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Detecting CP violation with B decays

Lecture 3: B decays
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Detecting CP violation with B decays

1) CP violation: CKM and the SM

2) Detecting: Detector requirements

3) B-decays: sin2b, fs, Bs0→Ds+K-
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Diagonalize Yukawa matrix Yij

– Mass terms

– Quarks rotate
– Off diagonal terms in charged current couplings
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Charged Currents
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A comparison shows that CP is conserved only if Vij = Vij
*

(Together with (x,t) -> (-x,t))

The charged current term reads:

Under the CP operator this gives:

In general the charged current term is CP violating



Niels Tuning (5)

CKM-matrix: where are the phases?

u

d,s,b

W

• Possibility 1: simply 3 ‘rotations’, and put phase on smallest:

• Possibility 2: parameterize according to magnitude, in O(λ):
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(CKM: a quick reminder)

• 1) Matrix to transform weak- and mass-eigenstates:
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Summary
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Meson Decays

• Formalism of meson oscillations:

• Subsequent: decay

0 ( )P t
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Notation: Define Af and  λf
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Some algebra for the decay P0 à f

0 ( )P t

Interference

P0 àf P0àP0 àf
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Some algebra for the decay P0 à f
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The ‘master equations’
Interference(‘direct’) Decay
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The ‘master equations’
Interference(‘direct’) Decay
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Classification of CP Violating effects

1. CP violation in decay

2. CP violation in mixing

3. CP violation in interference
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Meson Decays

• Formalism of meson oscillations:

• Subsequent: decay

0 ( )P t

Interference

P0 àf P0àP0 àf

Interference(‘direct’) Decay



CP violation: type 3
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Consider   f=f :

If one amplitude dominates the decay, then Af = Af

3. CP violation in interference

Classification of CP Violating effects - Nr. 3:
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Relax: B0àJ/ΨKs simplifies…
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|λf|=1 ΔΓ=0
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λf for B0 ® J/yK0
S
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• Theoretically clean way to measure b
• Clean experimental signature
• Branching fraction: O(10-4)

• “Large” compared to other CP modes!

Time-dependent CP asymmetry

sin 2  ( ) sin( )CPA t mtb= - D

2ie b-= -
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CP eigenvalue of final state J/yK0
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Sum of 2 amplitudes: sensitivity to phase 

• Now also look at CP-conjugate process

• Investigate situation at time t, such that |A1| = |A2| :

• Directly observable result (essentially just from 
counting) measure CKM phase b directly!
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Remember!

Necessary ingredients for CP violation:
1) Two (interfering) amplitudes 

2) Phase difference between amplitudes
– one CP conserving phase (‘strong’ phase)

– one CP violating phase (‘weak’ phase) 
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Remember!
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f = 10 deg
G/Dm = 1.3

Time dependent CP violation

Total amplitude Total amplitude

B0 tag B0 tag

unmixedunmixed

m
ix

ed

m
ixed

CP asymmetry Decay Rate



B-system - Time-dependent CP asymmetry
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sin2b in LHCb

• Flavour tagging: to “B0” or not to “B0” ?
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PoS(LHCP2018)230

Davide Fazzini
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Figure 1: Schematic representation of the FT algorithms available at LHCb.

sion (d) equal to 1 if the signal candidate is a B meson, equal to -1 if the candidate is an antimeson
and null if the algorithm is not able to assign a decision on the initial flavour. The tagging decisions
are based on the charge of the tagging particle, correlated to the signal B meson flavour. How-
ever the flavour tagging algorithms are not perfect tools and their performance can be estimated by
means of three different quantities: the mistag rate, the tagging efficiency and the tagging power.

The tagging efficiency represents the fraction of B candidates for which the tagging algorithm
is able to provide a tagging decision and a mistag rate. It is defined as:

etag =
NR +NW

NR +NW +NU
(3.1)

where NW and NR and NU are the numbers of events wrongly tagged, rightly tagged and for which
the algorithm in not able to give a response, respectively.

In addition to the tagging decision, each tagger provides also an estimation of the probability
(w) for the tag decision to be wrong. The mistag rate is a continuous variable in the range [0, 0.5]
and can be defined as:

w =
NW

NR +NW
. (3.2)

The mistag rate can be measured only on flavour specific decays. In particular the formula in
Eq. (3.2) is relevant only for the charged B mesons where it is possible to compare directly the
flavour of the reconstructed meson with the flavour tagging decision. The estimation of the mistag
rate is more complicated when neutral B mesons are involved, since they are affected by neutral
flavour oscillations. In this case the mistag rate has to be extracted by means of a time-dependent
fit on the B flavour oscillations as a function of the proper decay-time. Finally, when the flavour
tagging algorithms are applied to non-flavour specific decays, it is not possible to measure directly
the mistag rate but it has to be estimated, as described in Sec. 4.

The mistag rate and the tagging efficiency allow a determination of the sensitivity to the CP
asymmetry. The measured time-dependent CP asymmetry (Ameas

CP ) related to the tagged events is

2



sin2b in LHCb

• Flavour tagging: to “B0” or not to “B0” ?

• Various algorithms
– Not perfect event-by-event, but statistically useful!

• Key parameters: efficiency and wrong-tag fraction à e(1-2w)2

– Measure perfromance with B0 ® J/yK*0
, B+ ® J/yK+, Bs

0→Ds
+p-
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Table 1: Summary of the performance of the tagging algorithms after the re-optimisation campaign on the
B0 ! D�p+ decay channel (B0

s ! D�
s p+ for the SSK).

Tagger e [%] w [%] ehD2i= e(1�2w)2 [%]
OSµ 0.915±0.053 30.713±0.434 1.361±0.062
OSe 4.451±0.038 34.038±0.604 0.454±0.035
OSK 19.600±0.073 37.557±0.315 1.214±0.061

OSVtx 20.834±0.075 36.994±0.308 1.410±0.067
OSc 5.025±0.040 34.062±0.620 0.511±0.040

OScomb 40.154±0.090 35.123±0.211 3.555±0.101
SSK 68.190±0.177 39.667±0.507 2.912±0.286
SSp 83.486±0.068 42.561±0.145 1.848±0.072
SSp 37.767±0.089 43.645±0.221 0.610±0.042

SScomb 87.590±0.061 41.787±0.142 2.364±0.081

algorithm is trained with the aim to distinguish the B0
s from the B0

s mesons and providing a tagging
decision and a predicted mistag rate. The SSK tagging performance, reported in Tab. 1, have been
obtained on a Run 2 data sample of B0

s ! D�
s p+ decays.

The tagging power results to be about 45% higher with respect to those available in Run 1.
For sake of completeness also the tagging performance of the algorithms that did not go through a
reoptimisation process are reported in Tab. 1.

6. Inclusive Tagger algorithm

The Run 2 re-optimisation campaign increases noticeably the overall tagging power provided
by the various flavour tagging algorithms. However, further improvements are necessary in order
to tackle the more challenging LHCb environment in the future. Indeed, improving the single
classical tagging algorithm is becoming harder and harder and the LHCb is working on a new
concept of flavour tagging algorithm. The idea consists in developing an algorithm based not
anymore on a specific physical process, but using the entire event information to infer the signal
B meson flavour. Preliminary developments of such an algorithm are currently conducted based
on a Recursive Neural Network (RNN), which represents a natural approach for handling variables
sized (tracks and vertices).

These preliminary studies are performed on fully simulated events of B+ ! J/yK+ decays.
The RNN is trained using as input kinematic, topological, tracking and PID information from all
tracks in the event with the aim to distinguish between B+ and B� mesons. Even if the development
is still in a preliminary stage, the results obtained so far are very promising, as shown in Fig. 2. The
preliminary performance of the inclusive tagger is compared with the one obtained combining all
the available classical tagging algorithms, and appear to be significantly better.

7. Conclusions

The precision measurements on the CP violating asymmetries performed by LHCb, have
been possible thanks to the flavour tagging tool, which represents a key ingredient of these time-

5



sin2b in LHCb

• Flavour tagging: to “B0” or not to “B0” ?

• Various algorithms
– Not perfect event-by-event, but statistically useful!

• Key parameters: efficiency and wrong-tag fraction à e(1-2w)2

– Measure perfromance with B0® J/y K*0
, B+® J/y K+, Bs

0→Ds
+p -
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Table 1: Summary of the performance of the tagging algorithms after the re-optimisation campaign on the
B0 ! D�p+ decay channel (B0

s ! D�
s p+ for the SSK).

Tagger e [%] w [%] ehD2i= e(1�2w)2 [%]
OSµ 0.915±0.053 30.713±0.434 1.361±0.062
OSe 4.451±0.038 34.038±0.604 0.454±0.035
OSK 19.600±0.073 37.557±0.315 1.214±0.061

OSVtx 20.834±0.075 36.994±0.308 1.410±0.067
OSc 5.025±0.040 34.062±0.620 0.511±0.040

OScomb 40.154±0.090 35.123±0.211 3.555±0.101
SSK 68.190±0.177 39.667±0.507 2.912±0.286
SSp 83.486±0.068 42.561±0.145 1.848±0.072
SSp 37.767±0.089 43.645±0.221 0.610±0.042

SScomb 87.590±0.061 41.787±0.142 2.364±0.081

algorithm is trained with the aim to distinguish the B0
s from the B0

s mesons and providing a tagging
decision and a predicted mistag rate. The SSK tagging performance, reported in Tab. 1, have been
obtained on a Run 2 data sample of B0

s ! D�
s p+ decays.

The tagging power results to be about 45% higher with respect to those available in Run 1.
For sake of completeness also the tagging performance of the algorithms that did not go through a
reoptimisation process are reported in Tab. 1.

6. Inclusive Tagger algorithm

The Run 2 re-optimisation campaign increases noticeably the overall tagging power provided
by the various flavour tagging algorithms. However, further improvements are necessary in order
to tackle the more challenging LHCb environment in the future. Indeed, improving the single
classical tagging algorithm is becoming harder and harder and the LHCb is working on a new
concept of flavour tagging algorithm. The idea consists in developing an algorithm based not
anymore on a specific physical process, but using the entire event information to infer the signal
B meson flavour. Preliminary developments of such an algorithm are currently conducted based
on a Recursive Neural Network (RNN), which represents a natural approach for handling variables
sized (tracks and vertices).

These preliminary studies are performed on fully simulated events of B+ ! J/yK+ decays.
The RNN is trained using as input kinematic, topological, tracking and PID information from all
tracks in the event with the aim to distinguish between B+ and B� mesons. Even if the development
is still in a preliminary stage, the results obtained so far are very promising, as shown in Fig. 2. The
preliminary performance of the inclusive tagger is compared with the one obtained combining all
the available classical tagging algorithms, and appear to be significantly better.

