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Tree dominated decays of B⁰(s) (B⁰(s)) via b → ccs transition 
CP violation in interference between direct decay and decay after mixing
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4.2 βs: the B0
s → J/ψφ decay

The decay B0
s → J/ψφ is the B0

s analogue of the decay B0 → J/ψK0
S, with the spectator

d-quark replaced by an s-quark. However, there are four major differences:

I Vts vs Vtd. Since the spectator d-quark is replaced by an s-quark, the CKM-
element responsible for the CP-asymmetry (in the Wolfenstein parameterization) is
now Vts, instead of Vtd, see Fig. 4.4. In contrast to Vtd the imaginary part of Vts is
no longer of comparable size as the real part, see Eqs. (2.10-2.11), and the predicted
CP asymmetry is therefore small, arg(Vts) ∼ ηλ2.

II No K-oscillations. The final state, containing the mesons J/ψ and φ, is the same
for the B0

s and the B̄0
s -meson, and hence we do not need the extra K-oscillation

step as in the B0 system.

III ∆Γ ≠ 0. In contrast to the B0 case, the B0
s -system has non-vanishing ∆Γ. This

is caused by the existence of a final state common to B0
s and B̄0

s , with a large

branching fraction around 5%, namely the CP-eigenstate D±(∗)
s D∓(∗)

s . Since this
is a CP-eigenstate with eigenvalue +1 this decay channel is only accessible for the
CP-even eigenstate Bs,H and not for Bs,L. Hence the different lifetime for Bs,H and
Bs,L with a predicted value of ∆Γ/Γ ∼ 0.1. (A similar situation for the B0 case
does not occur, because the branching ratio for B0 → D±D∓ is Cabibbo suppressed,
A ∼ |Vcd|.)

IV Vector-vector final state. The final state now contains two vector-particles with
spin-1. As a result the final state is not a pure CP-eigenstate, in contrast to B0 →
J/ψK0

S. The spin of the final state particles J/ψ and φ can be pointing parallel,
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Figure 4.4: The two interfering diagrams of the decay B0
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for neutral mesons, also known as the master equations:

ΓP 0→f(t) = |Af |2
e−Γt

2
(

(1 + |λf |2) cosh
1

2
∆Γt + 2ℜλf sinh

1

2
∆Γt + (1 − |λf |2) cos ∆mt − 2ℑλf sin ∆mt

)

ΓP̄ 0→f(t) = |Af |2
∣

∣

∣

∣

p

q

∣

∣

∣

∣

2 e−Γt

2
(3.20)

(

(1 + |λf |2) cosh
1

2
∆Γt + 2ℜλf sinh

1

2
∆Γt − (1 − |λf |2) cos ∆mt + 2ℑλf sin ∆mt

)

The sinh- and sin-terms are associated to the interference between the decays with and
without oscillation. Commonly, the master equations are expressed as:

ΓP 0→f(t) = |Af |2 (1 + |λf |2)
e−Γt

2

(

cosh
1

2
∆Γt + Df sinh

1

2
∆Γt + Cf cos ∆mt − Sf sin ∆mt

)

ΓP̄ 0→f(t) = |Af |2
∣

∣

∣

∣

p

q

∣

∣

∣

∣

2

(1 + |λf |2)
e−Γt

2

(

cosh
1

2
∆Γt + Df sinh

1

2
∆Γt − Cf cos ∆mt + Sf sin ∆mt

)

(3.21)

with

Df =
2ℜλf

1 + |λf |2
Cf =

1 − |λf |2

1 + |λf |2
Sf =

2ℑλf

1 + |λf |2
. (3.22)

For a given final state f we therefore only have to find the expression for λf to fully
describe the decay of the (oscillating) mesons. Examples of some final states will be
presented in chapter 4.

3.7 Classification of CP Violating Effects

The following classification between the various types of CP violation can be made [6].

1) CP violation in decay. This type of CP violation occurs when the decay rate of
a B to a final state f differs from the decay rate of an anti-B to the CP-conjugated
final state f̄ :

Γ(P 0 → f) ≠ Γ(P̄ 0 → f̄)

This is obviously satisfied (see Eq. (3.18)) when
∣

∣

∣

∣

Āf̄

Af

∣

∣

∣

∣

≠ 1. (3.23)

An example of CP violation in decay for neutral mesons is decay B0 → K+π−. A
sizeable CP-asymmetry has been observed

ACP =
ΓB0→K+π− − ΓB̄0→K−π+

ΓB0→K+π− + ΓB̄0→K−π+

< 0

where CP violation parameters

3 HFAG convention

The HFAG convention (arXiv:1207.1158) is the same as the one used in Vincenzo’s Bs æ KK
time-dependent CPV paper ([arXiv:1308.1428]).

