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CP violation
In the Standard Model: CP violation is only there in the weak 
interaction. The charged-current interaction for quarks is described by 
the CKM matrix
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Example of CP violation
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ACP =
|Āf̄ |2 � |Af |2

|Āf̄ |2 + |Af |2

A_{CP} = \frac{|\bar{A}_{\bar{f}}|^2 - |{A}_{{f}}|^2}{|\bar{A}_{\bar{f}}|^2 + |{A}_{{f}}|^2}

[LHCb-PAPER-2018-006] LHCb Run-1 data set

Āf̄
Amplitude of       to K-π+

Af Amplitude of       to K+π-
B̄0

B0

Bs→K- π+, B0→K+ π-

https://cds.cern.ch/record/2318785
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Figure 1: Tree and penguin topologies contributing to the U -spin-related B0
d → π+π−,

B0
s → K+K− and B0

d → π−K+, B0
s → π+K− decays (q, q′ ∈ {d, s}).

1 Introduction

Decays of B mesons into two light pseudoscalar mesons offer interesting probes for the
exploration of CP violation. The key problem in these studies is usually given by the
hadronic matrix elements of local four-quark operators, which suffer from large theo-
retical uncertainties. In 1999 [1], it was pointed that the system of the B0

d → π+π−

and B0
s → K+K− decays is particularly interesting in this respect. These transitions,

which receive contributions from tree and penguin topologies, allow us to determine the
angle γ of the unitarity triangle (UT) of the Cabibbo–Kobayashi–Maskawa (CKM) ma-
trix [2] with the help of the U -spin symmetry, which is a subgroup of the SU(3)F flavour
symmetry of strong interactions, connecting the strange and down quarks in the same
way through SU(2) transformations as the isopsin symmetry connects the up and down
quarks. As can be seen in Fig. 1, the B0

d → π+π− and B0
s → K+K− modes are related

to each other through an interchange of all down and strange quarks. Consequently, the
U -spin flavour symmetry allows us to derive relations between their hadronic parameters
so that the experimental observables offer sufficient information to extract them and the
UT angle γ from the data. The advantage of this U -spin strategy with respect to the
conventional SU(3) flavour-symmetry strategies [3] is twofold:

• no additional dynamical assumptions such as the neglect of annihilation topologies
have to be made, which could be spoiled by large rescattering effects;

• electroweak (EW) penguin contributions, which are not invariant under the isospin
symmetry because of the different up- and down-quark charges, can be included.

The theoretical accuracy is therefore only limited by non-factorizable U -spin-breaking
effects, as the factorizable corrections can be taken into account through appropriate
ratios of form factors and decay constants. Moreover, we have key relations between
certain hadronic parameters, where these quantities cancel. Interestingly, also experi-
mental insights into U -spin-breaking effects can be obtained, which do not indicate any
anomalous enhancement.

The relevant observables are the CP-averaged branching ratios as well as the direct
and mixing-induced CP asymmetries Adir

CP(Bq → f) and Amix
CP (Bq → f), respectively, en-

1

[LHCb-PAPER-2018-006]

Bs→K- π+, B0→K+ π-

Vub

https://cds.cern.ch/record/2318785
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CP violation in decay
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Count the number of decays +  
correct for the production and 
instrumental asymmetry.  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Table 6: Statistical correlations among the CP -violating parameters.
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10 Conclusions

Measurements are presented of time-dependent CP violation in B0! ⇡+⇡� and B0
s

!
K+K� decays, and of the CP asymmetries in B0! K+⇡� and B0

s

! ⇡+K� decays, based
on a data sample of pp collisions corresponding to an integrated luminosity of 3.0 fb�1

collected with the LHCb detector at centre-of-mass energies of 7 and 8TeV. The results
are

C
⇡

+

⇡

� = �0.34 ± 0.06 ± 0.01,

S
⇡

+

⇡

� = �0.63 ± 0.05 ± 0.01,
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K
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= 0.213± 0.015± 0.007,

where the first uncertainties are statistical and the second systematic. They supersede with
much improved precision those of Refs. [15, 16]. The corresponding statistical correlation
matrix is reported in Table 6. Taking into account the sizes of statistical and systematic
uncertainties, correlations due to the latter can be neglected. The measurements of C

⇡

+

⇡

� ,

S
⇡

+

⇡

� , AB

0

CP

and A
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0
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CP

are the most precise from a single experiment to date, and are in
good agreement with previous determinations [20–23]. Those of C

K

+

K

� and S
K

+

K

� are
in good agreement with the previous LHCb result [15]. By summing in quadrature the
statistical and systematic uncertainties and neglecting the small correlations between
C

K

+

K

� , S
K

+

K

� and A��
K

+

K

� , the significance for (C
K

+

K

� , S
K

+
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� , A��
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+

K

�) to di↵er from
(0, 0, �1) is determined by means of a �2 test statistic to be 4.0 standard deviations.
This result constitutes the strongest evidence for time-dependent CP violation in the
B0

s

-meson sector to date. As a cross-check, the distribution of the variable Q, defined

by Q2 = (C
K

+

K

�)2 + (S
K

+

K

�)2 +
�

A��
K

+

K

�

�2
, is studied by generating, according to the

multivariate Gaussian function defined by their uncertainties and correlations, a large
sample of values for the variables C

K

+

K

� , S
K

+

K

� and A��
K

+

K

� . The distribution of Q is
found to be Gaussian, with mean 0.83 and width 0.12.
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allow a test of the validity of the SM, as suggested
in Ref. [7], by checking the equality
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where B (B0! K+⇡�) and B (B0
s

! ⇡+K�) are CP -averaged branching fractions, and
⌧
d

and ⌧
s

are the B0 and B0
s

mean lifetimes, respectively. Using the world averages
for f

s

/f
d

⇥ B (B0
s

! ⇡+K�) /B (B0! K+⇡�) and ⌧
s

/⌧
d

[17] and the measurement of the
relative hadronisation fraction between B0

s

and B0 mesons f
s

/f
d

= 0.259 ± 0.015 [47],
the value � = �0.11 ± 0.04 ± 0.03 is obtained, where the first uncertainty is from the
measurements of the CP asymmetries and the second is from the input values of the
branching fractions, the lifetimes and the hadronisation fractions. No evidence for a
deviation from zero of � is observed with the present experimental precision.

These new measurements will enable improved constraints to be set on the CKM
CP -violating phases, using processes whose amplitudes receive significant contributions
from loop diagrams both in the mixing and decay of B0

(s) mesons [9–11]. Comparisons with
tree-level determinations of the same phases will provide tests of the SM and constrain
possible new-physics contributions.
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Figure 2: The ph

�
h

+ invariant mass spectra from the fully selected ⇤

+

c

! pK

�
K

+ (left) and
⇤

+

c

! p⇡

�
⇡

+ (right) datasets summed over all data-taking conditions. The results of the fit to
each dataset are shown for illustration.

using the Geant4 toolkit [20] as described in Ref. [21].

