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Introduction 

The angle 𝛾 is one of the angles of the CKM unitarity triangle:
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Introduction 

The angle 𝛾 is one of the angles of the CKM unitarity triangle:

➢ It is studied in the heavy flavour physics experiments like LHCb, 

BELL, KEKB and BaBar.

➢ It is a Charge-Parity Violation (CPV) parameter.

➢ It can be measured from tree-level processes only and it is a 

standard candle measurement in the SM.

➢Very small theoretical uncertainties associated with tree-level

measurements: 𝛿𝛾/𝛾 = 𝑂(10−7). 

➢Discrepancy between tree-level and loop measurements can be 

used in probing the New Physics effects beyond the Standard 

Model.
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[CKM fitter group]

27.07.2021

[JHEP 01 051]

http://ckmfitter.in2p3.fr/
https://arxiv.org/abs/1308.5663


𝐵 → 𝐷𝐾 decays

The CKM angle 𝛾 can be measured in processes

where the interference between favoured quark

transition 𝑏 → 𝑐 and suppressed 𝑏 → 𝑢 occurs.
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𝑟𝐵 =
𝐴 𝐵 → ഥ𝐷𝐾

𝐴(𝐵 → 𝐷𝐾)

𝑟𝐷 =
𝐴(𝐷 → 𝐹𝑋)

𝐴(ഥ𝐷 → 𝐹𝑋)



𝐵 → 𝐷𝐾 decays

Several methods of measurements of the angle 𝛾: GLW, ADS, Dalitz plots and time-dependent.
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[PRL 78 1997 3257]

[PRD 68 054018]

[PL B253 1991 483 ]

https://arxiv.org/pdf/hep-ph/9612433.pdf
https://arxiv.org/abs/hep-ph/0303187
https://www.sciencedirect.com/science/article/abs/pii/037026939191756L


LHCb detector

6Wojciech Krupa | Measurements of the CKM angle 𝛾 | HADRON 2021

HERE E ARE

LHCb spectrometer, which is designed to study 

heavy flavor physics of B mesons and C mesons:

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

➢ Identification :  휀ℎ−ℎ~90% 휀𝜇~97%

➢ IP resolution :  𝜎𝐼𝑃=20 𝜇m

➢Momentum resolution: Δ𝑝/𝑝=0.5−0.8 %

➢Mass resolution : 𝜎(𝑚𝐵→ℎℎ ) ≈ 22 𝑀𝑒𝑉

➢Time resolution 45− 55  𝑓𝑠

27.07.2021

[JINST 3 S08005 ]

https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/pdf


Outline
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Several new and updated results from 2020 and 2021:

➢𝑩𝟎 → 𝑫𝑲∗𝟎 ∶ the new 𝐷 decay mode: 

𝐷 → 𝐾−𝜋−𝜋+𝜋− analysis over Run 1  + 2015 and 

2016 data samples 

➢𝑩𝒔
𝟎 → 𝑫∓𝑲±𝝅±𝝅∓: the time-dependent and model 

– independent analysis of using the full Run 1 & 2 

data samples. 

➢𝑩+ → 𝑫𝒉+, 𝑫 → 𝑲𝒔
𝟎𝒉+𝒉−: the Run 1 & 2 analysis

independent of the modelling of the D-decay 

amplitude. 

➢𝑩+ → 𝑫(∗)𝒉±: the Run 1 & 2 simultaneous

measurement of 𝐵+ decay to 𝐷∗0and 𝐷0

[LHCb−CONF−2020−003]

27.07.2021

http://cds.cern.ch/record/2743058


𝐵0 → 𝐷𝐾∗0
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Updated result from 2014 over Run 1 and Run 2 data sample of 4.8 𝑓𝑏−1

➢ Two-body (GLW):

𝐷0 → 𝐾±𝐾∓ ,

𝐷0 → 𝐾±𝜋∓ ,

𝐷0 → 𝜋± 𝜋∓

➢ Four-body (quasi-GLW):