7. Conclusions

The precision measurements on the CP violating asymmetries performed by LHCb, have
been possible thanks to the flavour tagging tool, which represents a key ingredient of these time-
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1 Introduction

Precision measurements of CP violation in the decays of neutral B mesons provide stringent
tests of the quark sector of the Standard Model (SM), in which CP violation arises due
to a single irreducible phase of the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing
matrix [1, 2]. The B0 ! [cc]K0

S family of decay modes, where [cc] denotes a charmonium
resonance (J/ ,  (2S), ⌘c, etc.), is ideal for studying CP violation [3, 4]. Such decays
proceed via a b ! [cc]s transition, where higher-order contributions that could introduce
additional strong and weak phases in the decay amplitudes are expected to be small [5–7].
As B0 and B0 mesons decay into a common final state in B0 ! [cc]K0

S decays,1 the
interference between the direct decay and decay after B0–B0 mixing induces CP violation.

Since CP violation in the mixing is known to be negligible [8], the decay-time- and
flavour-dependent decay rate for B0 and B0 mesons can be expressed as

�(t, d) / e�
t
⌧

h
cosh(�� t/2)+A�� sinh(�� t/2)�d ·S sin(�m t)+d ·C cos(�m t)

i
, (1)

where in the equation the symbols are as follows: t is the proper decay time; ⌧ is the mean
lifetime of the B0 and B0 meson; �m and �� are the mass and decay width di↵erences of
the two B0 mass eigenstates; d represents the B0 meson flavour at production and takes
values of +1/�1 for mesons with an initial flavour of B0/B0; and S, C, and A�� are the
CP -violation observables. The asymmetry between the B0 and B0 decay rates is given by

A[cc]K0
S
(t) ⌘ �(B0(t)! [cc]K0

S ) � �(B0(t)! [cc]K0

S )

�(B0(t)! [cc]K0
S ) + �(B0(t)! [cc]K0

S )

=
S sin(�m t) � C cos(�m t)

cosh(�� t/2) + A�� sinh(�� t/2)
⇡ S sin(�m t) � C cos(�m t) ,

(2)

where the approximate expression is valid under the assumption �� = 0, which is well
motivated at the current experimental precision [8]. The observable C is related to
CP violation in the direct decay, while the observable S corresponds to CP violation
in the interference. The world average of C = �0.004 ± 0.015 as given by the Heavy
Flavor Averaging Group [8] is compatible with zero. The observable S can be writ-
ten as a function of one of the angles of the unitarity triangle of the CKM matrix,
� ⌘ arg [� (VcdV

⇤
cb) / (VtdV

⇤
tb)], which is the most precisely measured angle in the unitary

triangle. In the limit of negligible higher-order contributions, which is assumed when
combining results from di↵erent B0 ! [cc]K0

S modes, S can be identified as sin 2�.
Applying CKM unitarity and using measurements of other CKM-related quantities

leads to a SM prediction of sin 2� = 0.740 +0.020

�0.025
by the CKMfitter group [9] and of

sin 2� = 0.724±0.028 by the UTfit collaboration [10]. The Belle and BaBar collaborations
have already constrained sin 2� to a high precision in the B0 ! J/ K0

S mode. They
reported S = 0.670 ± 0.032 [11] and S = 0.657 ± 0.038 [12], respectively. The LHCb
collaboration performed a measurement using B0 ! J/ K0

S decays, where J/ meson
was reconstructed from two muons, and obtained a value of S = 0.73 ± 0.04 [13].

This article presents a study of decay-time-dependent CP violation in the decays
B0 ! J/ K0

S and B0 !  (2S)K0

S using data collected with the LHCb experiment in pp

1The inclusion of charge-conjugate processes is implied throughout the article, unless otherwise noted.
The notation B0 refers to a neutral B meson containing a b and a d quark including the charge-conjugate
state.

1

• Flavour tagging essential
– Which B0 was a B0 ?
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• Flavour tagging essential
– Wrong tag fraction w~35%

– D=(1-2w)~0.3

‣ B0
  → -/. ["+"−] KS

0 : (golden mode) 

‣ Fit results: 

‣ Main systematics: 
- S: Background Tagging Asymmetry  

     → expect to scale with more data  
- C: 2m

Measurement of + @ LHCb

Simon Akar !15CKM 18’ - sin2beta @ LHCb
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1 Introduction

Precision measurements of CP violation in the decays of neutral B mesons provide stringent
tests of the quark sector of the Standard Model (SM), in which CP violation arises due
to a single irreducible phase of the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing
matrix [1, 2]. The B0 ! [cc]K0

S family of decay modes, where [cc] denotes a charmonium
resonance (J/ ,  (2S), ⌘c, etc.), is ideal for studying CP violation [3, 4]. Such decays
proceed via a b ! [cc]s transition, where higher-order contributions that could introduce
additional strong and weak phases in the decay amplitudes are expected to be small [5–7].
As B0 and B0 mesons decay into a common final state in B0 ! [cc]K0

S decays,1 the
interference between the direct decay and decay after B0–B0 mixing induces CP violation.

Since CP violation in the mixing is known to be negligible [8], the decay-time- and
flavour-dependent decay rate for B0 and B0 mesons can be expressed as

�(t, d) / e�
t
⌧

h
cosh(�� t/2)+A�� sinh(�� t/2)�d ·S sin(�m t)+d ·C cos(�m t)

i
, (1)

where in the equation the symbols are as follows: t is the proper decay time; ⌧ is the mean
lifetime of the B0 and B0 meson; �m and �� are the mass and decay width di↵erences of
the two B0 mass eigenstates; d represents the B0 meson flavour at production and takes
values of +1/�1 for mesons with an initial flavour of B0/B0; and S, C, and A�� are the
CP -violation observables. The asymmetry between the B0 and B0 decay rates is given by

A[cc]K0
S
(t) ⌘ �(B0(t)! [cc]K0

S ) � �(B0(t)! [cc]K0

S )

�(B0(t)! [cc]K0
S ) + �(B0(t)! [cc]K0

S )

=
S sin(�m t) � C cos(�m t)

cosh(�� t/2) + A�� sinh(�� t/2)
⇡ S sin(�m t) � C cos(�m t) ,

(2)

where the approximate expression is valid under the assumption �� = 0, which is well
motivated at the current experimental precision [8]. The observable C is related to
CP violation in the direct decay, while the observable S corresponds to CP violation
in the interference. The world average of C = �0.004 ± 0.015 as given by the Heavy
Flavor Averaging Group [8] is compatible with zero. The observable S can be writ-
ten as a function of one of the angles of the unitarity triangle of the CKM matrix,
� ⌘ arg [� (VcdV

⇤
cb) / (VtdV

⇤
tb)], which is the most precisely measured angle in the unitary

triangle. In the limit of negligible higher-order contributions, which is assumed when
combining results from di↵erent B0 ! [cc]K0

S modes, S can be identified as sin 2�.
Applying CKM unitarity and using measurements of other CKM-related quantities

leads to a SM prediction of sin 2� = 0.740 +0.020

�0.025
by the CKMfitter group [9] and of

sin 2� = 0.724±0.028 by the UTfit collaboration [10]. The Belle and BaBar collaborations
have already constrained sin 2� to a high precision in the B0 ! J/ K0

S mode. They
reported S = 0.670 ± 0.032 [11] and S = 0.657 ± 0.038 [12], respectively. The LHCb
collaboration performed a measurement using B0 ! J/ K0

S decays, where J/ meson
was reconstructed from two muons, and obtained a value of S = 0.73 ± 0.04 [13].

This article presents a study of decay-time-dependent CP violation in the decays
B0 ! J/ K0

S and B0 !  (2S)K0

S using data collected with the LHCb experiment in pp

1The inclusion of charge-conjugate processes is implied throughout the article, unless otherwise noted.
The notation B0 refers to a neutral B meson containing a b and a d quark including the charge-conjugate
state.
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βs: Bs
0 ® J/yφ :  Bs

0 analogue of B0 ® J/yK0
S

Niels Tuning (32)

• Replace spectator quark d à s
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βs: Bs
0 ® J/yφ :  Bs

0 analogue of B0 ® J/yK0
S

Niels Tuning (34)

Differences:

B0 B0s

CKM Vtd Vts

ΔΓ ~0 ~0.1
Final state (spin) K0 : s=0 φ: s=1
Final state (K) K0 mixing -



βs: Bs
0 ® J/yφ

Niels Tuning (35)

B0 B0s

CKM Vtd Vts

ΔΓ ~0 ~0.1
Final state (spin) K0 : s=0 φ: s=1
Final state (K) K0 mixing -

A║

A0

A┴

l=2

l=1

l=0

3 amplitudes

Vts large, oscilations fast,
need good vertex detector 



φs with Bs0→J/yφ (“the sin2β of the Bs
0 system”)

N.Tuning - Genoa  - 23 Nov 2022

B0
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s
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B0
s

φ

J/ψ

s

b

s

s

c

c

+

mixing             +           decay

φs

φM φccs

LHCb, arXiv:1906.08356
EPJC 79 (2019) 8, 706, 
EPJC 80 (2020) 7, 601 (erratum)
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http://arxiv.org/abs/1906.08356


φs with Bs0→J/yφ

• Some challenges:
1) Rapid Bs

0 oscillations: decay time resolution

2) “Same side” kaon-tagging: calibration with hadronic final state

3) Mix of CP eigenstates: angular analysis

N.Tuning - Genoa  - 23 Nov 2022

1) Decay time resolution 
from prompt J/y :

s

m
ea

su
re

d

estimated

2) Tagging calibration     
from Bs0→Dsp

3) Angular analysis to
disentable CP + and CP -

CP even

CP oddw = h: quite 
good

!
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φs

N.Tuning - Genoa  - 23 Nov 2022

2012

2021

φs = −50±19 mrad (HFLAV)

φs = −42± 25 mrad (LHCb)

φs = −37±1 mrad (SM)

S
M

38
https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2021/HFLAV_phis_inputs.pdf

CKMfitter, 
Phys. Rev. D84, 033005 (2011), 
updated with Summer 2019 results

• LHCb 2011-2016

https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2021/HFLAV_phis_inputs.pdf


Measure γ:  B0
s à Ds

±K-/+ : both λf and λf

Niels Tuning (39)NB:  In addition B s à Ds
±K-/+ : both λ f and λf

+Γ(Bàf)=

+Γ(Bà f )=

2

2



Formalism:  Bs0→D+
sK-

• Time-dependent decay rates:

Vcb ⇥ V ⇤
us ⇡ �3

B0
s

K�

D+
s

b

s

s

u

c

s

V ⇤
ub ⇥ Vcs ⇡ �3

B0
s

D+
s

K�

bu, c, t

W⌥W±

u, c, t

s

b

s

c

u

s

Figure 1: Feynman diagrams for B0
s ! D+

s K� decays (left) without and (right) with B0
s–B

0
s

mixing.