4 Mass spectrum parameterisation

The ph

�
h

+ invariant mass is used as a discriminating variable between signal and combi-
natorial background. Fits to the mass spectrum, shown in Fig. 2, are used to measure
the ph

�
h

+ signal yields in order to compute A

raw

, as defined in Eq. (2). The sPlot proce-
dure [22] is employed to statistically subtract the combinatorial background component
in the data, as required for the kinematic weighting procedure, and takes the fitted model
as input.

The chosen fit model is the sum of a signal component and a background component,
each weighted by a corresponding yield parameter. The signal is modelled as the sum
of two Gaussian distributions which share a common mean but have separate width
parameters, and the combinatorial background is modelled as a first-order polynomial.

A cost function is defined as Neyman’s �2,

�

2 =
BX

i=1

(N
i

�Nf

Tot

(m
i

; ⇠))2

N

i

, (9)

where i is the bin index over the number of bins B in the m(ph�
h

+) spectrum, N
i

is the
observed number of entries in the ith bin, N is the expected number of entries in the
dataset as the sum of the fitted signal and background yield parameters, and f

Tot

(m
i

; ⇠)
represents the integral of the total model in the m

i

bin with parameter vector ⇠. The
binning is set as 120 bins of width 1MeV/c2 in the range 2230 < m(ph�

h

+) < 2350MeV/c2.
Fits to the pK

�
K

+ and p⇡

�
⇡

+ data, summed over all conditions, are shown in Fig. 2.
A good description of the data by the model is seen in all fits to the data subsamples.
The pK

�
K

+ and p⇡

�
⇡

+ signal yields, separated by data-taking conditions, are given in
Table 1.

To measure A

raw

as in Eq. (2), each data subsample is split by proton charge into ⇤

+

c

and ⇤

�
c

subsets. The model used in the previously described fit is used to define charge-
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+ invariant mass is used as a discriminating variable between signal and combi-
natorial background. Fits to the mass spectrum, shown in Fig. 2, are used to measure
the ph

�
h

+ signal yields in order to compute A

raw

, as defined in Eq. (2). The sPlot proce-
dure [22] is employed to statistically subtract the combinatorial background component
in the data, as required for the kinematic weighting procedure, and takes the fitted model
as input.

The chosen fit model is the sum of a signal component and a background component,
each weighted by a corresponding yield parameter. The signal is modelled as the sum
of two Gaussian distributions which share a common mean but have separate width
parameters, and the combinatorial background is modelled as a first-order polynomial.

A cost function is defined as Neyman’s �2,

�

2 =
BX

i=1

(N
i

�Nf

Tot

(m
i

; ⇠))2

N

i

, (9)

where i is the bin index over the number of bins B in the m(ph�
h

+) spectrum, N
i

is the
observed number of entries in the ith bin, N is the expected number of entries in the
dataset as the sum of the fitted signal and background yield parameters, and f

Tot

(m
i

; ⇠)
represents the integral of the total model in the m

i

bin with parameter vector ⇠. The
binning is set as 120 bins of width 1MeV/c2 in the range 2230 < m(ph�

h

+) < 2350MeV/c2.
Fits to the pK

�
K

+ and p⇡

�
⇡

+ data, summed over all conditions, are shown in Fig. 2.
A good description of the data by the model is seen in all fits to the data subsamples.
The pK

�
K

+ and p⇡

�
⇡

+ signal yields, separated by data-taking conditions, are given in
Table 1.

To measure A

raw

as in Eq. (2), each data subsample is split by proton charge into ⇤

+

c

and ⇤

�
c

subsets. The model used in the previously described fit is used to define charge-

6

R
ES

U
LT

LHCb Run-1 data set

Table 2: Systematic uncertainties on �A

wgt

CP

and their magnitudes. The dash indicates that the
uncertainty is assessed to be negligible.

Source Uncertainty [%]

Fit signal model 0.20
Fit background model —
Residual asymmetries 0.10

Limited simulated sample size 0.57
Prompt ⇤+

c

—

Total 0.61

decays, such as directly from the PV or from other b-hadron decays, the measurement may
be biased, as such sources can carry di↵erent experimental asymmetries. The composition
of the data sample is inferred from the reconstructed ⇤

0

b

mass and from the impact
parameter distribution of the ⇤

+

c

vertex. The latter is seen to be consistent with that
for ⇤+

c

produced exclusively in b-hadron decays, whilst the former is consistent between
pK

�
K

+ and p⇡

�
⇡

+ samples, such that asymmetries from other sources will cancel in
�A

wgt

CP

. Any associated systematic uncertainty is assumed to be negligible.
The total systematic uncertainty is found to be 0.61%, computed as the sum in

quadrature of the individual uncertainties. These are assumed to be uncorrelated and are
summarised in Table 2.

7 Results

The value of A
raw

(f) is found for each final state and data-taking condition separately,
and for a given centre-of-mass energy is taken as the arithematic average of the polarity-
dependent measurements. The average across

p
s = 7TeV and 8TeV is made by weighting

the measurements by their variances. The asymmetries for pK

�
K

+ and p⇡

�
⇡

+ are
measured to be

A

raw

(pK�
K

+) = (3.72± 0.78)%,

A

wgt

raw

(p⇡�
⇡

+) = (3.42± 0.47)%.

where the uncertainties are statistical and take into account the reduction in statistical
power due to the weighting. The di↵erence is

�A

wgt

CP

= (0.30± 0.91± 0.61)%,

where the first uncertainty is statistical and the second is systematic. The measurements
of A

raw

(pK�
K

+), Awgt

raw

(p⇡�
⇡

+), and �A

wgt

CP

as a function of data-taking conditions are
presented in Fig. 5.