𝐷0 → 𝐾±𝜋∓𝜋+𝜋−,

𝐷0 → 𝜋±𝜋∓𝜋+𝜋−

27.07.2021

𝐵0 → 𝐷𝐾∗0 𝐷0→ 𝐾±𝐾∓ 𝐵0 → 𝐷𝐾∗0 𝐷0→ 𝐾±𝐾∓

[JHEP 08 (2019) 041]

https://arxiv.org/abs/1906.08297


𝐵0 → 𝐷𝐾∗0

9Wojciech Krupa | Measurements of the CKM angle 𝛾 | HADRON 2021

The 2D scans of 𝛿𝐵
𝐷𝐾∗0

vs. γ and 𝛿𝐵
𝐷𝐾∗0

versus 𝑟𝐵
𝐷𝐾∗0 Measurement of CP parameters:

∆𝜒2 = 2.30, 6.18 and 11.8 contours 68.6%, 95.5% and 99.7% C.L

Excellent constrains on the γ angle value!

27.07.2021

𝐴𝐶𝑃= 
2𝜅𝑟𝐵

𝐷𝐾∗0 sin 𝛿𝐵
𝐷𝐾∗0 sin 𝛾

1+𝑟𝐵
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GLW 

[JHEP 08 (2019) 041]

𝐴𝐶𝑃 =
2𝜅𝑟𝐵
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𝐾𝜋 𝑠𝑖𝑛 𝛾
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𝐷𝐾∗0)2+(𝑟𝐷

𝐾𝜋)2+2𝜅𝑟𝐵
𝐷𝐾∗0𝑟𝐷

𝐾∗0 𝑐𝑜𝑠 𝛿𝐵
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ADS 

https://arxiv.org/abs/1906.08297


𝐵𝑠
0 → 𝐷𝑠

−ℎ+𝜋+𝜋−
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Measurement of the angle 𝛾 in 𝐵𝑠
0 → 𝐷𝑠

−ℎ+𝜋+𝜋− decay:

(Full Run 1 & 2: 9 𝑓𝑏−1 data sample)

A model-independent analysis:

(phase-space integrated decay rate)

Measurement of the CP coefficients:

𝐶𝑓, 𝐴𝑓
ΔΓ, 𝐴 ҧ𝑓

ΔΓ, 𝑆𝑓, 𝑆 ҧ𝑓

A time-dependent amplitude analysis:

the time-dependent amplitude fit using signal

PDF through full-spectrum decay rate.

𝑓|𝐵𝑠
0 = 𝐴𝑐 𝑥 𝑓|𝐵𝑠

0 = 𝑟𝑒𝑖(𝛿−𝛾)𝐴𝑢(𝑥)

𝐴𝑢 𝑥 =

𝑖

𝑎𝑖
𝑢𝐴𝑖 𝑥

𝐴𝑐 𝑥 =

𝑖

𝑎𝑖
𝑐𝐴𝑖 𝑥

27.07.2021

[JHEP 03 (2021) 137]

𝑑Γ 𝑥, 𝑡

𝑒−Γ𝑠𝑡𝑑𝑡𝑑𝜙4
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𝑢 𝑥
2
) cos Δ𝑚𝑠𝑡

− 2𝑅𝑒(𝐴𝑓
𝑐 𝑥 ∗𝑟 𝐴𝑓

𝑢 𝑥 𝑒𝑖𝛿−𝑖𝑓 𝛾−2𝛽𝑠 ) sinh
ΔΓ𝑠𝑡

2
−2𝑞𝑓𝐼𝑚(𝐴𝑓

𝑐 𝑥 ∗𝑟 𝐴𝑓
𝑢 𝑥 𝑒𝑖𝛿−𝑖𝑓 𝛾−2𝛽𝑠 ) sin Δ𝑚𝑠𝑡

𝐶𝑓

𝑆𝑓𝐷𝑓

𝑆𝑓 = 𝑓
2𝑟𝜅sin(𝛿 − 𝑓 𝛾 − 2𝛽𝑠 ))