1.1 Decay rate equations and CP violation parameters

The time-dependent-decay rates of the initially produced flavour eigenstates |B0
s
(t = 0)i

and |B0
s
(t = 0)i are given by

d�B0
s!f (t)

dt
=

1

2
|Af |

2(1 + |�f |
2)e��st


cosh

✓
��st

2

◆
+ A��

f
sinh

✓
��st

2

◆

+ Cf cos (�mst)� Sf sin (�mst)
i
, (1)

d�
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s!f
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dt
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1

2
|Af |
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2)e��st


cosh

✓
��st

2

◆
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f
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��st
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◆

� Cf cos (�mst) + Sf sin (�mst)
i
, (2)

where �f ⌘ (q/p)(Af/Af ) and Af (Af) is the amplitude of a B0
s
(B0

s
) decay to the final

state f , �s corresponds to the average B0
s
decay width, while ��s indicates the decay-

width di↵erence between the light, |BLi, and heavy, |BHi, B0
s
mass eigenstates, defined

as �BL
� �BH

and �ms is the mixing frequency in the B0
s
system defined as mBH

�mBL
.

The complex coe�cients p and q relate the B0
s
meson mass eigenstates, to the flavour

eigenstates, where

|BLi = p|B0
s
i+ q|B0

s
i and |BHi = p|B0

s
i � q|B0

s
i , (3)

with |p|2 + |q|2 = 1. Equations similar to 1 and 2 can be written for the decays to the
CP -conjugate final state f replacing Cf by C

f
, Sf by S

f
, and A��

f
by A��

f
. In what

follows, the convention that f (f) indicates D�
s
K+ (D+

s
K�) final state is used. The

CP -asymmetry parameters are given by

Cf =
1� |�f |

2

1 + |�f |
2
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= �

1� |�
f
|
2
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f
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(4)

The equality Cf = �C
f
results from |q/p| = 1 and |�f | = |1/�

f
|, i.e. assuming no CP

violation in either the mixing, in agreement with current measurements [20], or in the
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1.1 Decay rate equations and CP violation parameters
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Niels Tuning (41)

Measure γ:  Bs à Ds
±K-/+ --- first one f:  Ds

+K-

s s

scsV

s s

s

*
usV

* 2
cb udV V lµ * 4 i

ub cdV V e glµ* 3
cb usV V lµ * 3 i

ub csV V e glµ

• This time | Af|¹|Af|, so |λ|¹1 !

• In fact, not only magnitude, but also phase difference:



Measure γ:  Bs à Ds
±K-/+

Niels Tuning (42)

• Need B0s à Ds+K- to disentangle d and g:

• B0s à Ds-K+ has phase difference (d - g):



Formalism

• Polar: |λ| and γ

• Cartesian: AΔΓ and S 

Siegen - 31 May 2022 (2)
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Figure 7: Profile likelihood contours of (top left) rDsK vs. �, and (top right) � vs. �. The markers
denote the best-fit values. The contours correspond to 68.3% CL (95.5% CL). The graph on the
bottom left shows 1 � CL for the angle �, together with the central value and the 68.3% CL
interval as obtained from the frequentist method described in the text. The bottom right plot
shows a visualisation of how each of the amplitude coe�cients contributes towards the overall
constraint on the weak phase, � � 2�s. The di↵erence between the phase of (�A��

f
, Sf ) and

(�A��
f

, S
f
) is proportional to the strong phase �, which is close to 360� and thus not indicated

in the figure.
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A note on conventions:
1)We use: ΔΓs =ΓL-ΓH > 0
2)Opposite convention is equivalent if at the same time AΔΓ → - AΔΓ



Bs0→D±sK∓ Analysis

• Obtain Bs0 signal sample: 3D fit to (mB, mDs, PID)

• Bs
0 or Bs

0 : Flavour Tagging

• Decay time: Resolution & acceptance

• Result: Decay time fit

Siegen - 31 May 2022 (2)



Bs0→D±sK∓ Analysis: mass fit
• Need to (statistically) separate signal from background

• Backgrounds:
– Combinatorial

– Partially reconstructed background (Bs0→D*
sK∓ , etc)

– Misidentified background (Bs0→D±sπ∓ )

Siegen - 31 May 2022 (2)
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Figure 3: Distributions of the (upper left) B0
s and (upper right) D�

s invariant masses for
B0

s ! D⌥
s K± final states, and (bottom) of the logarithm of the companion track PID log-

likelihood, ln(L(K/⇡)). In each plot, the contributions from all D�
s final states are combined.

The solid blue curve is the total result of the simultaneous fit. The dotted red curve shows the
B0

s ! D�
s ⇡

+ signal and the fully coloured stacked histograms show the di↵erent background
contributions. Normalised residuals are shown underneath all distributions.

each D�
s
decay mode the PDF is built from the sum of signal and background contributions.

Each contribution consists of the product of three PDFs corresponding to the B0
s
and

Ds invariant masses and L(K/⇡), since their correlations are measured to be small in
simulation. A systematic uncertainty is assigned to account for the impact of residual
correlations.

Almost all background yields are left free to vary in the fit, except those that have an
expected contribution below 2% of the signal yield, namely: B0

! D�K+, B0
! D�⇡+,

⇤0
b
! ⇤�

c
K+, and ⇤0

b
! ⇤�

c
⇡+ for the B0

s
! D⌥

s
K± fit, and B0

! D�⇡+, ⇤0
b
! ⇤�

c
⇡+,

and B0
s
! D⌥

s
K± for the B0

s
! D�

s
⇡+ fit. Such background yields are fixed from known

branching fractions and relative e�ciencies measured using simulation.
The multivariate fit results in total signal yields of 96 942 ± 345 and 5955 ± 90

B0
s
! D�

s
⇡+ and B0

s
! D⌥

s
K± signal candidates, respectively. Signal yields are increased

by a factor of 3.4 with respect to the previous measurement [19], while the combinatorial
background contribution is significantly reduced. The multivariate fit is found to be unbi-
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likelihood, ln(L(K/⇡)). In each plot, the contributions from all D�
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The solid blue curve is the total result of the simultaneous fit. The dotted red curve shows the
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+ signal and the fully coloured stacked histograms show the di↵erent background
contributions. Normalised residuals are shown underneath all distributions.

each D�
s
decay mode the PDF is built from the sum of signal and background contributions.

Each contribution consists of the product of three PDFs corresponding to the B0
s
and

Ds invariant masses and L(K/⇡), since their correlations are measured to be small in
simulation. A systematic uncertainty is assigned to account for the impact of residual
correlations.

Almost all background yields are left free to vary in the fit, except those that have an
expected contribution below 2% of the signal yield, namely: B0
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Figure 3: Distributions of the (upper left) B0
s and (upper right) D�

s invariant masses for
B0

s ! D⌥
s K± final states, and (bottom) of the logarithm of the companion track PID log-

likelihood, ln(L(K/⇡)). In each plot, the contributions from all D�
s final states are combined.

The solid blue curve is the total result of the simultaneous fit. The dotted red curve shows the
B0

s ! D�
s ⇡

+ signal and the fully coloured stacked histograms show the di↵erent background
contributions. Normalised residuals are shown underneath all distributions.

each D�
s
decay mode the PDF is built from the sum of signal and background contributions.

Each contribution consists of the product of three PDFs corresponding to the B0
s
and

Ds invariant masses and L(K/⇡), since their correlations are measured to be small in
simulation. A systematic uncertainty is assigned to account for the impact of residual
correlations.
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! D�K+, B0
! D�⇡+,

⇤0
b
! ⇤�

c
K+, and ⇤0

b
! ⇤�

c
⇡+ for the B0

s
! D⌥

s
K± fit, and B0

! D�⇡+, ⇤0
b
! ⇤�

c
⇡+,

and B0
s
! D⌥

s
K± for the B0

s
! D�

s
⇡+ fit. Such background yields are fixed from known

branching fractions and relative e�ciencies measured using simulation.
The multivariate fit results in total signal yields of 96 942 ± 345 and 5955 ± 90

B0
s
! D�

s
⇡+ and B0

s
! D⌥

s
K± signal candidates, respectively. Signal yields are increased

by a factor of 3.4 with respect to the previous measurement [19], while the combinatorial
background contribution is significantly reduced. The multivariate fit is found to be unbi-
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0 or not to Bs

0 :
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Siegen - 31 May 2022 (2)

Table 1: Calibration parameters and tagging asymmetries of the OS and SS taggers obtained
from B0

s ! D�
s ⇡

+ decays. The first uncertainty is statistical and the second is systematic.

h⌘i p0 p1 "tag [%]
OS 0.370 0.3740± 0.0061± 0.0004 1.094± 0.063± 0.012 37.15± 0.17
SS 0.437 0.4414± 0.0047± 0.0002 1.084± 0.068± 0.006 63.90± 0.17

– �p0 �p1 �"tag [%]
OS – 0.0138± 0.0060± 0.0001 0.126± 0.062± 0.002 �1.14± 0.72
SS – �0.0180± 0.0047± 0.0002 0.134± 0.067± 0.002 0.82± 0.72

Table 2: Performances of the flavour tagging for B0
s ! D�

s ⇡
+ candidates tagged by OS only, SS

only and both OS and SS algorithms.

B0
s
! D�

s
⇡+ "tag [%] "e↵ [%]

OS only 12.94± 0.11 1.41± 0.11
SS only 39.70± 0.16 1.29± 0.13

Both OS and SS 24.21± 0.14 3.10± 0.18
Total 76.85± 0.24 5.80± 0.25

candidates according to the weights computed with the multivariate fit. The measured
e↵ective tagging e�ciency for the inclusive OS and SS taggers is approximately 3.9% and
2.1%, respectively. The results of the 2011 and 2012 samples are consistent.

Systematic uncertainties on the calibration parameters have an impact on the CP
parameters and they are added in quadrature with the statistical uncertainties and used
to define the Gaussian constraints on the calibration parameters in the B0

s
! D⌥

s
K±

fit. The largest systematic e↵ect on the tagging calibration parameters is due to the
decay-time resolution model, which also a↵ects the B0

s
! D⌥

s
K± fit for CP observables. In

order to avoid double counting, this source of systematic uncertainty is treated separately
from the other systematic sources (see Sec. 9). Other relevant sources of systematic
uncertainties are related to the calibration method and to the background description in
the multivariate fit used to compute the weights for the sFit procedure. Uncertainties
related to the decay-time acceptance and to the fixed values of �ms and ��s in the sFit
procedure are found to be negligible. The total systematic uncertainties, reported in
Table 1, are significantly smaller than the statistical.