8 Summary

The raw CP asymmetries in the decays ⇤

+

c

! pK

�
K

+ and p⇡

�
⇡

+ are measured using
⇤

0

b

! ⇤

+

c

µ

�
X decays. Kinematics in the p⇡

�
⇡

+ data are weighted to match those in the

11

Details: Talk by A. Pearce, this afternoon
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B0 B0
s s

The mass eigenstates are mixtures of the flavour eigenstates

hB0
s L,H | = p hB0

s |⌥ q hB̄0
s |

Mass difference, Δms 

Decay width difference ΔΓs

Oscillation frequency
Phase

Experimental evidence (~0.3%) + theoretical predictions:  
CP eigenstates ~ mass eigenstates
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1 Introduction

The study of CP violation in charmless decays of B0
(s) mesons to charged two-body

final states represents a powerful tool to test the Cabibbo-Kobayashi-Maskawa (CKM)
picture [1, 2] of the quark-flavour mixing in the Standard Model (SM) and to investigate
the presence of physics lying beyond [3–9]. As discussed in Refs. [5, 8, 9], the hadronic
parameters entering the B0! ⇡+⇡� and B0

s

! K+K� decay amplitudes are related by
U-spin symmetry, i.e. by the exchange of d and s quarks in the decay diagrams.1 It has
been shown that a combined analysis of the branching fractions and CP asymmetries
in two-body B-meson decays, accounting for U-spin breaking e↵ects, allows stringent
constraints on the CKM angle � and on the CP -violating phase �2�

s

to be set [10,11].
The CP asymmetry in the B0! ⇡+⇡� decay is also a relevant input to the determination
of the CKM angle ↵, when combined with other measurements from the isospin-related
decays B0! ⇡0⇡0 and B+! ⇡+⇡0 [12–14].

In this paper, measurements of the time-dependent CP asymmetries in B0! ⇡+⇡�

and B0
s

! K+K� decays and of the time-integrated CP asymmetries in B0! K+⇡� and
B0

s

! ⇡+K� decays are presented. The analysis is based on a data sample of pp collisions
corresponding to an integrated luminosity of 3.0 fb�1, collected with the LHCb detector
at centre-of-mass energies of 7 and 8TeV. The results supersede those from previous
analyses performed with 1.0 fb�1 of integrated luminosity at LHCb [15,16].

Assuming CPT invariance, the CP asymmetry as a function of decay time for B0
(s)

mesons decaying to a CP eigenstate f is given by

A
CP

(t) =
�
B

0

(s)!f

(t)� �
B

0

(s)!f

(t)

�
B

0

(s)!f

(t) + �
B

0

(s)!f

(t)
=

�C
f

cos(�m
d,s

t) + S
f

sin(�m
d,s

t)

cosh
⇣

��d,s

2
t
⌘

+ A��
f

sinh
⇣

��d,s

2
t
⌘ , (1)

where �m
d,s

and ��
d,s

are the mass and width di↵erences of the mass eigenstates in the
B0

(s) � B0
(s) system. The quantities C

f

, S
f

and A��
f

are defined as

C
f

⌘ 1� |�
f

|2

1 + |�
f

|2 , S
f

⌘ 2Im�
f

1 + |�
f

|2 , A��
f

⌘ � 2Re�
f

1 + |�
f

|2 , (2)

where �
f

is given by

�
f

⌘ q

p

Ā
f

A
f

. (3)

The two mass eigenstates of the e↵ective Hamiltonian in the B0
(s) � B0

(s) system are

p|B0
(s)i± q|B0

(s)i, where p and q are complex parameters. The parameter �
f

is thus related

to B0
(s)�B0

(s) mixing (via q/p) and to the decay amplitudes of the B0
(s)! f decay (A

f

) and

of the B0
(s)! f decay (Ā

f

). Assuming negligible CP violation in the mixing (|q/p| = 1),
as expected in the SM and confirmed by current experimental determinations [17–19],
the terms C

f

and S
f

parameterise CP violation in the decay and in the interference
between mixing and decay, respectively. The quantities C

f

, S
f

and A��
f

must satisfy the

condition (C
f

)2 + (S
f

)2 +
�

A��
f

�2
= 1. This constraint is not imposed in this analysis,

1Unless stated otherwise, the inclusion of charge-conjugate decay modes is implied throughout this
paper.
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Measurements are presented of time-dependent CP violation in B0! ⇡+⇡� and B0
s

!
K+K� decays, and of the CP asymmetries in B0! K+⇡� and B0

s

! ⇡+K� decays, based
on a data sample of pp collisions corresponding to an integrated luminosity of 3.0 fb�1

collected with the LHCb detector at centre-of-mass energies of 7 and 8TeV. The results
are
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Figure 5: Distributions of (top left) invariant mass, (top right) decay time, (middle left) decay-
time uncertainty, (middle right) ⌘OS, and (bottom) ⌘SSc for candidates in the ⇡+⇡� sample. The
result of the simultaneous fit is overlaid. The individual components are also shown.
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1 Introduction

The study of CP violation in charmless decays of B0
(s) mesons to charged two-body

final states represents a powerful tool to test the Cabibbo-Kobayashi-Maskawa (CKM)
picture [1, 2] of the quark-flavour mixing in the Standard Model (SM) and to investigate
the presence of physics lying beyond [3–9]. As discussed in Refs. [5, 8, 9], the hadronic
parameters entering the B0! ⇡+⇡� and B0

s

! K+K� decay amplitudes are related by
U-spin symmetry, i.e. by the exchange of d and s quarks in the decay diagrams.1 It has
been shown that a combined analysis of the branching fractions and CP asymmetries
in two-body B-meson decays, accounting for U-spin breaking e↵ects, allows stringent
constraints on the CKM angle � and on the CP -violating phase �2�

s

to be set [10,11].
The CP asymmetry in the B0! ⇡+⇡� decay is also a relevant input to the determination
of the CKM angle ↵, when combined with other measurements from the isospin-related
decays B0! ⇡0⇡0 and B+! ⇡+⇡0 [12–14].

In this paper, measurements of the time-dependent CP asymmetries in B0! ⇡+⇡�

and B0
s

! K+K� decays and of the time-integrated CP asymmetries in B0! K+⇡� and
B0

s

! ⇡+K� decays are presented. The analysis is based on a data sample of pp collisions
corresponding to an integrated luminosity of 3.0 fb�1, collected with the LHCb detector
at centre-of-mass energies of 7 and 8TeV. The results supersede those from previous
analyses performed with 1.0 fb�1 of integrated luminosity at LHCb [15,16].

