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Outline

• Introduction

• Formalism

• Bs
0→D±

sK
∓

• 3 fb-1 , JHEP 03 (2018) 059, arXiv:1712.07428

• Bs
0→D±

sK
∓π±π±

• 9 fb-1, JHEP 03 (2021) 137, arXiv:2011.12041

• Comparison

• Outlook

http://arxiv.org/abs/1712.07428
http://arxiv.org/abs/2011.12041
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CKM: A Quick Reminder 
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LHC-B Letter-of-Intent 1995 

|Vud|  ɛK

|Vtd| from md
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γ Combinations 

1995
2021

from direct measurements (tree level decays): (72.1+4.1
-4.5)º

from indirecte measurements (loop induced measurements):

(65.7 +0.9
-2.7)º (CKM fitter) or (65.8±2.2)º (UT fitter)
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Measurements presented today are the (only) input

to the LHCb Bs combination!

JHEP 12 (2021) 141
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Figure2: Onedimensional 1− CL profiles for γ from thecombination using inputs from B 0
s

(light blue), B 0 (orange), B + mesons (red) and all species together (dark blue).
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Figure3: Two-dimensional profile likelihood contours for (left) thecharm mixing parametersx

and y, and (right) theφ and |q/ p| parameters. Thebluecontoursshow thecurrent charm world

averagefrom Ref. [11]; thebrown contoursshow theresult of thiscombination. Contoursare

drawn out from 1 (68.3%) to 5 standard deviat ions.

B 0
s modes is expected to improveby approximately a factor of 2 with the analysis of

B 0 ! DK + ⇡− with D ! K 0
Sh+ h− and B 0

s ! D⌥
s K ± decaysusing thefull LHCb data

sample. Table 5 presents the confidence intervals for γ as determined from inputs of

time-dependent methods and time-integrated methods only. Two-dimensional profile

likelihood contours in the(x, y) and (|q/ p|,φ) planesareshown in Fig. 3. Thesignificant

improvement, of a factor of two, in theprecision to y demonstratestheadvantageof this

combinat ion over the current world average in the charm system.

Breakdownsof thecontributingcomponentsin thecombination areshown in Figs. 4

and 5. Thesehighlight thecomplementary natureof theinput measurementstoconstrain

both γ and the charm mixing parameters. In Fig. 5 (top left) the dark orange band

showsexternal constraints from CLEO-c [58] and BES-III [59]. Theseare required to

constrain δK ⇡
D when obtaining the“All Charm Modes” contours, but arenot used in the

8

LHCb γ Combination 
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History

• 2021: First Time dependent CP violation in B0
s (→K+K−)
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CP Violation in Interference between Mixing and Decay 
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Similar size of amplitudes

→ large interference

→ large sensitvity to phases

δs: strong phase difference
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CP Violation in Interference between Mixing and Decay 
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CP Violation in Interference between Mixing and Decay 

s s
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s s

s
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usV

* 2
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* 4 i
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cb usV V 
* 3 i
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ϕs (~ -2βs)

(from external input

in this analysis)
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≠ 1

CPV in mixing small

(experimental compatible with 0)

CPV in decay small

However, CPV in interference

between mixing and decay sizeable.
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Time Dependent Decay Rates 

Need flavor tagging and need to

resolve fast mixing to access Cf

and Sf

f: 

f:

D+
sK

-

D-
sK

+

Assuming no CPV in mixing and no CPV in decay
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Af
∆Γ, Sf & Cf → rDsK, γ & δ

Need to measure decays to Ds
+K- and Ds

-K+ to disentangle γ and δ.
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Af
∆Γ, Sf & Cf → rDsK, γ & δ

• Polar: |λ| and γ 

• Cartesian:        AΔΓ and S 60 80 100 120 140 160
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Figure7: Profilelikelihood contoursof (top left) rDsK vs. γ, and (top right) δ vs. γ. Themarkers

denotethebest-fit values. Thecontourscorrespond to 68.3%CL (95.5%CL). Thegraph on the

bottom left shows1− CL for theangleγ, together with thecentral valueand the68.3%CL

interval asobtained from thefrequentist method described in thetext. Thebottom right plot

showsa visualisation of how each of theamplitudecoefficientscontributes towardstheoverall

constraint on theweak phase, γ − 2βs. Thedi↵erencebetween thephaseof (−A∆ Γ
f , Sf ) and