The OS and SS tagging decisions and the mistag predictions are combined in the fit
to the B0

s
! D⌥

s
K± decay-time distribution by using the same approach as described

in Ref. [45]. The tagging performances for the OS and SS combination measured in
the B0

s
! D�

s
⇡+ channel are reported in Table 2. Three categories of tagged events are

considered: OS only, SS only and both OS and SS. The estimated value of the e↵ective
tagging e�ciency "e↵ for the B0

s
! D⌥

s
K± decay mode is (5.7± 0.3)%, consistent with

the value obtained for B0
s
! D�

s
⇡+ decays, as expected.

6 Decay-time resolution

Due to the fast B0
s
–B0

s
oscillations, the CP -violation parameters related to the amplitudes

of the sine and cosine terms are highly correlated to the decay-time resolution model.
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Figure 4: Data points show the measured resolution � as a function of the per-candidate
uncertainty �t for prompt D⌥

s candidates combined with a random track. The dashed lines
indicate the values used to determine the systematic uncertainties on this method. The solid
line shows the linear fit to the data as discussed in the text. The histogram overlaid is the
distribution of the per-candidate decay-time uncertainty for B0

s ! D⌥
s K± candidates.

The signal decay-time PDF is convolved with a Gaussian resolution function that has a
di↵erent width for each candidate, making use of the per-candidate decay-time uncertainty
estimated from the kinematic fit of the B0

s
vertex.

From the comparison to the measured decay-time resolution, a correction to the
per-candidate decay-time uncertainty �t is determined. This calibration is performed
from a sample of “fake B0

s
” candidates with a known lifetime of zero obtained from the

combination of prompt D�
s
mesons with a random track that originated from the PV. The

spread of the observed decay times follows the shape of a double Gaussian distribution,
where only the negative decay times are used to determine the resolution, to avoid biases
in the determination of the decay-time resolution due to long-lived backgrounds. The
resulting two widths are combined to calculate the corresponding dilution:

D = f1e
��

2
1�m

2
s/2 + (1� f1)e

��
2
2�m

2
s/2,

where �1,2 are the widths, and f1 and (1 � f1) are the fractions of the two Gaussian
components. The dilution, which represents the amplitude damping of the decay-time
distribution, is used to obtain the e↵ective decay-time resolution � =

p
(�2⇡/�m2

s
) ln(D).

The e↵ective decay-time resolution depends on the per-candidate decay-time uncertainty
as �(�t) = 1.28 �t + 10.3 fs, and is shown in Fig. 4. The uncertainty on the decay-time
resolution is dominated by the uncertainty on the modelling of the observed decay times
of the “fake B0

s
” candidates. Modelling the spread by a single Gaussian distribution or by

taking only the central Gaussian from the double Gaussian fit, results in the correction
factors �(�t) = 1.77 �t and �(�t) = 1.24 �t, respectively, which are used to estimate the
systematic uncertainty on the measured CP parameters.

The assumption that the measured decay-time resolution on “fake B0
s
” candidates can

be used for true B0
s
candidates is justified, as the measured decay-time resolution does

not significantly depend on the transverse momentum of the companion particle, which is
the main kinematic di↵erence between the samples. In addition, simulation shows that
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the “fake B0
s
” and signal B0

s
samples require compatible correction factors, varying in the

range [1.19, 1.27].

7 Decay-time acceptance

The decay-time acceptance of B0
s
! D⌥

s
K± candidates is strongly correlated with the

CP parameters, in particular with A��
f

and A��
f

. However, in the case of the flavour-

specific B0
s
! D�

s
⇡+ decays, the acceptance can be measured by fixing �s and floating

the acceptance parameters. The decay-time acceptance in the B0
s
! D⌥

s
K± fit is fixed to

that found in the fit to B0
s
! D�

s
⇡+ data, corrected by the acceptance ratio in the two

channels obtained from simulation, which is weighted as described in Sec. 4. In all cases,
the acceptance is described using segments of cubic b-splines, which are implemented
in an analytic way in the decay-time fit [46]. The spline boundaries, knots, are chosen
in order to model reliably the features of the acceptance shape, and are placed at 0.5,
1.0, 1.5, 2.0, 3.0 and 12.0 ps. In the sFit procedure applied to the sample of B0

s
! D�

s
⇡+

candidates, the CP -violation parameter Cf is fixed to unity with Cf = �C
f
, while Sf , Sf

,
A��

f
, and A��

f
are all fixed to zero. The spline parameters and �ms are free to vary. The

result of the sFit procedure applied to the B0
s
! D�

s
⇡+ candidates is shown in Fig. 5.

Extensive studies with simulation have been performed and confirm the validity of
the method. An alternative analytical decay-time acceptance parametrisation has been
considered, and is in good agreement with the nominal spline description. Finally, doubling
the number of knots results in negligible changes in the fit result.
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Figure 5: Decay time distribution of B0
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s ⇡
+ candidates obtained by the sPlot technique.

The solid blue curve is the result of the sFit procedure and the dashed red curve shows the
measured decay-time acceptance in arbitrary units. Normalised residuals are shown underneath.
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s ! D⌥

s K± candidates obtained by the sPlot
technique. The solid blue curve is the result of the sFit procedure and the dashed red curve shows
the decay-time acceptance in arbitrary units, obtained from the sFit procedure applied to the
B0

s ! D�
s ⇡

+ candidates and corrected for the ratio of decay-time acceptances of B0
s ! D⌥

s K± and
B0

s ! D�
s ⇡

+ from simulation. Normalised residuals are shown underneath. The CP -asymmetry
plots for (bottom left) the D+

s K
� final state and (bottom right) the D�

s K
+ final state, folded

into one mixing period 2⇡/�ms, are also shown.

among the observables in the background is accounted for by means of a dedicated set
of pseudoexperiments in which the correlations are included at generation and neglected
in the fit. The correlations between �s, ��s, and the decay-time acceptance parameters
from the fit to B0

s
! D�

s
⇡+ data are accounted for by fitting pseudoexperiments, where

the values of the spline coe�cients, �s and ��s are randomly generated according to
multidimensional correlated Gaussian distributions centred at the nominal values. The
combined correlated systematic uncertainty is listed as “acceptance data fit, �s, ��s”.
The correlations between the spline coe�cients among B0

s
! D�

s
⇡+ and B0

s
! D⌥

s
K±

simulation samples are accounted for by fitting pseudoexperiments with the parameters
randomly generated as in the previous case, and the corresponding systematic uncertainty
is listed as “acceptance, simulation ratio”.
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Table 3: Values of the CP -violation parameters obtained from the fit to the decay-time distribution
of B0

s ! D⌥
s K± decays. The first uncertainty is statistical and the second is systematic.

Parameter Value
Cf 0.730± 0.142± 0.045
A��

f
0.387± 0.277± 0.153

A��
f

0.308± 0.275± 0.152

Sf �0.519± 0.202± 0.070
S
f

�0.489± 0.196± 0.068

8 Decay-time fit to B0

s ! D⌥
s K±

In the sFit procedure applied to the B0
s
! D⌥

s
K± candidates, the following parameters

�ms = (17.757± 0.021) ps�1 ,

�s = (0.6643± 0.0020) ps�1 ,

��s = (0.083± 0.006) ps�1 ,

⇢(�s,��s) = �0.239 ,

Aprod = (1.1± 2.7)%,

Adet = (1± 1)%

(7)

are fixed to their central values. The values of B0
s
oscillation frequency and production

asymmetry, Aprod, are based on LHCb measurements [47, 48]. The B0
s
decay width,

�s, the decay-width di↵erence, ��s, and their correlation, ⇢(�s,��s), correspond to the
HFLAV [15] world average. An estimate of the detection asymmetry Adet based on Ref. [49]
is considered. The production asymmetry is defined as Aprod ⌘ [�(B0

s
)� �(B0

s
)]/[�(B0

s
) +

�(B0
s
)], where � denotes the production cross-section inside the LHCb acceptance. The

detection asymmetry is defined as the di↵erence in reconstruction e�ciency between
the D�

s
K+ and the D+

s
K� final states. The detection and the production asymmetries

contribute to the PDF with factors of (1 ± Aprod) and (1 ± Adet), depending on the
tagged initial state and the reconstructed final state, respectively. The tagging calibration
parameters and asymmetries are allowed to float within Gaussian constraints based on
their statistical and systematic uncertainties given in Sec. 5. The decay-time PDF is
convolved with a single Gaussian representing the per-candidate decay-time resolution,
and multiplied by the decay-time acceptance described in Sec. 6 and Sec. 7, respectively.

The measured CP -violating parameters are given in Table 3, and the correlations of
their statistical uncertainties are given in Table 4. The fit to the decay-time distribution is
shown in Fig. 6. together with the two decay-time-dependent asymmetries, Amix(D+

s
K�)

and Amix(D�
s
K+), that are defined as the di↵erence of the decay rates (see Eqs. 1 and 2)

of the tagged candidates. The asymmetries are obtained by folding the decay time in one
mixing period 2⇡/�ms. The central values of the CP parameters measured by the fit are
used to determine the plotted asymmetries.
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Figure 1: Feynman diagrams for B0
s ! D+

s K� decays (left) without and (right) with B0
s–B

0
s

mixing.

1.1 Decay rate equations and CP violation parameters

The time-dependent-decay rates of the initially produced flavour eigenstates |B0
s
(t = 0)i

and |B0
s
(t = 0)i are given by

d�B0
s!f (t)

dt
=

1

2
|Af |

2(1 + |�f |
2)e��st


cosh

✓
��st

2

◆
+ A��

f
sinh

✓
��st

2

◆

+ Cf cos (�mst)� Sf sin (�mst)
i
, (1)

d�
B0

s!f
(t)

dt
=

1

2
|Af |

2

����
p

q

����
2

(1 + |�f |
2)e��st


cosh

✓
��st

2

◆
+ A��

f
sinh

✓
��st

2

◆

� Cf cos (�mst) + Sf sin (�mst)
i
, (2)

where �f ⌘ (q/p)(Af/Af ) and Af (Af) is the amplitude of a B0
s
(B0

s
) decay to the final

state f , �s corresponds to the average B0
s
decay width, while ��s indicates the decay-

width di↵erence between the light, |BLi, and heavy, |BHi, B0
s
mass eigenstates, defined

as �BL
� �BH

and �ms is the mixing frequency in the B0
s
system defined as mBH

�mBL
.