Assuming CPT invariance, the CP asymmetry as a function of decay time for B0
(s)

mesons decaying to a CP eigenstate f is given by
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where �m
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are the mass and width di↵erences of the mass eigenstates in the
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The two mass eigenstates of the e↵ective Hamiltonian in the B0
(s) � B0

(s) system are

p|B0
(s)i± q|B0

(s)i, where p and q are complex parameters. The parameter �
f

is thus related

to B0
(s)�B0

(s) mixing (via q/p) and to the decay amplitudes of the B0
(s)! f decay (A

f

) and

of the B0
(s)! f decay (Ā

f

). Assuming negligible CP violation in the mixing (|q/p| = 1),
as expected in the SM and confirmed by current experimental determinations [17–19],
the terms C

f

and S
f

parameterise CP violation in the decay and in the interference
between mixing and decay, respectively. The quantities C

f

, S
f

and A��
f

must satisfy the

condition (C
f

)2 + (S
f

)2 +
�

A��
f

�2
= 1. This constraint is not imposed in this analysis,

1Unless stated otherwise, the inclusion of charge-conjugate decay modes is implied throughout this
paper.
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Figure 6: Distributions of (top left) invariant mass, (top right) decay time, (middle left) decay-
time uncertainty, (middle right) ⌘OS, and (bottom) ⌘SSK for candidates in the K+K� sample.
The result of the simultaneous fit is overlaid. The individual components are also shown.
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final states represents a powerful tool to test the Cabibbo-Kobayashi-Maskawa (CKM)
picture [1, 2] of the quark-flavour mixing in the Standard Model (SM) and to investigate
the presence of physics lying beyond [3–9]. As discussed in Refs. [5, 8, 9], the hadronic
parameters entering the B0! ⇡+⇡� and B0
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! K+K� decay amplitudes are related by
U-spin symmetry, i.e. by the exchange of d and s quarks in the decay diagrams.1 It has
been shown that a combined analysis of the branching fractions and CP asymmetries
in two-body B-meson decays, accounting for U-spin breaking e↵ects, allows stringent
constraints on the CKM angle � and on the CP -violating phase �2�

s

to be set [10,11].
The CP asymmetry in the B0! ⇡+⇡� decay is also a relevant input to the determination
of the CKM angle ↵, when combined with other measurements from the isospin-related
decays B0! ⇡0⇡0 and B+! ⇡+⇡0 [12–14].

In this paper, measurements of the time-dependent CP asymmetries in B0! ⇡+⇡�

and B0
s

! K+K� decays and of the time-integrated CP asymmetries in B0! K+⇡� and
B0

s

! ⇡+K� decays are presented. The analysis is based on a data sample of pp collisions
corresponding to an integrated luminosity of 3.0 fb�1, collected with the LHCb detector
at centre-of-mass energies of 7 and 8TeV. The results supersede those from previous
analyses performed with 1.0 fb�1 of integrated luminosity at LHCb [15,16].
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been shown that a combined analysis of the branching fractions and CP asymmetries
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1 Introduction

The study of CP violation in charmless decays of B0
(s) mesons to charged two-body

final states represents a powerful tool to test the Cabibbo-Kobayashi-Maskawa (CKM)
picture [1, 2] of the quark-flavour mixing in the Standard Model (SM) and to investigate
the presence of physics lying beyond [3–9]. As discussed in Refs. [5, 8, 9], the hadronic
parameters entering the B0! ⇡+⇡� and B0

s

! K+K� decay amplitudes are related by
U-spin symmetry, i.e. by the exchange of d and s quarks in the decay diagrams.1 It has
been shown that a combined analysis of the branching fractions and CP asymmetries
in two-body B-meson decays, accounting for U-spin breaking e↵ects, allows stringent
constraints on the CKM angle � and on the CP -violating phase �2�

s

to be set [10,11].
The CP asymmetry in the B0! ⇡+⇡� decay is also a relevant input to the determination
of the CKM angle ↵, when combined with other measurements from the isospin-related
decays B0! ⇡0⇡0 and B+! ⇡+⇡0 [12–14].

In this paper, measurements of the time-dependent CP asymmetries in B0! ⇡+⇡�

and B0
s

! K+K� decays and of the time-integrated CP asymmetries in B0! K+⇡� and
B0

s

! ⇡+K� decays are presented. The analysis is based on a data sample of pp collisions
corresponding to an integrated luminosity of 3.0 fb�1, collected with the LHCb detector
at centre-of-mass energies of 7 and 8TeV. The results supersede those from previous
analyses performed with 1.0 fb�1 of integrated luminosity at LHCb [15,16].

Assuming CPT invariance, the CP asymmetry as a function of decay time for B0
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Ā
f

A
f

. (3)

The two mass eigenstates of the e↵ective Hamiltonian in the B0
(s) � B0

(s) system are

p|B0
(s)i± q|B0

(s)i, where p and q are complex parameters. The parameter �
f

is thus related

to B0
(s)�B0

(s) mixing (via q/p) and to the decay amplitudes of the B0
(s)! f decay (A

f

) and

of the B0
(s)! f decay (Ā
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1Unless stated otherwise, the inclusion of charge-conjugate decay modes is implied throughout this
paper.

1

CPV interference 
B → D- π+

CPV interference  
B → D+ π-

Sf̄

LHCb Run-1 data set

Fitted 
observables

δ+ɣ
δ-ɣ

r≈2%

]2c mass [MeV/±π

±

D
5100 5200 5300 5400 5500 5600 5700 5800 5900 6000

)2 c
C

an
di

da
te

s/
(4

.0
 M

eV
/

0
5

10

15
20
25
30

35
40
45

310×

LHCb
Data
Total

±K

±

D→0B
±π

±

D→0B
ρ

±

D→B
Combinatorial

±π

±*D→0B

]2c mass [MeV/±K

±

D
5100 5200 5300 5400 5500 5600 5700 5800 5900 6000

)2 c
C

an
di

da
te

s/
(4

.0
 M

eV
/

0

500

1000

1500

2000

2500

3000

3500

LHCb
Data
Total

±K

±

D→0B
±π

±

D→0B
ρ

±

D→B
Combinatorial

±π/±)*(K

±)*(D→0B

Figure 1: Invariant mass distributions of the (left) pion-like and (right) kaon-like samples with
fit projections overlaid. The simultaneous fit of the two distributions is described in the text and
yields a �2 per degree of freedom of 1.18. The B ! D⌥⇢ component includes both B0 ! D⌥⇢±

and B⌥ ! D⌥⇢0 decays.
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1 Introduction

The study of CP violation in charmless decays of B0
(s) mesons to charged two-body

final states represents a powerful tool to test the Cabibbo-Kobayashi-Maskawa (CKM)
picture [1, 2] of the quark-flavour mixing in the Standard Model (SM) and to investigate
the presence of physics lying beyond [3–9]. As discussed in Refs. [5, 8, 9], the hadronic
parameters entering the B0! ⇡+⇡� and B0

s

! K+K� decay amplitudes are related by
U-spin symmetry, i.e. by the exchange of d and s quarks in the decay diagrams.1 It has
been shown that a combined analysis of the branching fractions and CP asymmetries
in two-body B-meson decays, accounting for U-spin breaking e↵ects, allows stringent
constraints on the CKM angle � and on the CP -violating phase �2�

s

to be set [10,11].
The CP asymmetry in the B0! ⇡+⇡� decay is also a relevant input to the determination
of the CKM angle ↵, when combined with other measurements from the isospin-related
decays B0! ⇡0⇡0 and B+! ⇡+⇡0 [12–14].