3
The HFAG convention uses ⁄

f̄
to define

their C
f̄

, S
f̄

and A��
f̄

parameters which leads to an additional minus sign in C
f̄

and S
f̄

with

respect to our ANA note convention (which starts from ⁄̄
f̄

for the coe�cients for f̄):

CHF AG

f̄
=

1 ≠ |⁄
f̄
|2

1 + |⁄
f̄
|2 = ≠CANA

f̄
= ≠

1 ≠ |⁄̄
f̄
|2

1 + |⁄̄
f̄
|2

= (24)

≠
1 ≠ |1/⁄

f̄
|2

1 + |1/⁄
f̄
|2 = ≠

1 ≠
----

⁄
ú
f̄

⁄f̄ ⁄
ú
f̄

----
2

1 +

----
⁄

ú
f̄

⁄f̄ ⁄
ú
f̄

----
2 = (25)

≠
|⁄

f̄
|4

|⁄
f̄
|4 ·

|⁄
f̄
|4 ≠ |⁄

f̄
|2

|⁄
f̄
|4 + |⁄

f̄
|2 = ≠

|⁄
f̄
|2 ≠ 1

|⁄
f̄
|2 + 1

, (26)

SHF AG

f̄
=

2⁄(⁄
f̄
)

1 + |⁄
f̄
|2 = ≠SANA

f̄
= ≠

2⁄(⁄̄
f̄
)

1 + |⁄̄
f̄
|2

= (27)

≠
2⁄(1/⁄

f̄
)

1 + |1/⁄
f̄
|2 = ≠

2⁄
3

⁄
ú
f̄

⁄f̄ ⁄
ú
f̄

4

1 +

----
⁄

ú
f̄

⁄f̄ ⁄
ú
f̄

----
2 = (28)

≠
|⁄

f̄
|4

|⁄
f̄
|2 ·

2⁄(⁄ú
f̄
)

|⁄
f̄
|4 + |⁄

f̄
|2 = ≠

≠2⁄(⁄
f̄
)

1 + |⁄
f̄
|2 . (29)

In principle, the calculation for DANA

f̄
and HFAG’s A��

f̄
is similar, but does not contribute

a minus sign, since the real part of a complex number does not flip sign under complex

conjugation. However, there’s a twist: HFAG uses the convention ��s > 0 (like our ANA

note, see previous subsection), but they want the signs of A��
f

and A��
f̄

in the decay rate

equations to be positive. To achieve that, they change the minus sign of the quantities derived

from the real parts of ⁄f and ⁄̄f . This results in the following conversion table:

Cf =
1 ≠ |⁄f |2

1 + |⁄f |2 = CANA

f , Sf =
2⁄(⁄f )

1 + |⁄f |2 = SANA

f , A��
f =

≠2Ÿ(⁄f )

1 + |⁄f |2 = ≠DANA

f ,

C
f̄

=
1 ≠ |⁄

f̄
|2

1 + |⁄
f̄
|2 = ≠CANA

f̄
, S

f̄
=

2⁄(⁄
f̄
)

1 + |⁄
f̄
|2 = ≠SANA

f̄
, A��

f̄
=

≠2Ÿ(⁄
f̄
)

1 + |⁄
f̄
|2 = ≠DANA

f̄
. (30)

3 apart from a minus sign in the denominator in the CP asymmetry which is wrong in the Bs æ KK paper
(version 2 on arXiv).
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40 Chapter 3 Neutral Meson Decays

for neutral mesons, also known as the master equations:

ΓP 0→f(t) = |Af |2
e−Γt

2
(

(1 + |λf |2) cosh
1

2
∆Γt + 2ℜλf sinh

1

2
∆Γt + (1 − |λf |2) cos ∆mt − 2ℑλf sin ∆mt

)

ΓP̄ 0→f(t) = |Af |2
∣

∣

∣

∣

p

q

∣

∣

∣

∣

2 e−Γt

2
(3.20)

(

(1 + |λf |2) cosh
1

2
∆Γt + 2ℜλf sinh

1

2
∆Γt − (1 − |λf |2) cos ∆mt + 2ℑλf sin ∆mt

)

The sinh- and sin-terms are associated to the interference between the decays with and
without oscillation. Commonly, the master equations are expressed as:

ΓP 0→f(t) = |Af |2 (1 + |λf |2)
e−Γt

2

(

cosh
1

2
∆Γt + Df sinh

1

2
∆Γt + Cf cos ∆mt − Sf sin ∆mt

)

ΓP̄ 0→f(t) = |Af |2
∣

∣

∣

∣

p

q

∣

∣

∣

∣

2

(1 + |λf |2)
e−Γt

2

(

cosh
1

2
∆Γt + Df sinh

1

2
∆Γt − Cf cos ∆mt + Sf sin ∆mt

)

(3.21)

with

Df =
2ℜλf

1 + |λf |2
Cf =

1 − |λf |2

1 + |λf |2
Sf =

2ℑλf

1 + |λf |2
. (3.22)

For a given final state f we therefore only have to find the expression for λf to fully
describe the decay of the (oscillating) mesons. Examples of some final states will be
presented in chapter 4.

