑐𝑏|

|𝑉𝑡𝑑|𝑒
−𝒊𝜷 −|𝑉𝑡𝑠|𝑒

−𝑖𝜷𝒔 |𝑉𝑡𝑏|
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Tree decays: 

• Small yield

• Small theoretical uncertainty

All decays (loop dominated):

• Big  yield

• Big theoretical uncertainty
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𝐓𝐫𝐞𝐞𝐬
𝐀𝐥𝐥

All : 𝛾 = 65.3−2.5
+1.0°

Trees : 𝛾 = 72.1−5.8
+5.4°
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𝐓𝐫𝐞𝐞𝐬

𝐀𝐥𝐥

Tree-level measurements: 

• No loops!

• No theoretical uncertainty

𝛿𝛾/𝛾 < 10−7

• No New Physics contribution! 

All : 𝛾 = 65.3−2.5
+1.0°

Trees : 𝛾 = 72.1−5.8
+5.4°
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Tree-level measurements: 

• Small decay rate (~10−7)

• Many final states

• Neutral particles 𝐾𝑠
0, 𝛾

• Many decay channels, many

observables

All : 𝛾 = 65.3−2.5
+1.0°

Trees : 𝛾 = 72.1−5.8
+5.4°

𝐓𝐫𝐞𝐞𝐬

𝐀𝐥𝐥



Introduction – 𝐵 → 𝐷𝐾 decay
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Motivation Discrepancies between indirect and direct

measurements may indicate new physics

𝐵 → 𝐷𝐾 measurements

The value of γ can be determined by exploiting the 

interference between favoured 𝑏 → 𝑐 (Vcb) and 

suppressed 𝑏 → 𝑢 (Vub) transition amplitudes

𝐷 𝑋

𝐹 𝐷 𝑋

ഥ𝐷 𝑋

𝐵± /𝐵0
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𝐷 𝑋

𝐹 𝐷 𝑋

ഥ𝐷 𝑋

𝐵± /𝐵0

Method 𝑿 𝑭 𝑫

𝐵0/𝐵± ADS (mixed
state)

𝐾, 𝜋 [𝐾𝜋, 𝐾𝜋𝜋𝜋]

𝐵0/𝐵± GLW (CP 
eigenstate)

𝐾, 𝜋 [𝐾𝐾, 𝜋𝜋, 
𝜋𝜋𝜋𝜋]

𝐵0 Dalitz
analysis

𝐾, 𝜋 [𝐾𝐾, 𝜋𝜋]

𝐵0 GGSZ 𝐾∗0 [𝐾𝑠
0 ℎℎ]

𝐵0/𝐵𝑠
0 TD 𝐾∗±, 𝐾∗0, [ℎℎℎ, ℎℎ]

rBe
𝑖(𝛿𝐵−𝜸)

𝐫𝐃𝐞
𝒊(𝜹𝑫)

FAVORED

SUPPRESSED

𝒃 → 𝒄

𝒃 → 𝒖

SUPPRESSED

FAVORED
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LHCb Spectrometer designed to study heavy flavour physics

• Covering the pseudorapidity range (2<𝜂<5).

• Identification : 𝜀 ℎ − ℎ ~90% 𝜀𝜇~97%

(low momentum)

• IP resolution :  𝜎𝐼𝑃 = 20 𝜇m

momentum resolution: 
Δ𝑝

𝑝
= 0.5 − 0.8 %

(for low momenta) 

mass resolution : 𝜎 𝑚𝐵→ℎℎ ≈ 22 MeV

time resolution 45 − 55 𝑓𝑠

Int. J. Mod. Phys. A 30, 1530022 (2015)
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Full information & final decision

Some details: Trigger

4 µs to make a decision

collision every 25ns - pipe line

miuon detector & ECAL

VELO & T1-T3

Int. J. Mod. Phys. A 30, 1530022 (2015)
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Some details: Identyfication

RICH Detector - 𝐶4𝐹10 & 𝐶𝐹4

Results of Neural Network usage

Good agreement between MC & Data

Int. J. Mod. Phys. A 30, 1530022 (2015)
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Data:

Run 2:

2015-2018

Luminosity: ~ 5 𝑓𝑏−1

𝑠 = 13 TeV

Run 1:

2011-2013

Luminosity: 3 𝑓𝑏−1

𝑠 = 7 − 8 TeV

2011-2017 : 7 𝑓𝑏−1 !



Introduction – Multibody decay analysis method
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MVA methods

1D 2D 3D

• Boosted Decision Trees

• Neural Networks

• Fischer Discriminants

• Rectangular cut

• Likelihood Estimator

•Support Vector Machines

One dimension selection might be 

ineffective.