1 + 𝑟2

https://link.springer.com/article/10.1007/JHEP03(2021)137


𝐵𝑠
0 → 𝐷𝑠

−ℎ+𝜋+𝜋−
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∆𝑚𝑠 = 17.757 ± 0.007 𝑠𝑡𝑎𝑡 ± 0.008 𝑠𝑦𝑠𝑡 𝑝𝑠−1 - the most precise measurement of ∆𝒎𝒔!

Decay-time
The mixing asymmetry folded into one 
oscillation period along with the fit projections 

𝐵𝑠
0 → 𝐷𝑠

−𝐾+𝜋+𝜋−

𝐵𝑠
0 → 𝐷𝑠

−𝜋+𝜋+𝜋−

27.07.2021

[JHEP 03 (2021) 137]

https://link.springer.com/article/10.1007/JHEP03(2021)137


𝐵𝑠
0 → 𝐷𝑠

−ℎ+𝜋+𝜋−
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Incoherent contributions from 
intermediate-state components.Contributions from 𝑏 → 𝑐 and 𝑏 → 𝑢 decay amplitudes

27.07.2021

[JHEP 03 (2021) 137]

https://link.springer.com/article/10.1007/JHEP03(2021)137
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A model-independent analysis: A time-dependent amplitude analysis:

The 1−CL contours for r and γ − 2βs obtained with the 
model-independent fit. 

𝐵𝑠
0 → 𝐷𝑠

−ℎ+𝜋+𝜋−

27.07.2021

[JHEP 03 (2021) 137]

https://link.springer.com/article/10.1007/JHEP03(2021)137


𝐵+ → 𝐷(∗)ℎ+
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➢The Run 1 and Run 2 data sample of 8.7 𝑓𝑏−1

➢Simultaneous 𝐷0 and 𝐷∗0 analysis with 𝐷(∗) decay to 𝐷𝜋0 and 𝐷𝛾 and 𝐷 → 𝐾± 𝜋∓ , 𝐷 → 𝐾±𝐾∓𝐷 → 𝜋± 𝜋∓

➢Measurement of partially reconstructed 𝐵+ → 𝐷(∗)𝐾+ and 𝐵+ → 𝐷(∗)𝜋+ with 𝐷 → K± 𝜋∓ .

➢First observation of 𝐵+ → 𝐷𝜋0 𝐷∗𝜋
+ decay.

27.07.2021

[JHEP 04 (2021) 081]

https://link.springer.com/article/10.1007/JHEP04(2021)081


𝐵+ → 𝐷(∗)ℎ+

15

➢Measurement of CP parameters provide powerful constraints on the angle 𝛾 for other LHCb measurements:

𝐵+ → 𝐷𝜋+ 𝐵+ → 𝐷∗𝜋+
……….

𝐵+ → 𝐷𝐾+ 𝐵+ → 𝐷∗𝐾+

Wojciech Krupa | Measurements of the CKM angle 𝛾 | HADRON 2021

[JHEP 04 (2021) 081]

https://link.springer.com/article/10.1007/JHEP04(2021)081


𝐵+ → 𝐷ℎ+, 𝐷 → 𝐾𝑠
0ℎ+ℎ−
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➢The Run 1 and Run 2 data sample of 9 𝑓𝑏−1

➢Type of 3 body 𝐷 decay analysis at LHCb:

➢ Model independent – method takes inputs from CLEO / BESIIII 

experiments (smaller uncertainties and smaller sensitivity to the angle 𝛾)

➢ Model dependent – method performs an amplitude analysis of 𝐷 decay

(bigger uncertainties and better sensitivity of the angle 𝛾)

➢Simulataneous measurements of: 𝛾, 𝑟𝐵
𝐷𝐾 , 𝛿𝐵

𝐷𝐾 , 𝑟𝐵
𝐷𝜋 , 𝛿𝐵

𝐷𝜋

➢Dalitz plot analysis: measurement of the yield in each bin of the Dalitz

plot.

