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Outline
▪ The CKM angle 𝜸 measurement

▪ Constraints on the CKM angle γ from

𝐵± → 𝐷ℎ± decays

[LHCb-PAPER-2021-036, submitted to JHEP]

▪ Measurement of the CKM angle γ and Δ𝑚𝑠

with 𝐵𝑠
0 → 𝐷𝑠

∓ℎ±𝜋± 𝜋∓ decays [JHEP 03(2021) 137]

▪ Measurement of the CKM angle γ with

𝐵± → 𝐷 𝐾∓ 𝜋±𝜋±𝜋∓ ℎ± decays

[LHCb-PAPER-2022-017]

▪ The LHCb combination [JHEP 12(2021) 141]

▪ CPV in the beauty sector

▪ Observation of the suppressed Λ𝑏
0 → 𝐷𝑝𝐾−

decay and measurement of its CP asymmetry

[JHEP12(2021)141, submitted to PRD]
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Other LHCb talks during BEACH 2022
▪ LHCb physics introductory talk – Chris Parkes

▪ Rare decays at LHCb, including tests of lepton flavour

universality and lepton flavour violation – Marcin Chrząszcz

▪ Mixing and indirect CP violation in charm mesons at LHCb -

Edward Shields

▪ Direct CPV in charm hadrons at LHCb - Artur Ukleja

▪ Physics prospects, experimental challenges - LHCb Upgrade 2

– Agnieszka Obłąkowska-Mucha

▪ Charmed baryons at LHCb - Jakub Ryżka

https://arxiv.org/pdf/2112.10617.pdf
https://arxiv.org/abs/2011.12041
https://arxiv.org/abs/2011.12041
https://link.springer.com/content/pdf/10.1007/JHEP12(2021)141.pdf
https://arxiv.org/abs/2011.12041
https://arxiv.org/abs/2109.02621
https://indico.fis.agh.edu.pl/event/120/contributions/400/
https://indico.fis.agh.edu.pl/event/120/contributions/396/
https://indico.fis.agh.edu.pl/event/120/contributions/397/
https://indico.fis.agh.edu.pl/event/120/contributions/398/
https://indico.fis.agh.edu.pl/event/120/contributions/388/
https://indico.fis.agh.edu.pl/event/120/contributions/393/


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

▪ 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). [ref]

https://arxiv.org/abs/1308.5663


Introduction to the CKM angle 𝛾
ҧ𝜌, ҧ𝜂
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The angle 𝛾: 𝛾 ≡ arg −
𝑉𝑢𝑑𝑉𝑢𝑏

∗

𝑉𝑐𝑑 𝑉𝑐𝑏
∗ is one of the angles

of the CKM unitarity triangle:

▪ It is studied in the heavy flavour physics experiments like

LHCb, Belle, BABAR…

▪ LHCb indirect measurement:

▪ Global indirect constraints:

Loop (indirect) measurements

Tree (direct) measurements

𝛾 = 65−2.7
+0.9°

[CKM group] 

𝛾 = 65.8 ± 2.2 °

[UT collaboration]

𝛾 = 65.4−4.2
+3.8°𝑎𝑡 68.3% 𝐶. 𝐿.

[CKM group] 

[JHEP12(2021)141]

http://ckmfitter.in2p3.fr/
http://www.utfit.org/UTfit/WebHome
http://ckmfitter.in2p3.fr/
http://ckmfitter.in2p3.fr/
https://link.springer.com/content/pdf/10.1007/JHEP12(2021)141.pdf


Introduction to the CKM angle 𝛾
ҧ𝜌, ҧ𝜂
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Measurement of the CKM angle is possible in 

processes with the interference between the favoured 

transition 𝑏 → 𝑐 and suppressed transition 𝑏 → 𝑢 .

