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OUTLINE
• Introduction
• asld (2015)
• asls (new result)
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CPV IN MIXING
• Neutral mesons:  

mass eigenstates vs flavour eigenstates 

• Mixing due to      ,  
 

• CP violation in mixing: 
 
 

• So far only observed in kaon system: 
(εK = 0.2%)
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PDG, Chin. Phys. C, 38, 090001 (2014) 
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CPV IN MIXING
• CP Violation in mixing: 
 

• Semileptonic inclusive final state  (flavour specific)

• 2 neutral B mesons: 

4

1 Introduction23

CP violation in B mixing means that the probability that a B mixes into a B is di↵erent24

from the probability that a B mixes into a B. The flavour specific or “semileptonic”25

asymmetry is defined as26
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where the subscript q distinguishing the two species of neutral B mesons, namely the27

B0
s

and B0
d

. The Standard Model predictions [1, 2] are tiny compared to the current28

experimental sensitivity: adsl = (�4.1 ± 0.6) ⇥ 10�4 and assl = (1.9 ± 0.3) ⇥ 10�5. This29

makes the measurement of these asymmetries an excellent null test of the Standard Model.30

Experimentally, the dimuon asymmetry measured by D0 [3] is sensitive adsl and assl31

and shows a 3.6 standard deviation discrepancy with the Standard Model. Dedicated32

measurements of assl have been performed by LHCb [4] and D0 [5]. An overview of past33

measurements and a world average is provided by the Heavy Flavor Averaging Group34

(HFAG) [6]. The world averages of pure asl measurements as of Summer 2015 (excluding35

the D0 di-muon asymmetry) are36

adsl = (+0.01 ± 0.20)% (2)

assl = (�0.48 ± 0.48)% , (3)

This analysis is aimed to measure assl at LHCb using the semileptonic decay B0
s

!37

D�
s

µ+⌫
µ

X with the subsequent decay D�
s

! K+K�⇡�.38

• Need to account for all possible detection and reconstruction asymmetries: 
nuclear interaction, particle identification, tracking, trigger 

B
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Detection asymmetries

• Novel tag-and-probe method using  using                          decays combined 
with the method using partially reconstructed                                         decays

J/ ! µ+µ�

as
sl

AD = Aµ⇡
(track) + A⇡

(PID|track) + AKK
(track+PID) + Aµ

(PID+L0|track)

µ+

⇡�

D⇤ ! (D0 ! K⇡⇡⇡)⇡

expected uncertainty on Aµ⇡
(track) < 0.1% in 3 fb�1 analysis

22

Figure 1: Decay topology of the signal.

2

P(Bq ! B̄q) 6= P(B̄q ! Bq)

B0
d ! D�µ+⌫µ

B0
s ! D�

s µ
+⌫µ assl

adsl

Lenz, Nierste [JHEP 0706:072 (2007)]

X

X

(q = d, s)

assl = (2.22± 0.27)⇥ 10�5
adsl = (�4.7± 0.6)⇥ 10�4

Artuso, Borissov, Lenz [arXiv:1511.09466]
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Production asymmetry: 
 
 

‘Raw’ untagged asymmetry: 
 
 

Detection asymmetry: 
 
 

MEASURING asl

5

AP =
N(B)�N(B̄)

N(B) +N(B̄) AD =
✏(D�µ+)� ✏(D+µ�)

✏(D�µ+) + ✏(D+µ�)

Araw =
N(D�µ+)�N(D+µ�)

N(D�µ+) +N(D+µ�)
=

asl
2

+ ...
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TIME DEPENDENCE

6

AmplitudeOffset

Mixing 
oscillation

For asld: measure offset and amplitude 
  to disentangle AP and asld

Araw(t) =
N(f, t)�N(

¯f, t)