3.7 Classification of CP Violating Effects

The following classification between the various types of CP violation can be made [6].

1) CP violation in decay. This type of CP violation occurs when the decay rate of
a B to a final state f differs from the decay rate of an anti-B to the CP-conjugated
final state f̄ :

Γ(P 0 → f) ≠ Γ(P̄ 0 → f̄)

This is obviously satisfied (see Eq. (3.18)) when
∣

∣

∣

∣

Āf̄

Af

∣

∣

∣

∣

≠ 1. (3.23)

An example of CP violation in decay for neutral mesons is decay B0 → K+π−. A
sizeable CP-asymmetry has been observed

ACP =
ΓB0→K+π− − ΓB̄0→K−π+

ΓB0→K+π− + ΓB̄0→K−π+

< 0

where CP violation parameters

pdf ∝ ε(t) (dΓ
dt

⊗ G(t |σt)) (1 − 2ω)ε σt ω

experimental effects that have to be taken care of in CPV measurements 

3 HFAG convention

The HFAG convention (arXiv:1207.1158) is the same as the one used in Vincenzo’s Bs æ KK
time-dependent CPV paper ([arXiv:1308.1428]).

3
The HFAG convention uses ⁄

f̄
to define

their C
f̄

, S
f̄

and A��
f̄

parameters which leads to an additional minus sign in C
f̄

and S
f̄

with

respect to our ANA note convention (which starts from ⁄̄
f̄

for the coe�cients for f̄):

CHF AG

f̄
=

1 ≠ |⁄
f̄
|2

1 + |⁄
f̄
|2 = ≠CANA

f̄
= ≠

1 ≠ |⁄̄
f̄
|2

1 + |⁄̄
f̄
|2

= (24)

≠
1 ≠ |1/⁄

f̄
|2

1 + |1/⁄
f̄
|2 = ≠

1 ≠
----

⁄
ú
f̄

⁄f̄ ⁄
ú
f̄

----
2

1 +

----
⁄

ú
f̄

⁄f̄ ⁄
ú
f̄

----
2 = (25)

≠
|⁄

f̄
|4

|⁄
f̄
|4 ·

|⁄
f̄
|4 ≠ |⁄

f̄
|2

|⁄
f̄
|4 + |⁄

f̄
|2 = ≠

|⁄
f̄
|2 ≠ 1

|⁄
f̄
|2 + 1

, (26)

SHF AG

f̄
=

2⁄(⁄
f̄
)

1 + |⁄
f̄
|2 = ≠SANA

f̄
= ≠

2⁄(⁄̄
f̄
)

1 + |⁄̄
f̄
|2

= (27)

≠
2⁄(1/⁄

f̄
)

1 + |1/⁄
f̄
|2 = ≠

2⁄
3

⁄
ú
f̄

⁄f̄ ⁄
ú
f̄

4

1 +

----
⁄

ú
f̄

⁄f̄ ⁄
ú
f̄

----
2 = (28)

≠
|⁄

f̄
|4

|⁄
f̄
|2 ·

2⁄(⁄ú
f̄
)

|⁄
f̄
|4 + |⁄

f̄
|2 = ≠

≠2⁄(⁄
f̄
)

1 + |⁄
f̄
|2 . (29)

In principle, the calculation for DANA

f̄
and HFAG’s A��

f̄
is similar, but does not contribute

a minus sign, since the real part of a complex number does not flip sign under complex

conjugation. However, there’s a twist: HFAG uses the convention ��s > 0 (like our ANA

note, see previous subsection), but they want the signs of A��
f

and A��
f̄

in the decay rate

equations to be positive. To achieve that, they change the minus sign of the quantities derived

from the real parts of ⁄f and ⁄̄f . This results in the following conversion table:

Cf =
1 ≠ |⁄f |2

1 + |⁄f |2 = CANA

f , Sf =
2⁄(⁄f )

1 + |⁄f |2 = SANA

f , A��
f =

≠2Ÿ(⁄f )

1 + |⁄f |2 = ≠DANA

f ,

C
f̄

=
1 ≠ |⁄

f̄
|2

1 + |⁄
f̄
|2 = ≠CANA

f̄
, S

f̄
=

2⁄(⁄
f̄
)

1 + |⁄
f̄
|2 = ≠SANA

f̄
, A��

f̄
=

≠2Ÿ(⁄
f̄
)