Method 𝑋 𝐹 𝐷

B0/B± ADS (mixed state) K, π [Kπ, Kπππ,…]

B0/B± GLW (CP e-g) K, π [KK, ππ, 4π,…]

B0/B± GLS K, π [hh]

B0/B± GGSZ K∗0 [Ks
0hh]

B0/Bs
0 Time-Dependent K, K∗±, K∗0 [hhh, hh]

𝐷 𝑋

𝐹 𝐷 𝑋

ഥ𝐷 𝑋

𝐵± /𝐵0

𝑟𝐵𝑒
𝑖(𝛿𝐵−𝛾)

𝑟𝐷𝑒
𝑖(𝛿𝐷)

FAVOURED

𝑏 → 𝑐

𝑏 → 𝑢SUPPRESSED

Ratio of magnitudes
and phase difference

for B decay
amplitudes

Ratio of magnitudes
and phase

difference for D 
decay amplitudes



The (former) LHCb spectrometer

LHCb detector designed for decays

of hadrons with a 𝑏 or 𝑐 quarks:

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

▪ Identification :  𝜀(ℎ→ℎ)~90%:  miss 𝜀(ℎ→ℎ)~5%, 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
HERE WE ARE
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[JINST 3 S08005]

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


Analysis of 𝐵± → 𝐷ℎ± (𝐷 → ℎ±ℎ′∓𝜋0)

𝑥 = (0.400−0.053
+0.052) 𝑦 = (0.630−0.030

+0.0.033)

▪ Direct CP measurement using three-body 𝐷0

decay and quasi-GLW(ADS) method

▪ Full Run 1 + 2 sample (2011-2018)

▪ ℎ′ either kaon or pion

▪ Simultanious analysis of 8 final states

[LHCb-PAPER-2021-036]
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https://arxiv.org/pdf/2112.10617.pdf


Analysis of 𝐵± → 𝐷ℎ± (𝐷 → ℎ±ℎ′∓𝜋0)
ҧ𝜌, ҧ𝜂

06.06.2022 W. Krupa 8

𝑥 = (0.400−0.053
+0.052) 𝑦 = (0.630−0.030

+0.0.033)

▪ Measurement of over 15 CPV 

parameters: 𝑅𝐾𝐾𝜋
0
, 𝐴𝐾𝜋𝜋𝜋

0
, 𝑅𝐴𝐷𝑆 𝐾 ,

𝐴𝐴𝐷𝑆 𝐾 and more

▪ The results are interpreted in terms of 

𝛾, 𝛿𝐵 and 𝑟𝐵

▪ 𝛾 = (56−19
+24)°

▪ 𝛿𝐵= (122−23
+19)°

▪ 𝑟𝐵= (9.3−0.9
+1.0) × 10−2

Results Confidence regions of the strong phase, 𝛿𝐵 versus 

the CKM angle 𝛾

[LHCb-PAPER-2021-036]

https://arxiv.org/pdf/2112.10617.pdf


Analysis of 𝐵𝑠
0 → 𝐷𝑠

−ℎ+𝜋+𝜋−
ҧ𝜌, ҧ𝜂
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▪ Masurement of the angle 𝛾 in 𝐵𝑠
0 → 𝐷𝑠

−ℎ+𝜋+𝜋−

▪ Full Run 1 + 2 sample (2011-2018)

▪ A time-dependent amplitude analysis: the time-dependent amplitude fit using signal PDF through full-

spectrum decay rate (𝐴𝑢 𝑥 , 𝐴𝑐 𝑥 ).

▪ A model-independent analysis: phase-space integrated decay rate, measurement of the CP coefficients: 

𝐶𝑓, 𝐴𝑓
ΔΓ, 𝐴 ҧ𝑓

ΔΓ, 𝑆𝑓, 𝑆 ҧ𝑓

▪ Simultanious measurement of Δ𝑚𝑠 and 𝛾

[JHEP 03 (2021) 137]

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


Incoherent contributions from 
intermediate-state components.Contributions from 𝑏 → 𝑐 and 𝑏 → 𝑢 decay amplitudes
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Analysis of 𝐵𝑠
0 → 𝐷𝑠

−ℎ+𝜋+𝜋−
[JHEP 03 (2021) 137]

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


Results 

▪ ∆𝑚𝑠 = 17.757 ± 0.007 𝑠𝑡𝑎𝑡 ± 0.008 𝑠𝑦𝑠𝑡 𝑝𝑠−1

the most precise measurement of ∆𝑚𝑠!