In this paper, measurements of the time-dependent CP asymmetries in B0! ⇡+⇡�

and B0
s

! K+K� decays and of the time-integrated CP asymmetries in B0! K+⇡� and
B0

s

! ⇡+K� decays are presented. The analysis is based on a data sample of pp collisions
corresponding to an integrated luminosity of 3.0 fb�1, collected with the LHCb detector
at centre-of-mass energies of 7 and 8TeV. The results supersede those from previous
analyses performed with 1.0 fb�1 of integrated luminosity at LHCb [15,16].

Assuming CPT invariance, the CP asymmetry as a function of decay time for B0
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Ā
f

A
f

. (3)

The two mass eigenstates of the e↵ective Hamiltonian in the B0
(s) � B0

(s) system are

p|B0
(s)i± q|B0

(s)i, where p and q are complex parameters. The parameter �
f

is thus related

to B0
(s)�B0

(s) mixing (via q/p) and to the decay amplitudes of the B0
(s)! f decay (A

f

) and

of the B0
(s)! f decay (Ā
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must satisfy the
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1Unless stated otherwise, the inclusion of charge-conjugate decay modes is implied throughout this
paper.
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with a correlation of 60% (�41%) between the statistical (systematic) uncertainties. These
values are in agreement with, and more precise than, measurements from the Belle and
BaBar collaborations [9, 10]. This measurement, in combination with the external inputs
of r

D⇡

and �, constrains the CKM angle � to be in the interval [5, 86]� [ [185, 266]� at the
68% confidence level.
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[LHCb-PAPER-2017-008] (LHCb) [JHEP 08 (2016) 147] (ATLAS) [PLB 757 (2016) 97] (CMS)

https://cds.cern.ch/record/2318785
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Stage I
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~ end of Run 2Status in 2013

J. Charles, S. Descotes-Genon, Z. Ligeti, S. Monteil, M. Papucci, and K. Trabelsi
[Phys. Rev. D 89, 033016 (2014)]

it is simple to modify the CKM fit to constrain new
physics in ΔF ¼ 2 processes, under the assumption that
it does not significantly affect the SM tree-level
charged-current interactions [2]. Within this framework
(for a review, see [3]), we can parametrize the NP
contributions to the Bd;s mixing amplitudes as

Md;s
12 ¼ ðMd;s

12 ÞSM × ð1þ hd;se2iσd;sÞ: (1)

Until the first measurements of α and γ around 2003, it
was not known if the SM gives the leading contribution
to Bd − B̄d mixing [4,5] (similarly, for Bs − B̄s mixing,
the LHCb constraint on sin 2βs was needed).
The motivation for the above parametrization is that any

NP contribution to M12 is additive, and using Eq. (1) one
can easily read off both the magnitude and the CP-violating
phase of the total NP contribution. In particular, for a NP
contribution to the mixing of a meson with qiq̄j flavor
quantum numbers due to the operator

C2
ij

Λ2
ðq̄i;Lγμqj;LÞ2; (2)

one finds that

h≃ 1.5
jCijj2

jλtijj2
ð4πÞ2

GFΛ2
≃ jCijj2

jλtijj2

!
4.5 TeV

Λ

"
2

;

σ ¼ argðCijλt%ijÞ; (3)

where λtij ¼ V%
tiVtj and V is the CKM matrix. We used

NLO expressions for the SM and LO for NP, and neglected
running for NP above the top mass. Operators of different
chiralities have conversion factors differing byOð1Þ factors
[6]. Minimal flavor violation (MFV), where the NP con-
tributions are aligned with the SM ones, corresponds to
σ ¼ 0 (mod π=2).
Analogously, in K mixing, we choose to parametrize NP

via an additive term to the so-called tt contribution to MK
12

in the SM. This is justified by the short-distance nature of
NP, by the fact that in many NP models the largest
contribution to MK

12 arises mostly via effects involving
the third generation (“23–31” mixing), and more practi-
cally, since this allows one to maintain a consistent
normalization for NP across the three down-type neutral-
meson systems. In this paper, D-meson mixing is not
considered, due to the large uncertainties related to
long-distance contributions.
Comments are in order concerning our assumption of

neglecting NP in charged-current b → u, c transitions. If a
NP contamination is present and has a different chiral
structure than the SM, it will manifest itself by modifying
decay distributions, such as the lepton spectrum in semi-
leptonic B decays. On the contrary, if NP has the same
chiral structure as the SM, it cannot be physically separated
in the determination of ρ̄ and η̄. In such a case, the extracted

values of these parameters will not correspond to their SM
values. This discrepancy will propagate to the NP fit, and
will manifest itself as a nonzero value for hd;s [7], with a
specific pattern for hd;s and σd;s.

III. GENERIC FIT FOR Bd AND Bs MIXINGS

Table I shows all inputs and their uncertainties used in
our fit, performed using the CKMfitter package [4,8,9]
with its extension to NP in ΔF ¼ 2 [10] (for other
studies of such NP, see Refs. [5,11–16]). We use standard
SM notation for the inputs, even for quantities affected
by NP in ΔF ¼ 2 whose measurements should be
reinterpreted to include NP contributions (e.g. α, β,
βs). We consider 2003 (before the first measurements
of α and γ) and 2013 (as of the FPCP 2013 conference),
and two future epochs, keeping in mind that any estimate
of future progress involves uncertainties on both exper-
imental and theoretical sides. Our Stage I projection
refers to a time around or soon after the end of LHCb
Phase I, corresponding to an anticipated 7 fb−1 LHCb
data and 5 ab−1 Belle II data, towards the end of this
decade. The Stage II projection assumes 50 fb−1 LHCb
and 50 ab−1 Belle II data, and probably corresponds to
the middle of the 2020s, at the earliest. Estimates of
future experimental uncertainties are taken from
Refs. [17–20]. (Note that we display the units as given
in the LHCb and Belle II projections, even if it makes
some comparisons less straightforward; e.g., the uncer-
tainties of both β and βs will be ∼0.2° by Stage II.) For
the entries in Table I where two uncertainties are given,
the first one is statistical (treated as Gaussian) and the
second one is systematic (treated through the Rfit model
[8]). Considering the difficulty to ascertain the break-
down between statistical and systematic uncertainties in
lattice QCD inputs for the future projections, for sim-
plicity, we treat all such future uncertainties as Gaussian.
The fits include the constraints from the measurements

of Ad;s
SL [10,11], but not their linear combination [23], nor

from ΔΓs, whose effects on the future constraints on NP
studied in this paper are small. While ΔΓs is in agree-
ment with the CKM fit [10], there are tensions for ASL
[23]. The large values of hs allowed until recently,
corresponding to ðMs

12ÞNP ∼ −2ðMs
12ÞSM, are excluded

by the LHCb measurement of the sign of ΔΓs [24].
We do not consider K mixing for the fits shown in
Figs. 2–4, as it may receive NP contributions unrelated
to Bd and Bs mixings in the general case considered in
this section.
Figure 1 shows the evolution of the constraints on

ðρ̄; η̄Þ in the presence of NP in both Bd and Bs meson
mixings, for 2003, 2013, Stage I, and Stage II.1 The main

1Considering anticipated results from only one experiment,
plots similar to Fig. 1, and with a different parametrization, Fig. 2,
appear in Refs. [17,20].