1 + |⁄
f̄
|2 = ≠DANA

f̄
. (30)

3 apart from a minus sign in the denominator in the CP asymmetry which is wrong in the Bs æ KK paper
(version 2 on arXiv).
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È
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---p
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Selection and mass fit 

Boosted decision tree is trained to select signal candidates 

B⁰s →J/ψ π˖π˗ 
To appear in PLB 797 (2019)

B⁰s →J/ψ K˖K˗ and other time-dependent analyses at LHCb                               16 October 2019

Q1/2
eff e− σ2t Δm2

2Nσ−1(ϕs) ∼

B⁰s →J/ψ K˖K˗ 
EPJC 79 (2019) 706
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Selection and mass fit 
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B⁰s →J/ψ π˖π˗ 
To appear in PLB 797 (2019)
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Per-candidate decay time error (δt ) is calibrated using prompt J/ψ sample

σeff = 45.5 fs σeff = 41.5 fs

In each bin of δt 
perform fit for σeff 

B⁰s →J/ψ π˖π˗ 
To appear in PLB 797 (2019)
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Selection efficiency

Data-driven approach  
using B⁰ →J/ψ K*(892) 

Method is verified with B⁰ and B˖

B⁰s →J/ψ π˖π˗ 
To appear in PLB 797 (2019)

B⁰s →J/ψ K˖K˗ and other time-dependent analyses at LHCb                               16 October 2019
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Selection efficiency

Data-driven approach  
using B⁰ →J/ψ K*(892) 

Method is verified with B⁰ and B˖
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Kinematic selection and detector acceptance are  
causing non uniform efficiency as function of decay angles

B⁰s →J/ψ π˖π˗ 
To appear in PLB 797 (2019)
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Flavour tagging

Qeff = 5.06 ± 0.38 %Qeff = 4.73 ± 0.34 %
In Run1            ≈ 3.73 %

B⁰s →J/ψ π˖π˗ 
To appear in PLB 797 (2019)

Qeff In Run1            ≈ 3.89 %

B⁰s →J/ψ K˖K˗ 
EPJC 79 (2019) 706

B⁰s →J/ψ K˖K˗ and other time-dependent analyses at LHCb                               16 October 2019

Qeff = εtag(1 − 2ω)2The effective tagging power is defined as

where           is tagging efficiency and                    is dilution        εtag (1 − 2ω)2

Qeff

Q1/2
eff e− σ2t Δm2

2Nσ−1(ϕs) ∼

https://www.sciencedirect.com/science/article/pii/S0370269319304939?via=ihub
https://link.springer.com/article/10.1140/epjc/s10052-019-7159-8
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𝜙s = −0.041 ± 0.025 [rad] 
|λ| = 0.993 ± 0.010 

ΔΓs = 0.0816 ± 0.0048 [ps-1] 
 Γs = 0.6562 ± 0.0021 [ps-1]

Combination of LHCb results on 𝜙s

𝜙s 0.1σ from SM 
consistent with Standard Model 

𝜙s 1.6σ from 0  
consistent with no CPV in interference  
between direct decay and after mixing 
|λ| consistent with 1 within 0.7σ  
consistent with no direct CPV 

Γs/ΓB⁰  consistent with HQE prediction 
within 1σ EPJC 79 (2019) 706

B⁰s →J/ψ K˖K˗ and other time-dependent analyses at LHCb                               16 October 2019

https://link.springer.com/article/10.1140/epjc/s10052-019-7159-8
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Measurement of 𝜙s sss(dd/γ)

Dominated by penguin b → sss(dd/γ) transition 
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B⁰s  → (K˖π˗)(K˗π˖)   
Run1 JHEP 03 (2018) 140 
B⁰s  → φ φ  
Run1+2(15,16) arXiv:1907.10003 

B⁰s  → φ γ  
Run1 PRL 123 (2019) 081802

s s

_ _
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ϕSM
s ∝ arg( VtsV*tb

V*tsVtb

V*tsVtb

VtsV*tb ) = 0

In the first order

https://link.springer.com/article/10.1007/JHEP03(2018)140
https://arxiv.org/abs/1907.10003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.081802


See talk by Vitalii Lisovskyi 

21Katya Govorkova

B⁰s  → φ φ  
 arXiv:1907.10003

Based on Run1 (3 fb-1), 2015 (0.3 fb-1)  
and 2016 (1.6 fb-1) dataset

𝜙s from b → sss(γ) transition 
_
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𝜙ssss =﹣0.073 ± 0.115 ± 0.027 [rad] 
|λ| = 0.99 ± 0.05 ± 0.01

_
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Figure 6: Fit to the four-kaon invariant mass. The total PDF as described in the text is
shown as a blue solid line, B0

s ! �� as a red dashed line, B0 ! �� as a green dotted line, the
⇤0

b ! �pK contribution as a magenta long-dashed line and the combinatorial background as a
blue short-dashed line.