➢Strong phase input: 𝑐𝑖 , 𝑠𝑖 measured by CLEO and BESIII

Optimal binning schemes for 𝐷 → 𝐾𝑠
0𝐾+𝐾− decays and 𝐷 → 𝐾𝑠

0𝜋+𝜋− decays.

[JHEP 02 (2021) 169]

27.07.2021

[PR D82 112006] [PR D102 052008]

https://link.springer.com/article/10.1007/JHEP02(2021)169
https://doi.org/10.1103/PhysRevD.82.112006
https://doi.org/10.1103/PhysRevD.102.052008


𝐵+ → 𝐷ℎ+, 𝐷 → 𝐾𝑠
0ℎ+ℎ−

17Wojciech Krupa | Measurements of the CKM angle 𝛾 | HADRON 2021

Selection of 
candidates and mass 

fit for each decay
mode

Dalitz plot analysis

Measurement of the 
bin-by-bin 

asymmetries

27.07.2021

[JHEP 02 (2021) 169]

https://link.springer.com/article/10.1007/JHEP02(2021)169


𝐵+ → 𝐷ℎ+, 𝐷 → 𝐾𝑠
0ℎ+ℎ−
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➢Fit results for CPV observables:

➢The most precise single measurement of angle 𝜸

The 1−CL contours for angle γ

27.07.2021

[JHEP 02 (2021) 169]

https://link.springer.com/article/10.1007/JHEP02(2021)169


𝛾 combination by LHCb collaboration
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➢LHCb provides several CKM angle 𝛾

measurements using different:

➢𝐵 meson type (𝐵+, 𝐵0, 𝐵𝑠
0)

➢Decay mode (𝐵0 → 𝐷𝐾∗0)

➢Measurement method (GLW, ADS, …)

➢LHCb combination is in excellent agreement with 

the indirect determinations of 𝛾 = 65−2.7
+0.9° (CKM 

group) and 𝛾 = 65.8 ± 2.2 ° (UT collaboration)
LHCb measurements :

𝛾 = 67 ± 4 ° 𝑎𝑡 68.3% 𝐶. 𝐿.

𝛾 = 67−8
+7° 𝑎𝑡 95.5% 𝐶. 𝐿.

27.07.2021

[LHCb−CONF−2020−003]

http://cds.cern.ch/record/2743058


Summary
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➢Many new and updated results of analysis over Run 

1 & 2 data. 

➢Exploration of decays through resonance states and 

multi-body final states using a different methods and 

variety of beauty meson decays.

➢Excellent results of studies of beauty to open charm

processes which is good prospects for the Run 3 & 4 

measurements.

LHCb-PUB-2014-040

[CERN-LHCC-2018-027]

27.07.2021

Thank you for 
attention.



Backup



Backup: Flavour Tagging

➢Flavor tagging algorithms tag the candidate as 𝐵 or ത𝐵 (tag decision) with some efficiency and mistag
probability

➢Same Side (SS): correlation between flavor of the 𝐵 meson and charge of the particle (pion, kaon, proton) 
produced close to the b-hadron in the PV.

➢Opposite Side (OS): Correlation between flavor of the 𝐵 meson and charged of charm meson and lepton 
or charge of tracks from Secondary Vertex. 

➢Calibrate tagging algorithm response using modes with known flavor (self-tagged,𝐵+ → 𝐽/Ψ𝐾+, 𝐵+ →
𝐷0𝜋+).
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Backup: 𝐵0 → 𝐷𝐾∗0
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[JHEP 08 (2019) 041]

https://arxiv.org/abs/1906.08297


Backup: 𝐵0 → 𝐷𝐾∗0
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