JÉRÔME CHARLES et al. PHYSICAL REVIEW D 89, 033016 (2014)

033016-2

Looking forward to Run-2 updates!

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.033016
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Semileptonic decays
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✔ Large branching ratios

❌ Technically challenging: partially reconstructed 
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Measurement of Ds & Bs lifetimes
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Use Bs and B0 semileptonic decays, to the 
same final state particles:  
         B(s) → D(s)(→KKπ) µ ν 

Decay time acceptance: Measure ratio 
of lifetimes for Bs/B0 and Ds/D+.  
Use world-average for the denominator. ⌧fss =

1

�s

"
1 + (��s/2�s)

2

1� (��s/2�s)
2

#

D-s lifetime result

11

Repeat composition fit in each D decay time bin and then fit the 
resulting signal-to-reference yield ratio, including a 4% relative 
acceptance correction and 110 fs decay-time resolution.

Δ(D) = 1.0131 ± 0.0117 ± 0.0065 1/ps which yields 

τ(D-s) = 0.5064 ± 0.0030 ± 0.0017 ± 0.0017 ps 

2x more precise than FOCUS’s world’s best, 

arXiv:1705.03475

PRL 95 052003 (2005)

Flavor specific B0s lifetime

15

Δ(B) = -0.0115 ± 0.0053 ± 0.0041 /ps 

τ(B0s) = 1.547 ± 0.013 ± 0.010 ± 0.004 ps  

15% more precise than LHCb’s world’s best,

arXiv:1705.03475

PRL 113 172001 (2014)

Most precise single measurements

Measuring lifetimes with semileptonic decays is competitive!

LHCb Run-1 data set
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Try to do a similar procedure for Ωc baryons: current 
relative uncertainty on Ωc lifetime is 17%[1]. Measure:

Lifetime of Ωc

38

New
[LHCB-PAPER-2018-028 in prep]

Measurements of the lifetimes of hadrons containing heavy quarks play an important1

role in testing theoretical approaches that are used to predict Standard Model parameters.2

The validation of such tools is important, as they can then be used to search for deviations3

from Standard Model expectations in other processes. One of the most predictive tools4

in quark flavor physics is the heavy quark expansion (HQE) [1–8], which describes the5

decay rates of hadrons containing heavy quarks, Q, through an expansion in powers6

of ⇤QCD/mQ. Here, ⇤QCD is the energy scale at which the strong-interaction coupling7

becomes large, and mQ is the heavy quark mass (here, either beauty (b) or charm (c)8

quarks). While predictions for absolute lifetimes carry large uncertainties, ratios of9

lifetimes are theoretically more robust.10

In this expansion, higher order terms are related to non-perturbative corrections, and11

e↵ects due to the presence of the other light (spectator) quark(s) in the heavy hadron. For12

beauty hadrons with only a single heavy quark, these corrections are typically at the few13

percent level or less, due to the large mass of the b quark [9]. However, for charm hadrons14

where mc is significantly smaller than mb, these higher order corrections can be sizeable,15

and therefore measurements of charm hadron lifetimes provide a sensitive probe of their16

contributions [10–12]. While charm meson lifetimes are measured precisely and provide17

useful information on these higher order terms, charm baryon lifetimes are known much18

less precisely. Improved precision on the charm baryon lifetimes is of interest, as such19

measurements provides both complementary and additional information to that which can20

be gleaned from charm mesons. For example, additional contributions from W -exchange21

and constructive Pauli intereference e↵ects are present in charm baryon decay, but small22

or non-existent in charm meson decays. Moreover, for charm baryons, the light diquark23

system may have spin 0 (⇤+
c , ⌅+

c , ⌅0
c ) or spin 1 (⌦0

c ), whereas for charm mesons, the light24

quark spin is always equal to 1/2.25

The lifetimes of the D0, D+ and D+
s mesons are known to about 1% precision, whereas26

the lifetimes of the ⇤+
c , ⌅+

c , ⌅0
c and ⌦0

c baryons have relative uncertainties of 3%, 6%, 10%27

and 17%, respectively [13]. It has been argued on general grounds that the expected lifetime28

hierarchy, due to the higher order contributions discussed above, should be [10,11,14–16]29

⌧⌅+
c

> ⌧⇤+
c

> ⌧⌅0
c

> ⌧⌦0
c
. (1)

Current measurements [13] are consistent with this hierarchy. The least well measured30

lifetime is that of the ⌦0
c baryon, with a value of ⌧⌦0

c
= 69 ± 12 fs, which is based on31

fixed-target measurements where a small number of signal decays were observed [17–19].32

In this Letter, we report a new measurement of the ⌦0
c baryon lifetime using a sample33

of semileptonic (SL) ⌦�
b ! ⌦0

c µ
�⌫µX decays, where the ⌦0

c baryons are detected in the34

pK�K�⇡+ final state and X represents any additional undetected particles. Throughout35

the text, charge conjugate processes are implicitly included. To reduce the uncertainties36

associated with systematic e↵ects, we measure the lifetime ratio,37

r⌦0
c
⌘

⌧⌦0
c

⌧D+
, (2)

where the D+ meson is detected in SL B ! D+µ�⌫µX decays, with D+ ! K�⇡+⇡+.38

The symbols Hb and Hc are used to generically refer to the b or c-hadron in either of the39

two modes indicated above.40

The measurements use proton-proton (pp) collision data samples, collected by the41

LHCb experiment, corresponding to an integrated luminosity of 3.0 fb�1, of which 1.0 fb�1
42

1

R
ES

U
LT

Table 1: Summary of systematic uncertainties on the lifetime ratio, r⌦0
c
, in units of 10�4.