The complex coe�cients p and q relate the B0
s
meson mass eigenstates, to the flavour

eigenstates, where

|BLi = p|B0
s
i+ q|B0

s
i and |BHi = p|B0

s
i � q|B0

s
i , (3)

with |p|2 + |q|2 = 1. Equations similar to 1 and 2 can be written for the decays to the
CP -conjugate final state f replacing Cf by C

f
, Sf by S

f
, and A��

f
by A��

f
. In what

follows, the convention that f (f) indicates D�
s
K+ (D+

s
K�) final state is used. The

CP -asymmetry parameters are given by

Cf =
1� |�f |

2

1 + |�f |
2
= �C

f
= �

1� |�
f
|
2

1 + |�
f
|2
,

Sf =
2Im(�f )

1 + |�f |
2
, A��

f
=

�2Re(�f )

1 + |�f |
2

,

S
f
=

2Im(�
f
)

1 + |�
f
|2
, A��

f
=

�2Re(�
f
)

1 + |�
f
|2

.

(4)

The equality Cf = �C
f
results from |q/p| = 1 and |�f | = |1/�

f
|, i.e. assuming no CP

violation in either the mixing, in agreement with current measurements [20], or in the
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Figure 7: Profile likelihood contours of (top left) rDsK vs. �, and (top right) � vs. �. The markers
denote the best-fit values. The contours correspond to 68.3% CL (95.5% CL). The graph on the
bottom left shows 1 � CL for the angle �, together with the central value and the 68.3% CL
interval as obtained from the frequentist method described in the text. The bottom right plot
shows a visualisation of how each of the amplitude coe�cients contributes towards the overall
constraint on the weak phase, � � 2�s. The di↵erence between the phase of (�A��

f
, Sf ) and

(�A��
f

, S
f
) is proportional to the strong phase �, which is close to 360� and thus not indicated

in the figure.

References

[1] N. Cabibbo, Unitary symmetry and leptonic decays, Phys. Rev. Lett. 10 (1963) 531.

[2] M. Kobayashi and T. Maskawa, CP violation in the renormalizable theory of weak
interaction, Prog. Theor. Phys. 49 (1973) 652.

[3] C. Jarlskog, Commutator of the quark mass matrices in the standard electroweak
model and a measure of maximal CP nonconservation, Phys. Rev. Lett. 55 (1985)
1039.
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γ±δ

where ~↵ = (�, �s, rDsK
, �) is the vector of the physics parameters, ~A(~↵) is the vec-

tor of parameters expressed through Eq. 5, ~Aobs is the vector of the measured CP -
violating parameters and V is the experimental (statistical and systematic) uncertainty
covariance matrix. Confidence intervals are computed by evaluating the test statistic
��2

⌘ �2(~↵0
min)� �2(~↵min), where �2(~↵) = �2 lnL(~↵), following Ref. [50]. Here, ~↵min

denotes the global maximum of Eq. 8, and ~↵0
min is the conditional maximum when the

parameter of interest is fixed to the tested value.
The value of �s is constrained to the value obtained from [15], �s = �0.030± 0.033 rad,

assuming �s = �2�s, i.e. neglecting contributions from penguin-loop diagrams or from
processes beyond the SM. The results are

� = (128 +17
�22)

� ,

� = (358 +13
�14)

� ,

rDsK
= 0.37 +0.10

�0.09 ,

where the values for the angles are expressed modulo 180�. Figure 7 shows the 1� CL
curve for �, and the two-dimensional contours of the profile likelihood L(~↵0

min).
The resulting value of � is visualised in Fig. 7 by inspecting the complex plane for the

measured amplitude coe�cients. The points determined by (�A��
f

, Sf ) and (�A��
f

, S
f
)

are proportional to rDsK
ei(±��(��2�s)), whilst an additional constraint on rDsK

arises from
Cf . The value of � measured in this analysis is compatible at the level of 2.3 �, where �
is the standard deviation, with the value of � found from the combination of all LHCb
measurements [6] when all information from B0

s
! D⌥

s
K± decays is removed. The observed

change in the fit log-likelihood between the combined best fit point and the origin in the
complex plane indicates 3.8 � evidence for CP violation in B0

s
! D⌥

s
K±.

11 Conclusion

The CP -violating parameters that describe the B0
s
! D⌥

s
K± decay rates have been

measured using a data set corresponding to an integrated luminosity of 3.0 fb�1 of pp
collisions recorded with the LHCb detector. Their values are found to be

Cf = 0.73± 0.14± 0.05 ,

A��
f

= 0.39± 0.28± 0.15 ,

A��
f

= 0.31± 0.28± 0.15 ,

Sf = �0.52± 0.20± 0.07 ,

S
f
= �0.49± 0.20± 0.07 ,

where the first uncertainties are statistical and the second are systematic. The results are
used to determine the CKM angle �, the strong-phase di↵erence � and the amplitude ratio
rDsK

between the B0
s
! D�

s
K+ and B0

s
! D�

s
K+ amplitudes leading to � = (128 +17

�22)
�,

� = (358 +13
�14)

� and rDsK
= 0.37 +0.10

�0.09 (all angles are given modulo 180�). This result
corresponds to 3.8 � evidence of CP violation in this channel and represents the most
precise determination of � from B0

s
meson decays.

16



Bs0→D±sK∓π+π- Analysis: 

• Obtain Bs0 signal sample: Fit to mB

• Bs
0 or Bs

0 : Flavour Tagging

• Decay time: Resolution & acceptance

• Result: Decay time fit

• + Amplitude analysis

Siegen - 31 May 2022 (2)



the BDT classifier is chosen to optimise the significance of the B0

s
! D⌥

s
K±⇡±⇡⌥ signal.

3.2 Data sample composition

Irreducible background contributions to the selected B0

s
! D�

s
⇡+⇡+⇡� and

B0

s
! D⌥

s
K±⇡±⇡⌥ data samples are disentangled from signal decays on a statistical basis

by means of an extended maximum likelihood fit to the reconstructed m(D⌥
s
h±⇡±⇡⌥)

invariant mass, where h is either a pion or a kaon. A Johnson’s SU function [61] is used as
probability density function (PDF) for the signal component. The shape parameters are ini-
tially determined from simulation. To account for small di↵erences between simulation and
data, scale factors for the mean and standard deviation of the signal PDF are introduced.
These are determined from a fit to the B0

s
! D�

s
⇡+⇡+⇡� calibration sample and thereafter

fixed when fitting B0

s
! D⌥

s
K±⇡±⇡⌥ candidates. Background decays of B0 mesons are

described by the same PDF shifted by the known mass di↵erence between B0

s
and B0

mesons [2]. The combinatorial background is modelled with a second-order polynomial
function. The shapes for partially reconstructed B0

s
! D⇤�

s
⇡+⇡+⇡�, B0

s
! D⇤�

s
K+⇡+⇡�

and B0
! D⇤�

s
K+⇡+⇡� decays, where the D⇤�

s
meson decays to D�

s
� or D�

s
⇡0, are derived

from simulated decays. The same applies to the shape for misidentified B0

s
! D�

s
⇡+⇡+⇡�

and B0

s
! D⇤�

s
⇡+⇡+⇡� decays contributing to the B0

s
! D⌥

s
K±⇡±⇡⌥ sample. The

expected yields of these cross-feed background contributions are estimated by determining
the probability of a pion to pass the PID requirement imposed on the kaon candidate from
a control sample of D⇤+

! (D0
! K�⇡+) ⇡+ decays [62]. All other yields are determined

from the fit.
Figure 2 displays the invariant mass distributions of B0

s
! D�

s
⇡+⇡+⇡� and

B0

s
! D⌥

s
K±⇡±⇡⌥ candidates with fit projections overlaid. A signal yield of 148 000± 400

(7500±100) is obtained for B0

s
! D�

s
⇡+⇡+⇡� (B0

s
! D⌥

s
K±⇡±⇡⌥) decays. The results are

used to assign weights to the candidates to statistically subtract the background with the
sPlot technique [63]. Here, the m(D⌥

s
h±⇡±⇡⌥) invariant mass is used as discriminating

variable when performing fits to the decay-time and phase-space distributions [64].
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Figure 2: Invariant mass distribution of selected (left) B0
s ! D�

s ⇡
+⇡+⇡� and (right)

B0
s ! D⌥

s K
±⇡±⇡⌥ candidates with fit projections overlaid.
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Bs0→D±sK∓π+π- Analysis: mass fit
• Need to (statistically) separate signal from background

• Backgrounds:
– Combinatorial

– Partially reconstructed background (Bs0→D*
sK∓ , etc)

– Misidentified background (Bs0→D±sπ∓ )
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Bs0→D±sK∓π+π- Analysis:

• Flavour Tagging

• Decay time acceptance
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Table 1: The flavour-tagging performance for only OS-tagged, only SS-tagged and both OS- and
SS-tagged B0

s ! D�
s ⇡

+⇡+⇡� signal candidates.

(a) Run 1 data.

✏tag[%] h!i[%] ✏e↵[%]
Only OS 14.74 ± 0.11 39.09 ± 0.80 1.25 ± 0.16
Only SS 35.38 ± 0.18 44.26 ± 0.62 1.05 ± 0.18

Both OS-SS 33.04 ± 0.30 37.33 ± 0.73 3.41 ± 0.33
Combined 83.16 ± 0.37 40.59 ± 0.70 5.71 ± 0.40

(b) Run 2 data.

✏tag[%] h!i[%] ✏e↵[%]
Only OS 11.91 ± 0.04 37.33 ± 0.41 1.11 ± 0.05
Only SS 40.95 ± 0.08 42.41 ± 0.29 1.81 ± 0.10

Both OS-SS 28.96 ± 0.12 35.51 ± 0.32 3.61 ± 0.13
Combined 81.82 ± 0.15 39.23 ± 0.32 6.52 ± 0.17

is determined to be
�ms = (17.757± 0.007± 0.008) ps�1,

where the first uncertainty is statistical and the second systematic. The systematic
studies are discussed in Sec. 6. Within uncertainties, the measured production asymmetry
for Run 2 data, AP = (0.1 ± 0.5 ± 0.1)%, is consistent with zero. The calibrated per-
candidate mistag probabilities, !i, are used to compute the e↵ective tagging power as
✏e↵ = 1

N

P
i
(1 � 2!i)2, where N is the total number of signal candidates and a value

of !i = 0.5 is assigned to untagged candidates. Table 1 reports the observed tagging
performance for Run 1 and Run 2 data considering three mutually exclusive categories:
tagged by the OS combination algorithm only, tagged by the SS kaon algorithm only
and tagged by both OS and SS algorithms. While the flavour taggers su↵er from the
higher track multiplicity during the Run 2 data-taking period, they profit from the harder
momentum spectrum of the produced bb̄ quark pair. Combined, this results in a net
relative improvement of 14% in e↵ective tagging power.