▪ 𝛾 = (44 ± 12)° - time-independent amplitude analysis

▪ 𝛾 = (44−13
+20)° - model-independent fit to the phase-

space integrated decay-time spectrum

Analysis of 𝐵𝑠
0 → 𝐷𝑠

−ℎ+𝜋+𝜋−
ҧ𝜌, ҧ𝜂

06.06.2022 W. Krupa 11

[JHEP 03 (2021) 137]

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


Analysis of 𝐵± → 𝐷 𝐾∓𝜋±𝜋±𝜋∓ ℎ±
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▪ 4 possible configurations:

𝐵± → 𝐷 𝐾∓𝜋±𝜋±𝜋∓ ℎ± (OS) and 

𝐵± → 𝐷 𝐾±𝜋∓𝜋∓𝜋± ℎ± (SS)

▪ Full Run 1 + 2 sample (2011-2018)

▪ Measurement of 𝛾 performered using

binned phase-space approach

▪ 𝛾 = (56−5.8−0.6+4.3
+6.0−0.6+6.7)°Result

[LHCb-PAPER-2022-017]

[ref ]

Largest difference between 𝐵− and 𝐵+

ever 

https://arxiv.org/pdf/1909.10196.pdf


LHCb combination to the CKM angle 𝛾
ҧ𝜌, ҧ𝜂

06.06.2022 W. Krupa 13

New LHCb combination (late 2021)

▪ Including several new and updated results

▪ For the first time, including results from the 

beauty and charm sectors (simultaneous

determination of  γ and charm mixing

parameters: 𝑥, 𝑦)

▪ Grate improvement on the precision of the 

charm mixing parameters

[JHEP12(2021)141]

https://link.springer.com/content/pdf/10.1007/JHEP12(2021)141.pdf


LHCb combination to the CKM angle 𝛾
ҧ𝜌, ҧ𝜂
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▪ Including several

new and updated

results

Beauty sector

▪ The CKM angle 𝛾

▪ Most precise by single experiment! 

▪ Around 2σ tension between charged and 

neutral B mesons

𝛾 = 65.4−4.2
+3.8° 𝑎𝑡 68.3% 𝐶. 𝐿.

𝛾 = 65.4−8.7
+7.5° 𝑎𝑡 95.5% 𝐶. 𝐿.

[JHEP12(2021)141]

https://link.springer.com/content/pdf/10.1007/JHEP12(2021)141.pdf


LHCb combination to the CKM angle 𝛾
ҧ𝜌, ҧ𝜂
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Charm sector

▪ The charm mixing parameters*:

𝑥 = (0.400−0.053
+0.052) 𝑦 = (0.630−0.030

+0.033)

approximately 2 times more precise than the 
world average!

𝜙 = (−2.4 ± 1.2)° 𝑞/𝑝 = 0.997 ± 0.016

*at 68.3% Cl

| ൿD1,2 = 𝑝| ۧ𝐷0 ± 𝑞| ൿ𝐷0 𝜙 ≡ arg(𝑞/𝑝)

𝑥 ≡ 𝑚1 −𝑚2 /Γ 𝑦 ≡ Γ1 − Γ2 /2Γ

[JHEP12(2021)141]

https://link.springer.com/content/pdf/10.1007/JHEP12(2021)141.pdf


Analysis of Λ𝑏
0 → 𝐷𝑝𝐾−(𝐷 → 𝐾±𝜋∓)

ҧ𝜌, ҧ𝜂
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𝑥 = (0.400−0.053
+0.052) 𝑦 = (0.630−0.030

+0.0.033)

▪ First observation of Λ𝑏
0→ 𝐷𝑝𝐾− 𝐷 → 𝐾+𝜋−

(estimated branching fraction 7 times smaller than for 

favoured mode)

▪ Full Run 1 + 2 sample (2011-2018)

▪ The Λ𝑏
0 resonant structure analysis

Favoured  𝐷 → 𝐾−𝜋+ Supressed 𝐷 → 𝐾+𝜋−

F
av

o
ur

ed
S

up
p

re
ss

ed

[JHEP12(2021)141]

https://arxiv.org/abs/2109.02621


Analysis of Λ𝑏
0 → 𝐷𝑝𝐾−(𝐷 → 𝐾±𝜋∓)

ҧ𝜌, ҧ𝜂
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𝑥 = (0.400−0.053
+0.052)

▪ Too small signal yield to constrain angle 𝛾

▪ Good prospect for measurement with a bigger

data sample (Run3).

F
avo

u
red

S
up

p
ressed

▪ 𝑅 = 7.1 ± 0.8 stat. −0.3
+0.4(syst. )

▪ 𝐴 = 0.12 ± 0.09 stat. −0.03
+0.02(syst. )

Results

[JHEP12(2021)141]

https://arxiv.org/abs/2109.02621


Conclusions
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▪ Many new and updated results on the CPV in the 

beauty and charm sector!