N(f, t) +N(

¯f, t)
⇡ AD +

adsl
2

+

✓
AP � adsl

2

◆
cos(�mdt)
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asld

AD + AP
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Figure 2: Decay rate and charge asymmetry after weighting versus decay time for (top) the
D�µ+ sample and (bottom) the D⇤�µ+ sample. The data from the two run periods and magnet
polarities are combined and the fit results are overlaid. The number of bins in the asymmetry
plots is reduced for clarity. The visible asymmetry in these plots can be fully attributed to the
non-zero detection and production asymmetries (not to adsl), as explained in the text.
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Figure 1: Distribution of m
K⇡⇡

for the B0! D�µ+⌫
µ

X candidates in (left) 2011 and (right)
2012 data. Projections of the fit function are superimposed (blue continuous line) for the full
PDF and its components: (red dashed line) signal D� from B0 or B+ decays and (filled yellow
area) combinatorial background.

combinations, �m = m
K

+
⇡

�
⇡

� �m
K

+
⇡

� , is performed. Three di↵erent components are
considered: the signal D⇤ from B0 or B+ decays and two background sources. The PDF for
the mass distributions of D⇤ from B decays is defined by the sum of two Gaussian functions
and a Crystal Ball function in the m mass projection and by two Gaussian functions and
a Johnson function [28] in the �m mass projection. Background candidates containing
a D0 originating from a b hadron decay without an intermediate D⇤ resonance, which
contribute about 15% in the full �m mass range, are described by the same distribution as
that of the signal for m, and by an empirical function based on a phase-space distribution
for �m. A combinatorial background component which contributes typically 0.8% under
the D⇤ peak is modelled with an exponential distribution for m and the same empirical
distribution for �m as used for the D0 background. All parameters that describe signal and
background shapes are allowed to vary freely in the invariant mass fits. The results of the
2011 and 2012 fits for these parameters are compatible within the statistical uncertainties.
Figure 2 shows the results of the fit to the B0! D⇤�µ+⌫

µ

X samples, projected onto the
two mass observables. The yields corresponding to the D⇤ peak are (2.514± 0.006)⇥ 105

and (5.776± 0.009)⇥ 105 in 2011 and 2012 data.
The fraction of B+ background in data, ↵

B

+ , is determined with good precision by
fitting the distribution of the BDT classifier, where templates for signal and B+ background
are obtained from simulation. Fits are performed separately in tagging categories for 2011
and 2012 data, giving fractions of B+ of 6% and 3% on average for the B0! D�µ+⌫

µ

X and
the B0! D⇤�µ+⌫

µ

X modes with relative variation of the order of 10% between samples.
The results of the fits to 2012 data for both modes are given in Fig. 3. Limited knowledge of
the exclusive decays used to build the simulation templates leads to systematic uncertainties

5

2AP - asld

Araw(t) =
N(f, t)�N(

¯f, t)

N(f, t) +N(

¯f, t)
⇡ AD +

adsl
2

+

✓
AP � adsl

2

◆
cos(�mdt)

LHCb, PRL 114 (2015) 041601
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THE STORY SO FAR

8

assl = (�0.06± 0.50(stat)± 0.36(syst))%
adsl = (�0.02± 0.19(stat)± 0.30(syst))%

HFAG [arXiv:1412.7515] 
*without D0 dimuon result  
  [PRD 89, 012002 (2014)]

SM:

LHCb:

assl = (2.22± 0.27)⇥ 10�5
adsl = (�4.7± 0.6)⇥ 10�4

adsl = (0.01± 0.20)⇥ 10�2

assl = (�0.48± 0.48)⇥ 10�2

HFAG*:

22
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FIG. 15 Overview of measurements in the ad

sla
s
sl plane. Direct

measurements of as
sl and a

d
sl listed in Tab. V (B0 average as

the vertical band, B0
s average as the horizontal band, D0 di-

muon result as the yellow ellipse). The black point close to
(0; 0) is the Standard Model prediction of Ref. (Lenz and
Nierste, 2011) with error bars multiplied by 10. The plot is
an updated version of the plot from Ref. (Aaij et al., 2015f),
including the result from Ref. (Lees et al., 2015b).