Why not try multivariate approach?

Function (classifier) will divide object to class

In HEP: Signal and Background

M
V

A
 M

ETH
O

D
S 

Proper training: Representative sample
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Boosted Decision Tree

Boosting: training of trees on 

misclassified events by enhancing 

their importance

Tree-level structer of classifier

Leaves (at the bottom) – class

Values – regression tree
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Verification – Confusion Matrix & ROC curve

Accuracy 𝒂𝒄𝒄 =
𝑻𝑷+𝑻𝑵

𝑵

Misclassification rate 𝒎𝒄𝒍 =
𝑭𝑷+𝑭𝑵

𝑵

Specificity 𝒔𝒑 =
𝑻𝑵

𝒎𝑩

Precision 𝒑 =
𝑻𝑷

𝒏𝑺

True Positives (TP) vs True Negatives (TN)

False Positives (FP) vs False Negatives (FN)

Metrics

AUC = 1                       perfect classification
AUC = 1-0.5                effective classification
AUC = 0.5                    random classification
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RESULTS  

𝐵 → 𝐷𝐾 decay 



GLW Method 
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Gronau-London-Wyler method - 𝐷0 decays to CP-eigenstates

𝐷0 → 𝐾𝐾/𝜋𝜋 , 𝐷0 → 𝐾𝑠𝜋
0, 𝐾𝑠𝜔… 𝐷0 𝐾−

𝐾𝐾/𝜋𝜋 𝑋

𝐷0 𝐾−

𝐵−

rBe
𝑖(𝛿𝐵±𝛾)

𝑏 → 𝑐

𝑏 → 𝑢

Observables: 

• CP asymmetries:

• Partial widths:  

𝐴𝐶𝑃= 
𝑁 𝐵−→𝐷𝐶𝑃

0 𝐾− −𝑁 𝐵+→𝐷𝐶𝑃
0 𝐾+

𝑁 𝐵−→𝐷0𝐾− +𝑁 𝐵+→𝐷0𝐾+

𝐴𝐶𝑃= 
2𝑟𝐵 sin 𝛿𝐵 sin 𝛾

1+𝑟𝐵
2±2𝑟𝐵 cos 𝛿𝐵 cos 𝛾

𝑅𝐺𝐿𝑊 =
𝑁 𝐵− → 𝐷𝐶𝑃

0 𝐾− + 𝑁 𝐵+ → 𝐷𝐶𝑃
0 𝐾+

𝑁 𝐵− → 𝐷0𝐾− + 𝑁 𝐵+ → 𝐷0𝐾+

𝑅𝐺𝐿𝑊 = 1 + 𝑟𝐵
2 ± 2𝑟𝐵 cos 𝛿𝐵 cos 𝛾

𝒞𝒫 ۧℎℎ = ± ۧℎℎ

𝐵± → 𝐷0𝐾±

Phys. Lett. B265 (1991) 172



𝐵+ → 𝐷𝐾+
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The GLW measurement using  Run 1 & Run 2 data. 

Phys. Lett. B760 (2016)

𝐵± → 𝐷0(𝐾𝐾)𝐾±



ADS Method 
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Atwood, Dunietz, Soni method: 𝑫𝟎 → 𝑲𝝅
• B favoured decay and D suppressed Decay
• B  suppressed decay and D favoured decay

𝐷0 𝐾−

𝐾+𝜋− 𝑋

𝐷0 𝐾−

𝐵−

rBe
𝑖(𝛿𝐵±𝛾)

𝑏 → 𝑐

𝑏 → 𝑢

rDe
𝑖(𝛿𝐷±𝛾)

Larger interference effects as both 
amplitudes are of similar sizes.