▪ Excellent prospects for Run 3 and 4 with the bigger

data set.

[CERN-LHCC-2018-027]

https://arxiv.org/abs/1808.08865


Thank you for attention!



𝐵 → 𝐷𝐾 decays
Several methods of measurements of the angle 𝛾: GLW, ADS, Dalitz plots and time-dependent.

𝐴𝐶𝑃= 
Γ ത𝐵0→𝐷𝐶𝑃 ഥ𝐾

∗0 −Γ 𝐵0→𝐷𝐶𝑃𝐾
∗0

Γ ത𝐵0→𝐷𝐶𝑃 ഥ𝐾
∗0 +Γ 𝐵0→𝐷𝐶𝑃𝐾

∗0

𝐴𝐶𝑃= 
2𝜅𝑟𝐵

𝐷𝐾∗0 sin 𝛿𝐵
𝐷𝐾∗0 sin 𝛾

1+𝑟𝐵
2±2𝑟𝐵 cos 𝛿𝐵 cos 𝛾

GLW 

𝐴𝐶𝑃 =
Γ ത𝐵0 → 𝐷𝐾+𝜋−

0 ത𝐾∗0 − Γ 𝐵0 → 𝐷𝐾−𝜋+
0 𝐾∗0

Γ ത𝐵0 → 𝐷𝐾+𝜋−
0 ത𝐾∗0 + Γ 𝐵0 → 𝐷𝐾−𝜋+

0 𝐾∗0

𝐴𝐶𝑃 =
2𝜅𝑟𝐵

𝐷𝐾∗0𝑟𝐷
𝐾∗0 𝑠𝑖𝑛 𝛿𝐵

𝐾∗0+𝛿𝐷
𝐾𝜋 𝑠𝑖𝑛 𝛾

(𝑟𝐵
𝐷𝐾∗0) 2+(𝑟𝐷

𝐾𝜋) 2+2𝜅𝑟𝐵
𝐷𝐾∗0𝑟𝐷

𝐾∗0 𝑐𝑜𝑠 𝛿𝐵
𝐷𝐾∗0+𝛿𝐷

𝐾𝜋 𝑐𝑜𝑠 𝛾

ADS 

BPGGSZ Time-Dependent𝐾𝐾/𝜋𝜋

∝ 𝑅𝐶𝑃𝑅𝐶𝑃

𝑁𝑖
± = ℎ± 𝐹𝑖 + 𝑥±

2 + 𝑦±
2 𝐹−𝑖 + 2 𝐹𝑖𝐹−𝑖
(𝑥±𝑐𝑖 + 𝑦±𝑠𝑖)

𝑥± = 𝑟𝐵cos(𝛿𝐵 ± 𝛾)
𝑦± = 𝑟𝐵sin(𝛿𝐵 ± 𝛾)

𝑑Γ 𝑥, 𝑡

𝑒−Γ𝑠𝑡𝑑𝑡𝑑𝜙4

∝ ( 𝐴𝑓
𝑐 𝑥

2
+ 𝑟2 𝐴𝑓

𝑢 𝑥
2
) cosh

ΔΓ𝑠𝑡

2

− 2𝑅𝑒(𝐴𝑓
𝑐 𝑥 ∗𝑟2𝐴𝑓

𝑢 𝑥 𝑒𝑖𝛿−𝑖𝑓 𝛾−2𝛽𝑠 ) sinh
ΔΓ𝑠𝑡

2
+ …

[PRL 78 1997 3257]

[PRD 68 054018]

[PL B253 1991 483 ]

06.06.2022 W. Krupa 20

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


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

[JHEP 03 (2021) 137]

𝑑Γ 𝑥, 𝑡

𝑒−Γ𝑠𝑡𝑑𝑡𝑑𝜙4

∝ ( 𝐴𝑓
𝑐 𝑥

2
+ 𝑟2 𝐴𝑓

𝑢 𝑥
2
) cosh

ΔΓ𝑠𝑡

2
+ 𝑞𝑓( 𝐴𝑓

𝑐 𝑥
2
𝑟2 𝐴𝑓

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

Analysis of 𝐵𝑠
0 → 𝐷𝑠

−ℎ+𝜋+𝜋−
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https://link.springer.com/article/10.1007/JHEP03(2021)137