5 Measurement of the CKM angle �

This section first describes the phase-space-integrated decay-time analysis of the signal
channel B0

s
! D⌥

s
K±⇡±⇡⌥ that allows the determination of the CKM angle � in a model-

independent way. Afterwards, the resonance spectrum in B0

s
! D⌥

s
K±⇡±⇡⌥ decays is

studied and a full time-dependent amplitude analysis is performed for a model-dependent
determination of the CKM angle �.

5.1 Model-independent analysis

The decay-time fit to the B0

s
! D⌥

s
K±⇡±⇡⌥ candidates uses a signal PDF based on Eq. (11)

with modifications accounting for the experimental e↵ects described in Sec. 4.3. The B0

s

production asymmetry for Run 2 data and the B0

s
�B0

s
mixing frequency are fixed to the

11

7TeV and 8TeV are taken from an LHCb measurement using B0

s
! D�

s
⇡+ decays [75].

After correcting for kinematic di↵erences between B0

s
! D�

s
⇡+ and B0

s
! D�

s
⇡+⇡+⇡�

decays, the e↵ective production asymmetry, AP = (N(B0

s
)�N(B0

s
))/(N(B0

s
) +N(B0

s
)),

for Run 1 data amounts to AP = (�0.1 ± 1.0)%. The production asymmetry at a
centre-of-mass energy of 13TeV is determined in the fit. A detection asymmetry between
the final states is caused by the di↵erent interaction cross-sections of positively and
negatively charged kaons with the detector material. The detection asymmetry is defined
as AD = ("(f̄)� "(f))/("(f̄) + "(f)), where "(f̄) ("(f)) denotes the detection e�ciency of
final state f̄ (f). It is computed by comparing the charge asymmetries in D±

! K⌥⇡±⇡±

and D±
! K0

S
⇡± calibration samples [76], weighted to match the kinematics of the

signal kaon. Only the decay mode D�
s

! K�⇡�⇡+ is a possible source of detection
asymmetry for B0

s
! D�

s
⇡+⇡+⇡� decays resulting in an average detection asymmetry of

AD = (�0.07±0.15)% for Run 1 and AD = (�0.08±0.21)% for Run 2 data. A su�ciently
large subsample of the Run 2 data set is used to reconstruct the calibration modes for
this study.

Figure 3 displays the decay-time distribution and the mixing asymmetry for
B0

s
! D�

s
⇡+⇡+⇡� signal candidates. The latter is weighted by the per-candidate time

resolution and flavour-tagging dilution to enhance the visible asymmetry. All features are
well reproduced by the fit projections which are overlaid. The B0

s
� B0

s
mixing frequency
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Bs0→D±sK∓π+π- Analysis: Result

• Time fit:
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Figure 4: Decay-time distribution of (left) background-subtracted B0
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s K
±⇡±⇡⌥ candidates

and (right) dilution-weighted mixing asymmetry along with the model-independent fit projections
(lines). The decay-time acceptance (left) is overlaid in an arbitrary scale (dashed line).

Table 2: CP coe�cients determined from the phase-space fit to the B0
s ! D⌥

s K
±⇡±⇡⌥ decay-time

distribution. The uncertainties are statistical and systematic (discussed in Sec. 6).

Fit parameter Value

Cf 0.631 ± 0.096 ± 0.032

A��

f
�0.334 ± 0.232 ± 0.097

A��

f̄
�0.695 ± 0.215 ± 0.081

Sf �0.424 ± 0.135 ± 0.033

Sf̄ �0.463 ± 0.134 ± 0.031

values obtained from the B0

s
! D�

s
⇡+⇡+⇡� data sample, whereas the tagging calibration

parameters are allowed to vary within Gaussian constraints taking into account their
correlation. The kaon detection asymmetry for B0

s
! D⌥

s
K±⇡±⇡⌥ decays is determined in

a similar manner as for B0

s
! D�

s
⇡+⇡+⇡� decays and amounts to AD = (�1.02± 0.15)%

for Run 1 and AD = (�0.91± 0.22)% for Run 2 data. The decay-time acceptance is also
fixed to the B0

s
! D�

s
⇡+⇡+⇡� result, corrected by a decay-time dependent correction

factor derived from simulation to account for small di↵erences in the selection and
decay kinematics between the decay modes. Otherwise, the fit strategy is identical
to that discussed in the previous section. Figure 4 shows the decay-time distribution
and mixing asymmetries together with the fit projections. The mixing asymmetries for
D�

s
K+⇡+⇡� and D+

s
K�⇡�⇡+ final states are shifted with respect to each other indicating

mixing-induced CP violation, cf. Eq. (13). The CP coe�cients Cf , A��

f
, A��

f̄
, Sf and Sf̄

determined from the fit are reported in Table 2. They are converted to the parameters of
interest r,, � and � � 2�s in Sec. 7.

5.2 Time-dependent amplitude analysis

To perform the time-dependent amplitude fit, a signal PDF is employed which replaces
the phase-space integrated decay rate with the full decay rate given in Eq. (10), but is

12

 [ps]t

2 4 6 8 10

Y
ie

ld
 /

 (
0

.2
 p

s)

100

200

300

400

500

600

700

800

LHCb

±

π±π
±

K

±

sD→s

0
B

) [ps]sm∆/π2 modulo (t
0 0.1 0.2 0.3

 
m

ix
A 

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5
LHCb

−π+π
+K−

s=Df
+π−π

−K+
s=Df

Figure 4: Decay-time distribution of (left) background-subtracted B0
s ! D⌥

s K
±⇡±⇡⌥ candidates

and (right) dilution-weighted mixing asymmetry along with the model-independent fit projections
(lines). The decay-time acceptance (left) is overlaid in an arbitrary scale (dashed line).

Table 2: CP coe�cients determined from the phase-space fit to the B0
s ! D⌥

s K
±⇡±⇡⌥ decay-time

distribution. The uncertainties are statistical and systematic (discussed in Sec. 6).

Fit parameter Value

Cf 0.631 ± 0.096 ± 0.032

A��

f
�0.334 ± 0.232 ± 0.097

A��

f̄
�0.695 ± 0.215 ± 0.081

Sf �0.424 ± 0.135 ± 0.033

Sf̄ �0.463 ± 0.134 ± 0.031

values obtained from the B0

s
! D�

s
⇡+⇡+⇡� data sample, whereas the tagging calibration

parameters are allowed to vary within Gaussian constraints taking into account their
correlation. The kaon detection asymmetry for B0

s
! D⌥

s
K±⇡±⇡⌥ decays is determined in

a similar manner as for B0

s
! D�

s
⇡+⇡+⇡� decays and amounts to AD = (�1.02± 0.15)%

for Run 1 and AD = (�0.91± 0.22)% for Run 2 data. The decay-time acceptance is also
fixed to the B0

s
! D�

s
⇡+⇡+⇡� result, corrected by a decay-time dependent correction

factor derived from simulation to account for small di↵erences in the selection and
decay kinematics between the decay modes. Otherwise, the fit strategy is identical
to that discussed in the previous section. Figure 4 shows the decay-time distribution
and mixing asymmetries together with the fit projections. The mixing asymmetries for
D�

s
K+⇡+⇡� and D+

s
K�⇡�⇡+ final states are shifted with respect to each other indicating

mixing-induced CP violation, cf. Eq. (13). The CP coe�cients Cf , A��

f
, A��

f̄
, Sf and Sf̄

determined from the fit are reported in Table 2. They are converted to the parameters of
interest r,, � and � � 2�s in Sec. 7.

5.2 Time-dependent amplitude analysis

To perform the time-dependent amplitude fit, a signal PDF is employed which replaces
the phase-space integrated decay rate with the full decay rate given in Eq. (10), but is
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cross-check, pseudoexperiments are performed to study the distribution of the test statis-
tic Q2 =

P
i
(⇤MI

i
� ⇤MD

i
)2/(�stat(⇤MI

i
)2 � �stat(⇤MD

i
)2), where ⇤MI

i
(⇤MD

i
) and �stat(⇤MI

i
)

(�stat(⇤MD

i
)) denote the measured value of the physical observable ⇤i and its statistical

uncertainty obtained with the model-independent (model-dependent) method. It is found
that p = 33% of the pseudoexperiments have a larger Q2 value than observed on data,
considering only the statistical uncertainty. The p-value increases to p = 49% when the
uncertainty due to the amplitude modelling is included.

The measured ratio of the b ! u and b ! c decay amplitudes is qualitatively consistent
with the naive expectation based on the involved CKM elements (r ⇡ 0.4). Note that the
parameters r, and � are determined in a limited phase-space region (cf. Sec. 3.1) and
might di↵er when the full phase space is considered.
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Figure 8: The 1�CL contours for the physical observables r,, � and � � 2�s obtained with the
model-independent fit.

Table 6: Parameters determined from the model-independent and model-dependent fits to
the B0

s ! D⌥
s K

±⇡±⇡⌥ signal candidates. The uncertainties are statistical, systematic and (if
applicable) due to alternative amplitude models considered. The angles are given modulo 180�.

Parameter Model-independent Model-dependent

r 0.47+0.08

� 0.08

+0.02

� 0.03
0.56± 0.05± 0.04± 0.07

 0.88+0.12

� 0.19

+0.04

� 0.07
0.72± 0.04± 0.06± 0.04

� [�] �6 +10

� 12

+2

� 4
�14± 10 ± 4 ± 5

� � 2�s [�] 42 +19

� 13

+6

� 2
42± 10 ± 4 ± 5
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that p = 33% of the pseudoexperiments have a larger Q2 value than observed on data,
considering only the statistical uncertainty. The p-value increases to p = 49% when the
uncertainty due to the amplitude modelling is included.

The measured ratio of the b ! u and b ! c decay amplitudes is qualitatively consistent
with the naive expectation based on the involved CKM elements (r ⇡ 0.4). Note that the
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Table 6: Parameters determined from the model-independent and model-dependent fits to
the B0

s ! D⌥
s K

±⇡±⇡⌥ signal candidates. The uncertainties are statistical, systematic and (if
applicable) due to alternative amplitude models considered. The angles are given modulo 180�.