𝐴𝐶𝑃 =
𝑁 𝐵− → 𝐾+𝜋− 𝐷0𝐾

− − 𝑁 𝐵+ → 𝐾−𝜋+ 𝐷0𝐾
+

𝑁 𝐵− → 𝐾+𝜋− 𝐷0𝐾
− + 𝑁 𝐵+ → 𝐾−𝜋+ 𝐷0𝐾

+

𝐴𝐶𝑃 =
2𝑟𝐵 𝒓𝑫 sin 𝛿𝐵+𝛿𝑑 sin 𝛾

1+𝑟𝐵
2+𝒓𝑫

𝟐+2𝑟𝐵𝒓𝑫 cos 𝛿𝐵+𝜹𝒅 cos 𝛾

𝑅𝐴𝐷𝑆 =
𝑁 𝐵−→ 𝐾+𝜋−

𝐷0
𝐾− +𝑁 𝐵+→ 𝐾−𝜋+

𝐷0
𝐾+

𝑁 𝐵−→ 𝐾−𝜋+ 𝐷0𝐾
− +𝑁 𝐵+→ 𝐾+𝜋− 𝐷0𝐾

+

𝑅𝐴𝐷𝑆 = 1 + 𝑟𝐵
2 + 𝒓𝑫

𝟐 + 2𝑟𝐵 𝒓𝑫cos 𝛿𝐵 + 𝜹𝒅 cos 𝛾

𝐵± → 𝐷0𝐾±

Phys. Rev. Lett. 78 (1997) 3257

𝐾 𝜋
𝐷0



𝐵+ → 𝐷𝐾+
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The ADS measurement using an Run 1 & Run 2 data. 

Phys. Lett. B760 (2016)

𝐵± → 𝐷0(𝐾𝜋)𝐾±

𝐵 favoured × 𝐷 favoured amplitudes



𝐵+ → 𝐷𝐾+
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The ADS measurement using an Run 1 & Run 2 data. 

Phys. Lett. B760 (2016)

𝐵± → 𝐷0(𝐾𝜋)𝐾±

favoured × suppressed  amplitudes



GGSZ Method
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D decays to 3 body final states 𝐷0 → 𝐾𝑠
0𝜋 𝜋

𝐷0 → 𝐾𝑠
0𝐾𝐾

𝐷0 𝐾−

𝐾+𝜋− 𝑋

𝐷0 𝐾−

𝐵−

rBe
𝑖(𝛿𝐵±𝛾)

𝑏 → 𝑐

𝑏 → 𝑢

rDe
𝑖(𝛿𝐷±𝛾)

Dalitz Plot encodes all the kinematic

information of the decay

Each point on the Dalitz plot represents a different 

value of 𝑟𝐷 and 𝛿D

D Dalitz plot from B decay will be a superposition of 𝐷0 𝐷0

• Differences between 𝐵+ and 𝐵− are related to 𝑟𝐵 𝛿B and γ

this method requires a good understanding of strong phases in the Dalitz plane (from CLEO)

A model dependent scenario with 𝑟𝐷 and 𝛿D

𝐵± → 𝐷0𝐾± Giri, Grossman, Soffer, Zupan Method 



GGSZ Method
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𝐵± → 𝐷0𝐾±

JHEP 10 (2014) 097

𝐷0 → 𝐾𝑠
0𝜋 𝜋 𝐷0 → 𝐾𝑠

0𝐾𝐾

𝑟𝐵 = 0.080−0.021
+0.019 𝛾 = 62−14

+15 ° 𝛿𝐵 = 134−15
+14 °



𝐵0 → 𝐷 𝐾∗0
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Model - dependent observation

GGSZ analysis measurement using 

Run 1 & Run 2 data. 

JHEP 08 (2016) 137 

𝛾 = 80−22
+21 °

𝑟𝐵 = 0.39 ± 0.13

𝐷0 → 𝐾𝑠
0𝜋 𝜋𝐵0 → 𝐷0𝐾∗0



𝐵0 → 𝐷 𝐾∗0
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JHEP 06 (2016) 131

𝐷0 → 𝐾𝑠
0𝜋 𝜋, 𝐷0 → 𝐾𝑠

0𝐾𝐾𝐵0 → 𝐷0𝐾∗0

Interference of two  suppressed amplitudes (comparable in magnitudes)

Model - independent observation

• Uses measured 𝛿𝐷from CLEO – experiment

• Independent of the D decay model.  

• Sensitivity to 𝛾 obtained by comparing the distribution of events in 𝐷0 and ഥ𝐷0 Dalitz plots 

reconstructed in each flavour (𝐾∗0 decay is self-tagging)



𝐵0 → 𝐷 𝐾∗0
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JHEP 06 (2016) 131

The three-body self-conjugate decays 𝐷 → 𝐾𝑆0𝜋+𝜋− and 𝐷 → 𝐾𝑆
0𝐾+𝐾−

designated collectively as 𝐷 → 𝐾𝑠
0ℎ+ℎ−are accessible to both D0 and D0.



𝐵0 → 𝐷 𝐾∗0
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Model - independent observation

𝛾 = 71 ± 20
°

𝑟𝐵0 = 0.56 ± 0.17

𝛿𝐵0 = 204−20
+21 °

Model - dependent observation with the SAME data

𝛾 = 80−22
+21 °

Results are consistent within the limits

JHEP 06 (2016) 131



𝐵− → 𝐷ℎ−𝜋−𝜋+
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𝛾 = 74−20
+19 °

at 68.3% CL

• First ADS and GLW analyses

Run 1 & Run 2 data (3 fb-1) 

• γ sensitivity similar to the 

𝐵± → 𝐷0𝐾± decays.