(−A∆ Γ
f

, Sf ) isproportional to thestrong phaseδ, which iscloseto 360◦ and thusnot indicated

in the figure.
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AΔΓ ~ Re(λ)

S
 ~

 I
m

(λ
)

γ - 2βs±δ

A note on conventions:

1) We use: ΔΓs =ΓL-ΓH > 0

2) Opposite convention is equivalent if at the same time AΔΓ → - AΔΓ
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Siegen - 31 May 2022 (2)

• obtain Bs
0 signal sample:      3D fit to mBs, mDs, particle identification

• Bs
0 or Bs

0 : flavour tagging

• decay time: resolution & acceptance

• result: decay time fit

Bs
0→D±

sK
∓ Analysis
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Bs
0→D±

sK
∓ Analysis: mass fit

• Need to (statistically) separate signal from background

• Backgrounds:
• Combinatorial

• Partially reconstructed background (Bs
0→D*

sK
∓ , etc)

• Misidentified background (Bs
0→D±

sπ
∓ )

Comb. vs true Ds:

Dsπ vs DsK:

N(Bs
0→D±sK

∓ ) = 5955 ± 90
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Bs
0→D±

sK
∓ Analysis: Flavour Tagging

• Bs
0 or Bs

0 :

• Use Bs
0→D+

sπ
- to calibrate!

effective statistical size

of the sample
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Bs
0→D±

sK
∓ Analysis: Decay Time

→
M

e
a

s
u

re
d

→ Estimated

• Resolution

(use prompt D+
s calibrate)

• Acceptance

(use Bs
0→D+

sπ
- to calibrate)
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Bs
0→D±

sK
∓ Analysis: Fit Result

• Decay time fit:

fix some parameters 

analysis statistical limited
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Figure7: Profilelikelihood contoursof (top left) rDsK vs. γ, and (top right) δ vs. γ. Themarkers

denotethebest-fit values. Thecontourscorrespond to 68.3%CL (95.5%CL). Thegraph on the

bottom left shows1− CL for theangleγ, together with thecentral valueand the68.3%CL

interval asobtained from thefrequentist method described in thetext. Thebottom right plot

showsa visualisation of how each of theamplitudecoefficientscontributes towardstheoverall

constraint on theweak phase, γ − 2βs. Thedi↵erencebetween thephaseof (−A∆ Γ
f , Sf ) and

(−A∆ Γ
f

, Sf ) isproportional to thestrong phaseδ, which iscloseto 360◦ and thusnot indicated

in the figure.
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Bs
0→D±

sK
∓ Analysis: Result60 80 100 120 140 160

]° [g

0

0.2

0.4

0.6

0.8K s
Dr LHCb

contours hold 68.3%, 95.5% CL

60 80 100 120 140 160

]° [g

300

350

400

450]°
 [

K s
D

d

LHCb

contours hold 68.3%, 95.5% CL

0

0.2

0.4

0.6

0.8

1

C
L

-1

50 100 150

]° [g

22-

+17128

68.3%

95.5%

LHCb

1.5- 1- 0.5- 0 0.5 1

  )2|fl/(1+|fl2 Re

1-

0.5-

0

0.5

1 )2 | f
l

/(
1

+
|

f
l

2 
Im

2
fC-1

)fS, GD
fA-(

)
f

S, GD

f
A-(

)
s

b2-g(-

Combination

LHCb

1.5- 1- 0.5- 0 0.5 1
1-

0.5-

0

0.5

1

Figure7: Profilelikelihood contoursof (top left) rDsK vs. γ, and (top right) δ vs. γ. Themarkers

denotethebest-fit values. Thecontourscorrespond to 68.3%CL (95.5%CL). Thegraph on the

bottom left shows1− CL for theangleγ, together with thecentral valueand the68.3%CL

interval asobtained from thefrequentist method described in thetext. Thebottom right plot

showsa visualisation of how each of theamplitudecoefficientscontributes towardstheoverall

constraint on theweak phase, γ − 2βs. Thedi↵erencebetween thephaseof (−A∆ Γ
f , Sf ) and