Source r⌦0
c

Decay time acceptance 13
⌦�

b prod. spectrum 3
⌦�

b lifetime 4
Decay time resolution 3
Background subtraction 18
Hc(⌧�, D), random µ� 8
Simulated sample size 98
Total systematic 101
Statistical uncertainty 230

The method for background subtraction uses the sPlot technique, which will in general193

depend on the choice of signal and background functions. To assess a potential systematic194

e↵ect here, the decay time spectra are obtained using a sideband subtraction of the Hc195

mass spectra for both the signal and the normalization modes. The sideband-subtracted196

decay time spectra are then fitted using the decay time fit described above. The di↵erence197

between this result and the nominal one is assigned as a systematic uncertainty.198

The decay time spectra in data (both ⌦0
c µ
� and D+µ� samples) have small contri-199

butions from random combinations of Hc and µ� (0.8 ± 0.2)% of the signal), as well200

physics backgrounds where the µ� comes from either a ⌧� (1.8± 0.3)% or a SL D decay201

(0.5± 0.2)%. From simulation and data control samples, we find that the e↵ective life-202

times of these backgrounds are within 10% of the true signal lifetime; this is due to the203

requirement that the muon candidate must form a good vertex with the Hc candidate.204

The impact on the ⌦0
c lifetime is studied using pseudoexperiments, where mixtures of205

these backgrounds (with di↵erent decay time spectra) and signal decays are formed and206

fitted assuming a single lifetime for the sample.207

The finite size of the simulated samples is assessed by repeating the fit to the data208

many times, where in each fit, the simulated templates’ bin contents are fluctuated within209

their uncertainties. The standard deviation of the distribution of fitted r⌦0
c

is assigned as210

a systematic uncertainty.211

In summary, we use pp collision data samples at 7 TeV and 8 TeV center of mass212

energies, corresponding to 3.0 fb�1 of integrated luminosity, to measure the the lifetime of213

the ⌦0
c baryon. The measured ratio of lifetimes and absolute ⌦0

c lifetime are214

⌧⌦0
c

⌧D+
= 0.258± 0.023± 0.010

⌧⌦0
c

= 268± 24± 10± 2 fs,

where the first uncertainty is statistical, the second is systematic, and the third is due to215

the uncertainty in the D+ lifetime [13]. The measured ⌦0
c lifetime is about four times216

larger than, and inconsistent with the world average value of 69± 12 fs [13]. This average217

is based on three experimental results from fixed target experiments [17–19], where each218

experiment observed only a few dozen events with relatively large background.219

6

Using semileptonic decays:

⌦b ! ⌦0
cµ⌫XB ! D+µ⌫X

LHCb Run-1 data set
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Figure 2: Decay time spectra for (left) D+ signal in B ! D+µ�X events and (right) ⌦0
c signal in

⌦�b ! ⌦0
c µ�X events. Overlaid are the fits, as described in the text, along with the uncertainties

due to finite simulated sample sizes.

decays has been investigated, and none are found to peak in the ⌦0
c signal region.117

The decay time of each Hc candidate is determined from the positions of the Hb and118

Hc decay vertices, and the measured Hc momentum. The background-subtracted decay119

time spectra are obtained using the sPlot technique [34], where the measured Hc mass120

is used as the discriminating variable. The uncertainties in the bin-by-bin signal yields121

reflect both the finite signal yield and the statistical uncertainty due to the background122

subtraction.123

The decay time spectra for the ⌦0
c and D+ signals are shown in Fig. 2, along with124

fits as described below. The decrease in the signal yield as the decay time approaches125

zero is mainly due to the e↵ects of the Hc decay time resolution, which is in the range of126

85� 100 fs, and the z(Hc)� z(Hcµ
�) > �0.05 mm requirement.127

The decay time signal model, S(trec), takes the form128

S(trec) = f(trec)g(trec)�(trec). (3)

Here, f(trec) is a signal template of reconstructed decay times, obtained from the full129

LHCb simulation, after all selections have been applied as in the data. The signal130

template is multiplied by g(trec) = exp(�trec/⌧
Hc
fit )/ exp(�trec/⌧

Hc
sim), where ⌧D+

sim = 1040 fs131

and ⌧
⌦0

c
sim = 250 fs are the lifetimes used in the simulation, and ⌧Hc

fit is the signal lifetime to132

be fitted. The function �(trec) is a correction that accounts for a small di↵erence in the133

e�ciency between data and simulation for reconstructing tracks in the vertex detector134

that originate far from the beamline [35].135

With precise knowledge of the D+ meson lifetime (1040±7 fs) [13], the D+µ� sample is136

used to calibrate �(trec) and validate the fit. The signal template is obtained from simulated137

B ! D+µ�⌫µX decays, where contributions from ⌧� and excited D states are included.138

The function �(trec) is obtained by taking the ratio between the D+ decay time spectrum139

in data (obtained via the sPlot technique) and the one obtained from the simulation.140

The ratio shows a linear dependence, and a fit to the function �(trec) = 1 + �0trec yields141

�0 = (�0.89± 0.32)⇥ 10�2 ps�1. If the �(trec) function is excluded from the fit, ⌧D+

fit is142

10 fs, or about 1.2�, below the world average.143

4

Preliminary

⌦0
c ! pKK⇡D+ -> Kππ

[1]: M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98, 030001 (2018)

http://pdg.lbl.gov/2018/html/authors_2018.html
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Figure 5: Decay time spectra for ⌦0
c signal decays in ⌦�b ! ⌦0

c µ�X events, along with the
distribution expected if the ⌦0

c lifetime is 69 fs.
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Preliminary

[LHCB-PAPER-2018-028 in prep]
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Supplementary material for LHCb-PAPER-2018-028247

This appendix contains supplementary material that will posted on the public cds record248

but will not appear in the paper.249
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cΞ

(PDG)+
cΛ
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(LHCb, 2018)0
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Figure 3: World average lifetimes of the weakly decaying charm baryons [13], along with the
additional ⌦0

c lifetime measured by LHCb in this analysis.
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Figure 4: Graph showing previous measurements of the ⌦0
c lifetime, along with the measurement

from LHCb obtained in this analysis.
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LHCb Preliminary

[LHCB-PAPER-2018-028 in prep]
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New

r⌦0
c
⌘

⌧⌦0
c

⌧D+
,

⌦b ! ⌦0
cµ⌫X

LHCb Run-1 data set

Expected hierarchy (Pauli interference)[1]: 

This measurement:

⌧⌅+
c
> ⌧⌦0

c
> ⌧⇤+

c
> ⌧⌅0

c

⌧⌅+
c
> ⌧⇤+

c
> ⌧⌅0

c
> ⌧⌦0

c

[1]: Browder, Honscheid, Pedrini, arXiv:hep-ph/9606354v2 (for example) 

[LHCB-PAPER-2018-028 in prep]

https://arxiv.org/pdf/hep-ph/9606354.pdf
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Conclusion

Seen that the domain of time-integrated CPV has been extended to Λb.  
Time-dependent CPV: closing in on the CKM angle gamma and shown the 

strongest evidence for time-dependent CPV in Bs mesons (Bs→KK).  

The technique of using semileptonic decays for lifetime proved useful, this 

time with striking results for the Ωc0 baryon.