Parameter Model-independent Model-dependent

r 0.47+0.08

� 0.08

+0.02

� 0.03
0.56± 0.05± 0.04± 0.07

 0.88+0.12

� 0.19

+0.04

� 0.07
0.72± 0.04± 0.06± 0.04

� [�] �6 +10

� 12

+2

� 4
�14± 10 ± 4 ± 5

� � 2�s [�] 42 +19

� 13

+6

� 2
42± 10 ± 4 ± 5
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Bs0→D±sK∓π+π- Analysis: Amplitude analysis

• Let’s take it one step further:

• Time-dependent amplitude fit
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Figure 7: Invariant-mass distribution of background-subtracted B0
s ! D⌥

s K
±⇡±⇡⌥ candidates

(data points) and fit projections (blue solid line). Incoherent contributions from intermediate-state
components are overlaid.

6 Systematic uncertainties

The systematic uncertainties on the measured observables are summarised in Table 4 for
the decay-time fits to B0

s
! D�

s
⇡+⇡+⇡� and B0

s
! D⌥

s
K±⇡±⇡⌥ decays and in Tables 5

and B.4 for the time-dependent amplitude fit to B0

s
! D⌥

s
K±⇡±⇡⌥ decays. The various

sources of systematic uncertainties are described in the following.
The overall fit procedure is tested by generating pseudoexperiments from the default fit

model using the measured values and subsequently fitting them with the same model. For
each pseudoexperiment and fit parameter, a pull is calculated by dividing the di↵erence
between the fitted and generated values by the statistical uncertainty. The means of the
pull distributions are assigned as systematic uncertainties due to an intrinsic fit bias. A
closure test using a large sample of fully simulated signal candidates shows a non-significant
bias for the determination of �ms, which is assigned as a systematic uncertainty.

The statistical subtraction of the residual background relies on the correct description
of the reconstructed m(D⌥

s
h±⇡±⇡⌥) invariant mass distribution. Alternative parameterisa-
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s K
±⇡±⇡⌥ candidates

and (right) dilution-weighted mixing asymmetry along with the model-dependent fit projections
(lines). The decay-time acceptance (left) is overlaid in an arbitrary scale (dashed line).

Table 3: Decay fractions of the intermediate-state amplitudes contributing to decays via b ! c
and b ! u quark-level transitions. The uncertainties are statistical, systematic and due to
alternative amplitude models considered.

Decay channel F c

i
[%] F u

i
[%]

B0

s
! D⌥

s
(K1(1270)± ! K⇤(892)0 ⇡±) 13.0± 2.4± 2.7± 3.4 4.1± 2.2± 2.9 ± 2.6

B0

s
! D⌥

s
(K1(1270)± ! K± ⇢(770)0) 16.0± 1.4± 1.8± 2.1 5.1± 2.2± 3.5 ± 2.0

B0

s
! D⌥

s
(K1(1270)± ! K⇤

0
(1430)0 ⇡±) 3.4± 0.5± 1.0± 0.4 1.1± 0.5± 0.6 ± 0.5

B0

s
! D⌥

s
(K1(1400)± ! K⇤(892)0 ⇡±) 63.9± 5.1± 7.4± 13.5 19.3± 5.2± 8.3 ± 7.8

B0

s
! D⌥

s
(K⇤(1410)± ! K⇤(892)0 ⇡±) 12.8± 0.8± 1.5± 3.2 12.6± 2.0± 2.6 ± 4.1

B0

s
! D⌥

s
(K⇤(1410)± ! K± ⇢(770)0) 5.6± 0.4± 0.6± 0.7 5.6± 1.0± 1.2 ± 1.8

B0

s
! D⌥

s
(K(1460)± ! K⇤(892)0 ⇡±) 11.9± 2.5± 2.9 ± 3.1

B0

s
! (D⌥

s
⇡±)P K⇤(892)0 10.2± 1.6± 1.8± 4.5 28.4± 5.6± 6.4 ± 15.3

B0

s
! (D⌥

s
K±)P ⇢(770)0 0.9± 0.4± 0.5± 1.0

Sum 125.7± 6.4± 6.9± 19.9 88.1± 7.0± 10.0± 20.9

spectator-quark interaction. Here, no clear hierarchy is observed. There are sizeable contri-
butions from the axial-vector resonances but also from the pseudoscalar stateK(1460)+ and
from the quasi-two-body process B0

s
! (D⌥

s
⇡±)P K⇤(892)0, where (D⌥

s
⇡±)P denotes a

non-resonant two-particle system in a P -wave (L = 1) configuration. Interference fractions
of the b ! c and b ! u intermediate-state amplitudes are given in Tables B.6 and B.7. Size-
able interference e↵ects between the decay modes B0

s
! D⌥

s
(K1(1270)± ! K⇤(892)0 ⇡±),

B0

s
! D⌥

s
(K1(1400)± ! K⇤(892)0 ⇡±) and B0

s
! (D⌥

s
⇡±)P K⇤(892)0 are observed since

the overlap of their phase-space distributions is significant. A net constructive (destructive)
interference e↵ect of all amplitude components of around +26% (�12%) remains for b ! c
(b ! u) quark-level transitions when integrated over the phase space.

The mass and width of the K1(1400)+ and K⇤(1410)+ resonances are determined from
the fit to be

mK1(1400) = (1406± 7± 6± 11)MeV, �K1(1400) = (195± 11± 12± 16)MeV,

mK⇤(1410) = (1433± 10± 23± 8)MeV, �K⇤(1410) = (402± 24± 47± 22)MeV,

14

Gain in precision



Comparison: Bs0→D±sK∓π+π- vs Bs0→D±sK∓

• Illustration of weak and strong phase:

Siegen - 31 May 2022 (2)

Q
ua

nt
um

 o
sc

ill
at

io
ns

 o
f 
ne

ut
ra

l p
ar

tic
le

s 
w

ith
 t

he
 b

ea
ut

y 
qu

ar
k 

/ 
V
er

on
es

i, 
M

ic
he

le
C
ER

N
-T

H
ES

IS
-2

02
1-

19
3

3.4. Interference with ⌫0B ! ⇡⌥
B  

± decays 73
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(b) E�ect of the strong phase di�erence A = 0.4, X = 20�, W = 0.
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Figure 3.8: Visualization of interference in ⌫0B ! ⇡⌥
B  

± decays.

δ=0, γ=0

δ=20, γ=0

δ=20, γ=70

https://cds.cern.ch/record/2790773?ln=en
https://cds.cern.ch/search?f=author&p=Veronesi,%20Michele&ln=en


• Confirmed results with identical code...

Comparison: Bs0→D±sK∓π+π- vs Bs0→D±sK∓
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b ! u transitions and a LASSO penalty term for each is added to the likelihood function.357

As the strong interaction is CP symmetric, the sub-decay modes of three-body resonances358

and their conjugates are constrained to be the same. The final set of b ! c and b ! u359

amplitudes is henceforth referred to as the baseline model.360

Table 4 lists the moduli and phases of the complex amplitude coe�cients aci and361

aui obtained by fitting the baseline model to the Bs ! DsK⇡⇡ signal candidates. The362

corresponding decay fractions for the b ! c and b ! u amplitudes are given in Table 5.363

The decay-time projection and mixing asymmetries shown in Figure 5 are qualitatively364

consistent with those of the phase-space integrated fit in Figure 4. Invariant-mass365

projections are shown in Figure D.2 indicating that the model provides a reasonable366

description of the data. Decays via b ! c quark-level transitions are found to be dominated367

by the axial vector states K1(1270) and K1(1400). These resonances are produced by the368

external weak current (see Figure 1). The sub-leading contribution comes from the vector369

resonance K⇤(1410). In b ! u quark-level transitions, the exited kaon states are produced370

by the spectator-quark interaction. Here, no clear hierarchy is observed. There are again371

sizable contributions from the axial vector resonances but also from the pseudoscalar state372

K(1460) and from the quasi two-body process Bs ! (Ds ⇡)P K⇤(892), where (Ds ⇡)P373

denotes a non-resonant two-particle system in a P -wave (L = 1) configuration. The374

spectator quark interaction produces the K1(1270) meson more abundantly than the375

K1(1400) meson, while the external weak current prefers the heavier state (K1(1400)). A376

qualitatively consistent pattern is observed in D0
! K�⇡+⇡+⇡� and D0

! K+⇡�⇡�⇡+
377

decays [79], where the axial vector resonances are produced by the spectator-quark and378

weak-current interaction, respectively. Interference fractions of the b ! c and b ! u379

intermediate-state amplitudes are given in Tables B.2 and B.3. Sizeable interference e↵ects380

between the decay modes Bs ! Ds (K1(1270) ! K⇤(892) ⇡), Bs ! Ds (K1(1400) !381

K⇤(892) ⇡) and Bs ! (Ds ⇡)P K⇤(892) (from |Iij| ⇡ 6% to |Iij| ⇡ 20%) are observed since382

the overlap of their phase-space distributions is significant, see Figure D.2b. Constructive383

and destructive interference e↵ects of all amplitude components (21 interference fractions)384

approximately cancel each other (when integrated over the phase space) for b ! c quark-385

level transitions, whereas a net destructive interference around �36% remains for b ! u386

transitions.387
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Figure 5: Decay-time distribution (left) and (dilution weighted) mixing asymmetry (right)
of background-subtracted Bs ! DsK⇡⇡ candidates along with the projections of the time-
dependent amplitude fit (blue solid line). The decay-time acceptance (top) is overlaid in an
arbitrary scale (dashed line).
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Figure 6: The (top) decay-time distribution of B0
s ! D⌥

s K± candidates obtained by the sPlot
technique. The solid blue curve is the result of the sFit procedure and the dashed red curve shows
the decay-time acceptance in arbitrary units, obtained from the sFit procedure applied to the
B0

s ! D�
s ⇡

+ candidates and corrected for the ratio of decay-time acceptances of B0
s ! D⌥

s K± and
B0

s ! D�
s ⇡

+ from simulation. Normalised residuals are shown underneath. The CP -asymmetry
plots for (bottom left) the D+

s K
� final state and (bottom right) the D�

s K
+ final state, folded

into one mixing period 2⇡/�ms, are also shown.