B0

s decay, with the modification of the resolution according to a scaling factor, which is
defined as

↵ =
mB0 � 4mK

mB0
s
� 4mK

= 0.974, (21)

where mK is the known K+ mass.
Figure 6 shows the fit to the full data set. The ⇤0

b ! �pK contribution is fixed to
109 candidates, following the same method described in Sec. 3. The fit returns a yield of
4.9± 9.2 B0 ! �� decays.

The Confidence Levels (CLs) method [52] is used to set a limit on the B0 ! ��
branching fraction. A total of 10,000 pseudoexperiments are used to calculate each point
of the scan. Figure 7 shows the results of the CLs scan. At 90% CL, NB0 < 23.7. These
limits are converted to a branching fraction using

B(B0 ! ��) = NB0 ⇥ ✏B0!��

✏B0
s!��

⇥ B(B0

s ! ��)⇥ fs/fd
NB0

s!��
, (22)

where NB0 is the limit on the B0 ! �� yield, and NB0
s!�� is the B0

s yield from the fit
displayed in Fig. 6. The relative reconstruction and selection e�ciency of the B0

s !
�� and B0 ! �� decays, ✏B0!��/✏B0

s!��, is determined to be 0.986 using simulation.
The ratio of the fragmentation functions has been measured at 7 and 8 TeV to be
fs/fd = 0.259 ± 0.015 within the LHCb acceptance [53]. The production fraction at
13 TeV has been shown to be consistent with that of the 7 and 8 TeV data [54]. The
B(B0

s ! ��) = (1.84±0.05 (stat)±0.07 (syst)±0.11(fs/fd)±0.12 (norm))⇥10�5 branching
fraction is an external input taken from Ref. [24]. To set the limit, the uncertainties on
the B0

s ! �� branching fraction are propagated to the limit, where the uncertainty on the
B0

s ! �� branching fraction arising from fs/fd is already included in the uncertainty on
the normalisation mode, B0 ! �K⇤. The maximum value of B(B0

s ! ��) including the

18

Λb → φ pK
B⁰→φφ

10 20 30
9−10×

)φφ→0BBF(

3−10

2−10

1−10

1s
C
L

LHCb

Figure 7: Results of the CLs scan as a function of the B0 ! �� yield. The solid black line shows
the observed CLs distribution, while the dotted black line indicates the expected distribution.
The green (yellow) band marks the 1� (2�) confidence region on the expected CLs. The 90%
CL limit is shown as a red line.

systematic contribution is found to be 1.99⇥ 10�5 and is used in Eq. 22. This therefore
translates to a limit of

B(B0 ! ��) < 2.7⇥ 10�8 at 90%CL,

which supersedes the previous best limit.

11 Summary and conclusions

Measurements of CP violation in the B0

s ! �� decay are presented, based on a sample of
proton-proton collision data corresponding to an integrated luminosity of 5.0 fb�1 collected
with the LHCb detector. The CP -violating phase, �sss

s , and CP violation parameter, |�|,
are determined in a helicity-independent manner to be

�sss
s = �0.073 ± 0.115 (stat) ± 0.027 (syst) rad,

|�| = 0.99 ± 0.05 (stat) ± 0.01 (syst) .

The CP -violating phases are also measured in a polarisation-dependent manner, with the
assumption that the longitudinal weak phase is CP -conserving (�s,0 = 0) and that no
direct CP violation is present (|�| = 1). The CP phases corresponding to the parallel,
�s,k, and perpendicular, �s,?, polarisations are determined to be

�s,k = 0.014 ± 0.055 (stat) ± 0.011 (syst) rad,
�s,? = 0.044 ± 0.059 (stat) ± 0.019 (syst) rad.

The results are in agreement with SM predictions [1–3]. The uncertainties have been
validated with simulation. When compared with the CP -violating phase measured in

19

Complimentary search for new 
B⁰decay mode 

_

Nsig~8843

B⁰s → φ γ   
 PRL 123 (2019) 081802

Based on Run1 (3 fb-1) dataset
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The SM predictions for the S, C and A 
in B⁰s → φ γ are close to zero [ref]