(−A∆ Γ
f

, Sf ) isproportional to thestrong phaseδ, which iscloseto 360◦ and thusnot indicated

in the figure.
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-(γ -2βs)±δ
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• obtain Bs
0 signal sample:     3D fit to mBs, mDs, particle identification

• Bs
0 or Bs

0 : flavour tagging

• decay time: resolution & acceptance

• result: decay time fit

Bs
0→D±

sK
∓ π+π - Analysis

Conceptually identical to the analysisBs
0→D±sK

∓

+ amplitude analysis
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Bs
0→D±

sK
∓ π+π – Analysis: mass fit

• Need to (statistically) separate signal from background

• Backgrounds:
• Combinatorial

• Partially reconstructed background (Bs
0→D*

sK
∓ , etc)

• Misidentified background (Bs
0→D±

sπ
∓ )

N(Bs
0→D±sK

∓π+π- ) = 7500 ± 100
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Bs
0→D±

sK
∓ π+π – Analysis

• Flavour Tagging

• Decay time acceptance
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Bs
0→D±

sK
∓ π+π – : Decay Time Fit

coherence factor integrated over

the entire phase space
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Bs
0→D±

sK
∓ π+π – : Amplitude Analysis 

• Let’s take it one step further:

time-dependent amplitude fit

gain in precision of γ
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Comparison: Bs
0→D±

sK
∓ π+π – versus Bs

0→D±
sK

∓

Need strong and weak phase

difference to get CPV in 

Interference of mixing and decay

Quantum oscillations of neutral particles with the beauty quark / 
Veronesi, Michele CERN-THESIS-2021-193

https://cds.cern.ch/record/2790773?ln=en
https://cds.cern.ch/search?f=author&p=Veronesi,%20Michele&ln=en
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Comparison: Bs
0→D±

sK
∓ π+π – versus Bs

0→D±
sK

∓

DsKππ

Ds
+K-

Ds
-K+
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γ from Bs
0→D±

sK
∓ π+π – and Bs

0→D±
sK

∓

• Contribution to γ average

Siegen - 31 May 2022 (2)

LHCb Coll., arXiv:2110.02350
“Simultaneous determination of CKM angle γ
and charm mixing parameters”
JHEP 12 (2021) 141 
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Figure2: Onedimensional 1− CL profiles for γ from thecombination using inputs from B 0
s

(light blue), B 0 (orange), B + mesons (red) and all species together (dark blue).
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Figure3: Two-dimensional profile likelihood contours for (left) thecharm mixing parametersx

and y, and (right) theφ and |q/ p| parameters. Thebluecontoursshow thecurrent charm world

averagefrom Ref. [11]; thebrown contoursshow theresult of thiscombination. Contoursare

drawn out from 1 (68.3%) to 5 standard deviat ions.

B 0
s modes is expected to improveby approximately a factor of 2 with the analysis of

B 0 ! DK + ⇡− with D ! K 0
Sh+ h− and B 0

s ! D⌥
s K ± decaysusing thefull LHCb data

sample. Table 5 presents the confidence intervals for γ as determined from inputs of

time-dependent methods and time-integrated methods only. Two-dimensional profile

likelihood contours in the(x, y) and (|q/ p|,φ) planesareshown in Fig. 3. Thesignificant

improvement, of a factor of two, in theprecision to y demonstratestheadvantageof this

combinat ion over the current world average in the charm system.

Breakdownsof thecontributingcomponentsin thecombination areshown in Figs. 4

and 5. Thesehighlight thecomplementary natureof theinput measurementstoconstrain

both γ and the charm mixing parameters. In Fig. 5 (top left) the dark orange band

showsexternal constraints from CLEO-c [58] and BES-III [59]. Theseare required to

constrain δK ⇡
D when obtaining the“All Charm Modes” contours, but arenot used in the

8

http://arxiv.org/abs/2110.02350


28

Conclusions 

• Precision measurements important to scrutinize the Standard Model

• Precision measurements reach very high mass scales

• Precision measurements are not yet precise enough 2030 (Belle II 50ab-1,LHCb 50 fb.1) 

2021