Eagerly awaiting the Run-2 results!
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Run 2 Upgrade
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Systematics lifetime analysis Ds/Bs
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Systematic uncertainties

17

Precision limited by the size of the reference sample
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Systematics lifetime analysis Ωc
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Table 1: Summary of systematic uncertainties on the lifetime ratio, r⌦0
c
, in units of 10�4.

Source r⌦0
c

Decay time acceptance 13
⌦�

b prod. spectrum 3
⌦�

b lifetime 4
Decay time resolution 3
Background subtraction 18
Hc(⌧�, D), random µ� 8
Simulated sample size 98
Total systematic 101
Statistical uncertainty 230

The method for background subtraction uses the sPlot technique, which will in general193

depend on the choice of signal and background functions. To assess a potential systematic194

e↵ect here, the decay time spectra are obtained using a sideband subtraction of the Hc195

mass spectra for both the signal and the normalization modes. The sideband-subtracted196

decay time spectra are then fitted using the decay time fit described above. The di↵erence197

between this result and the nominal one is assigned as a systematic uncertainty.198

The decay time spectra in data (both ⌦0
c µ
� and D+µ� samples) have small contri-199

butions from random combinations of Hc and µ� (0.8 ± 0.2)% of the signal), as well200

physics backgrounds where the µ� comes from either a ⌧� (1.8± 0.3)% or a SL D decay201

(0.5± 0.2)%. From simulation and data control samples, we find that the e↵ective life-202

times of these backgrounds are within 10% of the true signal lifetime; this is due to the203

requirement that the muon candidate must form a good vertex with the Hc candidate.204

The impact on the ⌦0
c lifetime is studied using pseudoexperiments, where mixtures of205

these backgrounds (with di↵erent decay time spectra) and signal decays are formed and206

fitted assuming a single lifetime for the sample.207

The finite size of the simulated samples is assessed by repeating the fit to the data208

many times, where in each fit, the simulated templates’ bin contents are fluctuated within209

their uncertainties. The standard deviation of the distribution of fitted r⌦0
c

is assigned as210

a systematic uncertainty.211

In summary, we use pp collision data samples at 7 TeV and 8 TeV center of mass212

energies, corresponding to 3.0 fb�1 of integrated luminosity, to measure the the lifetime of213

the ⌦0
c baryon. The measured ratio of lifetimes and absolute ⌦0

c lifetime are214

⌧⌦0
c

⌧D+
= 0.258± 0.023± 0.010

⌧⌦0
c

= 268± 24± 10± 2 fs,

where the first uncertainty is statistical, the second is systematic, and the third is due to215

the uncertainty in the D+ lifetime [13]. The measured ⌦0
c lifetime is about four times216

larger than, and inconsistent with the world average value of 69± 12 fs [13]. This average217

is based on three experimental results from fixed target experiments [17–19], where each218

experiment observed only a few dozen events with relatively large background.219

6
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Are the mixing probabilities the 
same for B and B?

[LHCB-PAPER-2016-013]
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https://cds.cern.ch/record/2007377/?ln=en
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Bs → KK, B0 → ππ
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[LHCb-PAPER-2018-006]

1

Figure 5: Distributions of (top left) invariant mass, (top right) decay time, (middle left) decay-
time uncertainty, (middle right) ⌘OS, and (bottom) ⌘SSc for candidates in the ⇡+⇡� sample. The
result of the simultaneous fit is overlaid. The individual components are also shown.

17

Fit the decay time distribution (split by 
flavour tag), using all components: access 
to Γ(Bs -> f)

Figure 5: Distributions of (top left) invariant mass, (top right) decay time, (middle left) decay-
time uncertainty, (middle right) ⌘OS, and (bottom) ⌘SSc for candidates in the ⇡+⇡� sample. The
result of the simultaneous fit is overlaid. The individual components are also shown.

17

Figure 5: Distributions of (top left) invariant mass, (top right) decay time, (middle left) decay-
time uncertainty, (middle right) ⌘OS, and (bottom) ⌘SSc for candidates in the ⇡+⇡� sample. The
result of the simultaneous fit is overlaid. The individual components are also shown.

17

Use the mass resolution to select the correct 
decay.2

Figure 5: Distributions of (top left) invariant mass, (top right) decay time, (middle left) decay-
time uncertainty, (middle right) ⌘OS, and (bottom) ⌘SSc for candidates in the ⇡+⇡� sample. The
result of the simultaneous fit is overlaid. The individual components are also shown.

17

https://cds.cern.ch/record/2318785
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All phis measurements
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Heavy Flavor Averaging Group (HFLAV), PDG 2018 1

Table 1: Direct experimental measurements of �ccs
s , ��s and �s using B0

s ! J/ �, J/ K+K�,
 (2S)�, J/ ⇡+⇡� and D+

s D�
s decays. Only the solution with ��s > 0 is shown, since the

two-fold ambiguity has been resolved in Ref. [1]. The first error is due to statistics, the second
one to systematics. The last line gives our average.

Exp. Mode Dataset �ccs
s ��s (ps�1) Ref.

CDF J/ � 9.6 fb�1 [�0.60, +0.12], 68% CL +0.068± 0.026± 0.009 [2]
D0 J/ � 8.0 fb�1 �0.55+0.38

�0.36 +0.163+0.065
�0.064 [3]

ATLAS J/ � 4.9 fb�1 +0.12± 0.25± 0.05 +0.053± 0.021± 0.010 [4]
ATLAS J/ � 14.3 fb�1 �0.110± 0.082± 0.042 +0.101± 0.013± 0.007 [5]
ATLAS above 2 combined �0.090± 0.078± 0.041 +0.085± 0.011± 0.007 [5]
CMS J/ � 19.7 fb�1 �0.075± 0.097± 0.031 +0.095± 0.013± 0.007 [6]
LHCb J/ K+K� 3.0 fb�1 �0.058± 0.049± 0.006 +0.0805± 0.0091± 0.0032 [7]
LHCb J/ ⇡+⇡� 3.0 fb�1 +0.070± 0.068± 0.008 — [8]
LHCb J/ K+K�a 3.0 fb�1 +0.119± 0.107± 0.034 +0.066± 0.018± 0.010 [9]
LHCb above 3 combined +0.001± 0.037(tot) +0.0813± 0.0073± 0.0036 [9]
LHCb  (2S)� 3.0 fb�1 +0.23+0.29

�0.28 ± 0.02 +0.066+0.41
�0.44 ± 0.007 [10]

LHCb D+
s D�

s 3.0 fb�1 +0.02± 0.17± 0.02 — [11]
All combined �0.021± 0.031 +0.085± 0.006
a m(K+K�) > 1.05 GeV/c2.
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