Nsig~5110

B⁰s → (K˖π˗)(K˗π˖)   
 JHEP 03 (2018) 140 

Nsig~6080

𝜙ssdd = ﹣0.10 ± 0.13 ± 0.14 [rad] 
|λ| = 1.035 ± 0.034 ± 0.089

_

The longitudinal polarisation 
fraction is measured
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First measurement of the
CP -violating phase �dd

s in
B0

s ! (K+⇡�)(K�⇡+) decays

The LHCb collaboration†

Abstract

A flavour-tagged decay-time-dependent amplitude analysis of B0
s ! (K+⇡�)(K�⇡+)

decays is presented in the K±⇡⌥ mass range from 750 to 1600MeV/c2. The analysis
uses pp collision data collected with the LHCb detector at centre-of-mass energies
of 7 and 8TeV, corresponding to an integrated luminosity of 3.0 fb�1. Several quasi-
two-body decay modes are considered, corresponding to K±⇡⌥ combinations with
spin 0, 1 and 2, which are dominated by the K⇤

0 (800)
0 and K⇤

0 (1430)
0, the K⇤(892)0

and the K⇤
2 (1430)

0 resonances, respectively. The longitudinal polarisation fraction
for the B0

s ! K⇤(892)0K⇤(892)0 decay is measured as fL = 0.208± 0.032± 0.046,
where the first uncertainty is statistical and the second is systematic. The first
measurement of the mixing-induced CP -violating phase, �dd̄

s , in b ! dds transitions
is performed, yielding a value of �dd̄

s = �0.10± 0.13 (stat)± 0.14 (syst) rad.

Published in JHEP 03 (2018) 140

c� CERN on behalf of the LHCb collaboration, licence CC-BY-4.0.

†Authors are listed at the end of this paper.
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modelled by an exponential function. The results of the fits to the four data samples are195

shown in Fig. 1 with the partial contribution of each component overlaid; the resulting196

signal yields are 469± 28 (1570± 48) and 856± 32 (3265± 61) for the K�⇡�⇡+⇡+ and197

K�⇡+ final state in Run 1 (Run 2), respectively.
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Figure 1: Mass distributions of the B0! D⇤±D⌥ decay with (left) D0! K�⇡�⇡+⇡+, (right)
D0! K�⇡+ for (top) Run 1 and (bottom) Run 2 data samples. Besides the data points and the
full PDF (solid black) the projections of the B0 signal (dashed blue), the B0

s ! D⇤±D⌥ back-
ground (dotted green), theB0! D+

s D
⇤� background (dash-dotted turquoise), the B0! D⇤+D⇤�

background (long-dash-dotted magenta), the B0
s ! D⇤+D⇤� background (dash-three-dotted red)

and the combinatorial background (long-dashed green) are shown.

198

5 Flavour tagging199

Measurements of CP violation in decay-time-dependent analyses of B0 meson decays200

require the determination of the production flavour of the B0 candidate. Methods to infer201

the initial flavour of a reconstructed candidate, i.e. whether it contained a b or a b quark202

at production, are referred to as flavour tagging. Two classes of algorithms are used. The203

opposite side (OS) tagger exploits the fact that b and b quarks are almost exclusively204

produced in pairs in pp collisions, allowing the flavour of the signal B0 candidate to be205

inferred from the flavour of the other b hadron in the event. The OS tagger combines206

information on the charge of the muon or electron from semileptonic b decays, the charge of207

the kaon from the b ! c ! s decay chain, the charge of a reconstructed secondary charm208

hadron and the charges of the tracks that form the secondary vertex of the other b-hadron209

6
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Figure 3: CP asymmetry as a function of the decay-time, for (blue full dot) D⇤+D� and
(red empty dot) D⇤�D+ signal candidates with a non null tagging decision. The background
contribution is subtracted by means of the sPlot technique. The projection of the PDF is
represented by the blue dashed (red continuous) line. The B0 flavour is determined by the
combination of all flavour tagger algorithms.

time acceptance are taken from the best fit result to data. All the parameters that are431

constrained in the fit are set to values randomly generated according to the constraints432

applied. Each background contribution is generated with a specific time dependency,433

which eventually accounts for CP violation. No bias is found for the CP parameters nor434

for the raw asymmetries Araw. The uncertainty on the mean value of the bias is taken as435

systematic uncertainty on the parameter.436

In order to cross-check the statistical uncertainty obtained from the fit to data, a437

bootstrapping procedure is used [36]. In this frequentist model-independent approach438

a new data sample is generated by drawing events from the nominal data sample until439

the number of candidates matches that of the original one (the same event can be drawn440

multiple times). The nominal fit to the decay time is executed, the fit result is stored and441

the distribution of the residuals with respect to the starting values of the parameters is442

analysed. Given that the standard deviation of the Gaussian fits of the residuals agree443

with the mean values of the uncertainty from the fit it can be assumed that the uncertainty444

of the nominal fit is accurate.445

Cross checks on the stability of the result are performed dividing the data sample446

into categories, according to the D0 final state, the tagging algorithm (OS and SS) and447

the magnet polarity. No evidence of bias is found, as all variations of the fit parameters448

obtained in the splitting are smaller than two standard deviations.449

Specific studies are performed using pseudoexperiments to estimate the e↵ect of an450

inaccurate determination of the mass model, the decay-time model, the flavour tagging451

performance and variations of the input parameters to the decay-time fit.452

Four alternative fit models for the mass distribution are considered and the sum in453

quadrature of each systematic uncertainty is taken as uncertainty on the mass model454

reported in Table 4. The signal model is changed to two CB functions for the mass455

distribution of K�⇡+ and three CB functions for the K�⇡�⇡+⇡+ final state or to two456