• Dilution of interference due to 

the variation of the strong 

phase calculated in a model-

dependent way by a full 

amplitude analysis. 

Phys. Rev. D 92, 112005 (2015)

𝐵− → 𝐷 𝑋𝑆
− 𝑋𝑆

− ≡ 𝐾−𝜋−𝜋+ 𝐷0 → 𝐾𝐾, 𝐾𝜋, 𝜋𝜋



Time – dependent method - 𝐵𝑠
0 → 𝐷𝑠

±𝐾±
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Time – dependent observation

𝛾 angle extraction from

𝐵0 − 𝐵0 meson oscillation

The time-dependent decay rates :

𝛤𝐵𝑠0→𝑓 𝑡 = 𝐴𝑓
2
1 + 𝜆𝑓

2 𝑒−𝛤𝑠𝑡

2
𝑐𝑜𝑠ℎ

Δ𝛤𝑠𝑡

2
+ 𝐷𝑓 𝑠𝑖𝑛ℎ

Δ𝛤𝑠𝑡

2
+ 𝐶𝑓 𝑐𝑜𝑠 Δ𝑚𝑠𝑡 − 𝑆𝑓 𝑠𝑖𝑛 Δ𝑚𝑠𝑡

𝑆𝑓 =
2𝑟𝐷𝑠𝐾𝑠𝑖𝑛 𝛿 − 𝛾 − 2𝛽𝑠

1 + 𝑟𝐷𝑠𝐾
2 𝐶𝑓 =

1 − 𝑟𝐷𝑠𝐾
2

1 + 𝑟𝐷𝑠
2 𝐾

Requires tagging the initial 𝐵s
0 flavour

Requires a time-dependent analysis to observe the meson oscillations



𝐵𝑠
0 → 𝐷𝑠

±𝐾±
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Time – dependent observation

𝐷𝑠
± → ℎ ℎ ℎ

Several experimental aspects 

need to be taken into account :

• Finite decay-time resolution

• Decay-time acceptance

• Background

• Tagging efficiency

𝛾 = 128−22
+17 °

LHCb-PAPER-2017-047 – Submitted to JHEP

One fit with plenty of parameters



Combining γ at LHCb
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Only 𝐵 → 𝐷𝐾 decays :

𝜸 = 𝟕𝟔. 𝟖−𝟓.𝟕
+𝟓.𝟏 °

𝐵𝑠
0 → 𝐷𝑠

±𝐾± TD 

𝐵± → 𝐷0(𝐾𝜋)𝐾± - ADS

𝐵0 → 𝐷𝐾∗0 MD

𝐵± → 𝐷0(𝐾𝐾)𝐾± - GLW

𝐵− → 𝐷ℎ−𝜋−𝜋+ GLW/ADS

and more..

𝐵0 → 𝐷𝐾∗0 GGSZ



Summary
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Future
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𝛾 angle measurements precision:

2017 (now): ~ 5 °

2018 (expected): ~ 3 − 4°

2023 (expected): ~ 1.5°

2029 (expected): ~ < 1°
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QUESTIONS?
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BACKUP 
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LHC – LS2 2018-2019  -> 50 fb-1!

LHCb – Upgrade 
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𝐵𝑠
0 meson oscillation
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𝐵𝑠
0 meson oscillation

Opis parametrów

𝐴𝑓 = 𝑓 𝑇 𝐵𝑠
0 , ҧ𝐴 ҧ𝑓 = ҧ𝑓 𝑇 ത𝐵𝑠

0

ҧ𝐴𝑓 = 𝑓 𝑇 ത𝐵𝑠
0 𝐴 ҧ𝑓 = ҧ𝑓 𝑇 𝐵𝑠

0

𝐷𝑓 =
2𝑅𝑒𝜆𝑓

1 + 𝜆𝑓
2 , 𝐷 ҧ𝑓 =

2𝑅𝑒 ҧ𝜆 ҧ𝑓

1 + ҧ𝜆 ҧ𝑓
2

𝐶𝑓 =
1 − 𝜆𝑓

2

1 + 𝜆𝑓
2 𝐶 ҧ𝑓 =

1 − ҧ𝜆 ҧ𝑓
2

1 + ҧ𝜆 ҧ𝑓
2

𝑆𝑓 =
2𝐼𝑚𝜆𝑓

1 + 𝜆𝑓
2 𝑆 ҧ𝑓 =

2𝐼𝑚 ҧ𝜆 ҧ𝑓

1 + ҧ𝜆 ҧ𝑓
2

~ °
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