among the observables in the background is accounted for by means of a dedicated set
of pseudoexperiments in which the correlations are included at generation and neglected
in the fit. The correlations between �s, ��s, and the decay-time acceptance parameters
from the fit to B0

s
! D�

s
⇡+ data are accounted for by fitting pseudoexperiments, where

the values of the spline coe�cients, �s and ��s are randomly generated according to
multidimensional correlated Gaussian distributions centred at the nominal values. The
combined correlated systematic uncertainty is listed as “acceptance data fit, �s, ��s”.
The correlations between the spline coe�cients among B0

s
! D�

s
⇡+ and B0

s
! D⌥

s
K±

simulation samples are accounted for by fitting pseudoexperiments with the parameters
randomly generated as in the previous case, and the corresponding systematic uncertainty
is listed as “acceptance, simulation ratio”.
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Figure 6: The (top) decay-time distribution of B0
s ! D⌥

s K± candidates obtained by the sPlot
technique. The solid blue curve is the result of the sFit procedure and the dashed red curve shows
the decay-time acceptance in arbitrary units, obtained from the sFit procedure applied to the
B0

s ! D�
s ⇡

+ candidates and corrected for the ratio of decay-time acceptances of B0
s ! D⌥

s K± and
B0

s ! D�
s ⇡

+ from simulation. Normalised residuals are shown underneath. The CP -asymmetry
plots for (bottom left) the D+

s K
� final state and (bottom right) the D�

s K
+ final state, folded

into one mixing period 2⇡/�ms, are also shown.

among the observables in the background is accounted for by means of a dedicated set
of pseudoexperiments in which the correlations are included at generation and neglected
in the fit. The correlations between �s, ��s, and the decay-time acceptance parameters
from the fit to B0

s
! D�

s
⇡+ data are accounted for by fitting pseudoexperiments, where

the values of the spline coe�cients, �s and ��s are randomly generated according to
multidimensional correlated Gaussian distributions centred at the nominal values. The
combined correlated systematic uncertainty is listed as “acceptance data fit, �s, ��s”.
The correlations between the spline coe�cients among B0

s
! D�

s
⇡+ and B0

s
! D⌥

s
K±

simulation samples are accounted for by fitting pseudoexperiments with the parameters
randomly generated as in the previous case, and the corresponding systematic uncertainty
is listed as “acceptance, simulation ratio”.
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cross-check, pseudoexperiments are performed to study the distribution of the test statis-
tic Q2 =

P
i
(⇤MI

i
� ⇤MD

i
)2/(�stat(⇤MI

i
)2 � �stat(⇤MD

i
)2), where ⇤MI

i
(⇤MD

i
) and �stat(⇤MI

i
)

(�stat(⇤MD

i
)) denote the measured value of the physical observable ⇤i and its statistical

uncertainty obtained with the model-independent (model-dependent) method. It is found
that p = 33% of the pseudoexperiments have a larger Q2 value than observed on data,
considering only the statistical uncertainty. The p-value increases to p = 49% when the
uncertainty due to the amplitude modelling is included.

The measured ratio of the b ! u and b ! c decay amplitudes is qualitatively consistent
with the naive expectation based on the involved CKM elements (r ⇡ 0.4). Note that the
parameters r, and � are determined in a limited phase-space region (cf. Sec. 3.1) and
might di↵er when the full phase space is considered.
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Figure 8: The 1�CL contours for the physical observables r,, � and � � 2�s obtained with the
model-independent fit.

Table 6: Parameters determined from the model-independent and model-dependent fits to
the B0

s ! D⌥
s K

±⇡±⇡⌥ signal candidates. The uncertainties are statistical, systematic and (if
applicable) due to alternative amplitude models considered. The angles are given modulo 180�.

Parameter Model-independent Model-dependent

r 0.47+0.08

� 0.08

+0.02

� 0.03
0.56± 0.05± 0.04± 0.07

 0.88+0.12

� 0.19

+0.04

� 0.07
0.72± 0.04± 0.06± 0.04

� [�] �6 +10

� 12

+2

� 4
�14± 10 ± 4 ± 5

� � 2�s [�] 42 +19

� 13

+6

� 2
42± 10 ± 4 ± 5

20

where ~↵ = (�, �s, rDsK
, �) is the vector of the physics parameters, ~A(~↵) is the vec-

tor of parameters expressed through Eq. 5, ~Aobs is the vector of the measured CP -
violating parameters and V is the experimental (statistical and systematic) uncertainty
covariance matrix. Confidence intervals are computed by evaluating the test statistic
��2

⌘ �2(~↵0
min)� �2(~↵min), where �2(~↵) = �2 lnL(~↵), following Ref. [50]. Here, ~↵min

denotes the global maximum of Eq. 8, and ~↵0
min is the conditional maximum when the

parameter of interest is fixed to the tested value.
The value of �s is constrained to the value obtained from [15], �s = �0.030± 0.033 rad,

assuming �s = �2�s, i.e. neglecting contributions from penguin-loop diagrams or from
processes beyond the SM. The results are

� = (128 +17
�22)

� ,

� = (358 +13
�14)

� ,

rDsK
= 0.37 +0.10

�0.09 ,

where the values for the angles are expressed modulo 180�. Figure 7 shows the 1� CL
curve for �, and the two-dimensional contours of the profile likelihood L(~↵0

min).
The resulting value of � is visualised in Fig. 7 by inspecting the complex plane for the

measured amplitude coe�cients. The points determined by (�A��
f

, Sf ) and (�A��
f

, S
f
)

are proportional to rDsK
ei(±��(��2�s)), whilst an additional constraint on rDsK

arises from
Cf . The value of � measured in this analysis is compatible at the level of 2.3 �, where �
is the standard deviation, with the value of � found from the combination of all LHCb
measurements [6] when all information from B0

s
! D⌥

s
K± decays is removed. The observed

change in the fit log-likelihood between the combined best fit point and the origin in the
complex plane indicates 3.8 � evidence for CP violation in B0

s
! D⌥

s
K±.

11 Conclusion

The CP -violating parameters that describe the B0
s
! D⌥

s
K± decay rates have been

measured using a data set corresponding to an integrated luminosity of 3.0 fb�1 of pp
collisions recorded with the LHCb detector. Their values are found to be

Cf = 0.73± 0.14± 0.05 ,

A��
f

= 0.39± 0.28± 0.15 ,

A��
f

= 0.31± 0.28± 0.15 ,

Sf = �0.52± 0.20± 0.07 ,

S
f
= �0.49± 0.20± 0.07 ,

where the first uncertainties are statistical and the second are systematic. The results are
used to determine the CKM angle �, the strong-phase di↵erence � and the amplitude ratio
rDsK

between the B0
s
! D�

s
K+ and B0

s
! D�

s
K+ amplitudes leading to � = (128 +17

�22)
�,

� = (358 +13
�14)

� and rDsK
= 0.37 +0.10

�0.09 (all angles are given modulo 180�). This result
corresponds to 3.8 � evidence of CP violation in this channel and represents the most
precise determination of � from B0

s
meson decays.
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• Contribution to γ average

γ from Bs0→D±sK∓π+π- and Bs0→D±sK∓

Siegen - 31 May 2022 (2)

LHCb Coll., arXiv:2110.02350
“Simultaneous determination of CKM angle γ
and charm mixing parameters”
JHEP 12 (2021) 141 

B Contribution of each input measurement to the

global �2

The contribution of each input measurement to the global �2 is shown in Table 10.

Table 10: Contributions to the total �2 and the number of observables of each input measurement.

Measurement �2 No. of obs.

B
ea
u
ty

se
ct
or

B±
! Dh±, D ! h±h0⌥ 2.71 8

B±
! Dh±, D ! h±⇡⌥⇡+⇡� 7.36 8

B±
! Dh±, D ! h±h0⌥⇡0 7.14 11

B±
! Dh±, D ! K0

Sh
+h� 4.67 6

B±
! Dh±, D ! K0

SK
±⇡⌥ 7.57 7

B±
! D⇤h±, D ! h±h0⌥ 7.31 16

B±
! DK⇤±, D ! h±h0⌥(⇡+⇡�) 3.71 12

B0
! DK⇤0, D ! h±h0⌥(⇡+⇡�) 9.45 12

B0
! DK⇤0, D ! K0

Sh
+h� 3.26 4

B±
! Dh±⇡+⇡�, D ! h±h0⌥ 1.34 11

B0
s ! D⌥

s K
± 5.71 5

B0
s ! D⌥

s K
±⇡+⇡� 2.88 5

B0
! D⌥⇡± 0.00 2

C
h
ar
m

se
ct
or

D ! K0
S⇡

+⇡� 2011 5.38 2
D ! K0

S⇡
+⇡� Run 1 0.77 4

D ! K0
S⇡

+⇡� Run 2 1.37 4
D ! K±⇡⌥ Run 1 1.29 6
D ! h+h� �ACP 0.00 2
D ! K±⇡⌥⇡+⇡� 3.59 1
D ! h+h� yCP 0.40 1
D ! h+h� �Y 0.15 1
D ! K±⇡⌥ Run 2 2.23 6

E
xt
er
n
al

co
n
st
ra
in
ts

D ! K±⇡⌥⇡0, D ! K±⇡⌥⇡+⇡� 0.79 6
D ! ⇡+⇡�⇡+⇡� 0.03 1
D ! h+h�⇡0 0.01 2
D ! K0

SK
±⇡⌥ WS 0.60 1

D ! K0
SK

±⇡⌥ 3.79 3
B±

! DK⇤± 0.02 1
B0

! DK⇤0 0.01 1
�s 0.00 1
� 0.00 1
Total 83.53 151
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Figure 2: One dimensional 1 � CL profiles for � from the combination using inputs from B0
s

(light blue), B0 (orange), B+ mesons (red) and all species together (dark blue).

Figure 3: Two-dimensional profile likelihood contours for (left) the charm mixing parameters x
and y, and (right) the � and |q/p| parameters. The blue contours show the current charm world
average from Ref. [11]; the brown contours show the result of this combination. Contours are
drawn out from 1 (68.3%) to 5 standard deviations.

B0
s modes is expected to improve by approximately a factor of 2 with the analysis of

B0
! DK+⇡� with D ! K0

Sh
+h� and B0

s ! D⌥
s K

± decays using the full LHCb data
sample. Table 5 presents the confidence intervals for � 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|,�) planes are shown in Fig. 3. The significant
improvement, of a factor of two, in the precision to y demonstrates the advantage of this
combination over the current world average in the charm system.

Breakdowns of the contributing components in the combination are shown in Figs. 4
and 5. These highlight the complementary nature of the input measurements to constrain
both � and the charm mixing parameters. In Fig. 5 (top left) the dark orange band
shows external constraints from CLEO-c [58] and BES-III [59]. These are required to
constrain �K⇡

D when obtaining the “All Charm Modes” contours, but are not used in the
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Detecting CP violation with B decays

1) CP violation: CKM and the SM

2) Detecting: Detector requirements

3) B-decays: sin2b, fs, Bs0→Ds+K-

Niels Tuning (58)