CB functions for both final states. The model for the combinatorial background is457

14

Based on full Run1 (3 fb-1) and Run2 (6 fb-1) dataset  
Result is consistent with sin(2β) measured in b → ccs-

LHCb Preliminary 

LHCb Preliminary 

B⁰ → D*±D∓   
LHCb-PAPER-2019-036 in preparation

decay time [ps]
2 4 6 8 10

 a
sy

m
m

et
ry

CP

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5

LHCb
D*-D+

D*+D-

CP	asymmetry

LHCb-PAPER-2019-036

M	.Calvi													CPV	in	B->DD	decays 11

decay time [ps]
2 4 6 8 10

 a
sy

m
m

et
ry

CP

0.5−

0.4−

0.3−

0.2−

0.1−

0

0.1

0.2

0.3

0.4

0.5

LHCb
D*-D+

D*+D-

CP	asymmetry

LHCb-PAPER-2019-036

M	.Calvi													CPV	in	B->DD	decays 11

Nsig~6000

B⁰ → D*±D∓  with D*± → D⁰π± and D∓ → K∓ π+ π-  
D⁰ is reconstructed in two modes  
studied separately D⁰ → K- π+ 
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of 10% included at generation for the B0! D+

s D
⇤� component are studied. No bias is505

found on the CP parameters, as a consequence no systematic uncertainty is assigned due506

to this source.507

9 Conclusion508

A flavour-tagged decay-time-dependent analysis of B0! D⇤±D⌥ decays is performed using509

pp collision data collected by the LHCb experiment between 2011 and 2018, corrsponding510

to an integrated luminosity of about 9 fb�1. The D� meson is reconstructed as K+⇡�⇡�,511

while the D⇤+ meson is reconstructed as D⇤+! D0⇡+, where both the D0 decays to the512

final states K�⇡+ and K�⇡+⇡+⇡� are considered. In total, about 6,160 signal decays513

are selected. Both opposite-side and same-side tagging algorithms are used to determine514

the flavour of the B0 mesons at production, with a total tagging power of 5.6–7.1%. The515

following CP parameters are measured516

SD⇤D = �0.861± 0.077 (stat)± 0.019 (syst) ,

�SD⇤D = 0.019± 0.075 (stat)± 0.012 (syst) ,

CD⇤D = �0.059± 0.092 (stat)± 0.020 (syst) ,

�CD⇤D = �0.031± 0.092 (stat)± 0.016 (syst) ,

AD⇤D = 0.008± 0.014 (stat)± 0.005 (syst) .

The largest statistical correlations are found between SD⇤D and CD⇤D parameters and517

�SD⇤D and �CD⇤D. They amount to ⇢(SD⇤D, CD⇤D) = 0.44 and ⇢(�SD⇤D,�CD⇤D) =518

0.46, respectively. This measurement excludes the conservation of CP symmetry in519

B0! D⇤±D⌥ decays at more than 10 standard deviations. This result is the most precise520

single measurement of the CP parameters in B0! D⇤±D⌥ decays and it is compatible with521

previous measurements by the Belle [7] and BaBar [6] experiments within 1�. The precision522

of �CD⇤D and CD⇤D parameters is compatible with that of previous measurements, while523

for SD⇤D, �SD⇤D and AD⇤D, the precision of this measument is better than the current524

world average [3].525
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Run3+4 Run5

With current precision all measurements 
are consistent with SM 

  
Further analysis of available dataset is in 
progress for most of the modes
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Figure 3.4: Signal-yield asymmetry as a function of the B0
(s) decay time, (NB0

(s)
�NB0

(s)
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(s)
).

Here, NB0
(s)

(NB0
(s)

) is the number of (left) B0
s ! J/ � or (right) B0 ! J/ K0

S decays with a B0
(s) (B0

(s))

flavour tag. The data points are obtained from simulation with the expected sample size at 300 fb�1, and
assuming the current performance of the LHCb experiment. The solid curves represents the expected
asymmetries for �cc̄ss = �36.4mrad [43] and sin�cc̄sd = 0.731 [53]), the values used in the simulation.
The height of the oscillation is diluted from sin�cc̄sd(s) due to mistagging, decay time resolution, and (for

B0
s ! J/ �) the mixture of CP -even and CP -odd components in the final state.

and B0
s !  (2S)� [50] modes have also been studied with LHCb, and give less precise but

still important complementary results. Other channels, which have not been exploited yet but
could be important in Upgrade II if good calorimeter performance can be achieved, include
B0

s ! J/ � with J/ ! e+e� and B0
s ! J/ ⌘(0) with ⌘0 ! ⇢0� or ⌘⇡+⇡�, and ⌘ ! ⇡+⇡�⇡0 or

�� [51, 52].
The scaling of the �cc̄s

s precision with integrated luminosity for individual decay modes
and for their combination is shown in Fig. 3.3 (right). These uncertainties are statistical only
and are scaled from existing results, taking into account the gain in trigger e�ciency expected
for B0

s ! D+
s D�

s after Upgrade I. Maintaining the current performance will put stringent
constraints on the design of the detector as regards momentum and vertex position resolution as
well as particle identification performance. A key ingredient is the flavour tagging that is very
sensitive to event and track multiplicity, as discussed in Sec. 3.2. Systematic uncertainties are
mainly based on the sizes of control samples, and are therefore expected to remain subdominant
even with very large samples. Therefore, it is expected that the small value of �2�s predicted in
the SM can be measured to be significantly non-zero in several channels.

The expected precision on �cc̄s
s after Upgrade II will be ⇠ 4mrad from B0

s ! J/ � decays
alone and ⇠ 3mrad from all modes combined. This will be at the same level as the current
precision on the indirect determination based on the CKM fit using tree-level measurements
(this in turn is expected to improve with better measurements of other CKM matrix parameters).
Figure 3.4(left) shows the signal-yield asymmetry as a function of the B0

s decay time, folded at
the frequency of B0

s oscillations, for B0
s ! J/ � decays from a simulated data set corresponding

to 300 fb�1, and clearly shows that a visible CP -violation e↵ect will be observable. The excellent
precision on �cc̄s

s that can be achieved with Upgrade II gives exciting potential to observe
deviations from the SM prediction, and in their absence will be used to impose severe constraints
on possible beyond-the-SM contributions.
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Fit projections for B⁰s →J/ψ π˖π˗
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Systematics for B⁰s →J/ψ K˖K˗
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Fit result B⁰s →J/ψ π˖π˗
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Systematics for B⁰s →J/ψ π˖π˗
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Decay time acceptance

Decay time acceptance is approximately: 

Given a parameterisation of Γd around  
the used value Γd0 = 1/1.520ps-1
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Details on the B⁰s →J/ψ K˖K˗ mass model 

Signal model: Double-sided Crystal Ball function (CB2) with per-event mass error 
used as conditional observable  
Quadratic dependence on the per-event mass error: σ = s1σi + s2σi2 (s1~0.8; s2~0.05) 

- Tails of the CB2 are fixed from the fit to MC 
- Fit in 6 m(K˖K˗) bins [990, 1008, 1016, 1020, 1024, 1032, 1050] MeV/c2 

Background: Exponential for the combinatorial and gaussian for  
the B⁰ →J/ψ K˖K˗ contribution

Run 1 
|cos(θµ)|<0.25

Run 1 
|cos(θµ)|>0.7

Run 1 
0.25<|cos(θµ)|<0.7

Why? To take into account this correlation. Mass resolution 
comes from the angles between muons, therefore per-candidate 

mass error and cos(θµ) are highly correlated
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Future

 Comparison of φs sensitivity from different decay modes
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Opposite side tagging

εtag D2 = 5.06 ± 0.38 %εtag D2 = 4.73 ± 0.34 %
In Run1            ≈ 3.73 %

B⁰s →J/ψ π˖π˗ 
To appear in PLB 797 (2019)

εtag D2 In Run1            ≈ 3.89 %εtag D2

B⁰s →J/ψ K˖K˗ 
EUR.PHYS.J.C 79 (2019) 706
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https://www.sciencedirect.com/science/article/pii/S0370269319304939?via=ihub
https://link.springer.com/article/10.1140/epjc/s10052-019-7159-8
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Same side tagging

εtag D2 = 5.06 ± 0.38 %εtag D2 = 4.73 ± 0.34 %

B⁰s →J/ψ π˖π˗ 
To appear in PLB 797 (2019)

B⁰s →J/ψ K˖K˗ 
EUR.PHYS.J.C 79 (2019) 706

In Run1            ≈ 3.73 %εtag D2 In Run1            ≈ 3.89 %εtag D2
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   Measure φsdd using B0s → (K˖π˗)(K˗π˖)

[LHCb-PAPER-2017-048]

Fit projections in decay time, three angles and m(Kπ) 

https://arxiv.org/abs/1712.08683