IV. CP VIOLATION IN INTERFERENCE

A. Theory

In this section we discuss CP violating e↵ects that arise
from interference between mixing and decay, which is also
called mixing-induced CP violation. We consider there-
fore in the following a final state f in which in principle
both the B0

s -meson and the B̄0
s -meson can decay. The

corresponding decay amplitudes will be denoted by Af

and Āf , defined in Eq.(22). These amplitudes can have
contributions from di↵erent CKM structures, their gen-
eral structure looks like

Af =
X

j

Aje
i(�strong

j +�CKM

j ) , (139)

where j sums over the di↵erent CKM contributions,
�CKM
j denotes the corresponding CKM phase and

Aje
i�strong

j encodes the whole non-perturbative physics
as well as the moduli of the CKM-elements. The cal-
culation of the strong amplitudes and phases from first
principles is a non-trivial problem, which has not been
solved generally till now. Currently several working tools
are available in order to investigate this non-perturbative
problem: QCD factorisation (QCDF; e.g. (Beneke et al.,
1999b, 2000, 2001; Beneke and Neubert, 2003)), Soft
Collinear E↵ective Theory (SCET; e.g. (Bauer et al.,
2001, 2004, 2002)), light cone sum rules (LCSR; e.g.
(Balitsky et al., 1989; Khodjamirian et al., 2003; Khod-
jamirian, 2001)) and perturbative QCD (pQCD; e.g. (Li
and Yu, 1996; Yeh and Li, 1997)).

Considering now the CP conjugate decay B̄0
s ! f̄ one

finds

Āf̄ = �
X

j

Aje
i(�strong

j ��CKM

j ) , (140)

so only the CKM phase has changed its sign, while the
strong amplitude and the strong phase remain unmodi-
fied. The overall sign is due to the CP-properties of the
B0

s -mesons, defined in Eq.(8) and f̄ defined in Eq.(34).
In some CP asymmetries the hadronic amplitudes can-

cel to a good approximation in the ratios of decay rates.
The corresponding decay modes are the so-called golden

modes, which were introduced e.g. by (Carter and Sanda,
1981) and (Bigi and Sanda, 1981). Later on we will see
that golden modes will appear, when the decay amplitude
is governed by a single CKM structure. This could be the
case in a decay like B̄0

s ! J/ �, which is governed on
quark-level by a b ! cc̄s-transition. Such a transition has
a large tree-level contribution and a suppressed penguin
contribution, see Fig. 16. To a good first approxima-
tion the penguins can be neglected and we have a golden
mode, with a precise relation of the corresponding CP-
asymmetry to fundamental Standard Model parameters,
including the CKM-couplings. In view of the dramati-
cally increased experimental precision in recent years it
turns out, however, that it is necessary to investigate the
possible size of penguin e↵ects, the so-called penguin pol-

lution. This will be discussed below.
Let us come back to the general case and consider the

following time-dependent CP asymmetry for a B0
s ! f

transition without any approximations concerning the
structure of the decay amplitude.

ACP,f (t) =
�
�
B̄0

s (t) ! f
�

� �
�
B0

s (t) ! f
�

�
�
B̄0

s (t) ! f
�
+ � (B0

s (t) ! f)
. (141)

Inserting the time evolution given in Eq.(21) and Eq.(33)
one finds 9

ACP,f (t) = �Adir
CP cos(�Mst) + Amix

CP sin(�Mst)

cosh(��st
2 ) + A�� sinh(

��st
2 )

+O (a) ,

(142)
with Adir

CP, Amix
CP and A�� being defined in Eq.(24),

Eq.(25) and Eq.(26). We can rewrite two of those defini-
tions as

Amix
CP = � 2|�f |

1 + |�f |2 sin [arg(�f )] = +
2|�f |

1 + |�f |2 sin [�s] ,

(143)

A�� = � 2|�f |
1 + |�f |2 cos [arg(�f )] = � 2|�f |

1 + |�f |2 cos [�s] ,

(144)

9 A more detailed derivation can be found in (Anikeev et al., 2001).

1 fb-1

LHCb, PRL 114, 041601 (2015) 
LHCb, PLB 728C (2014) 607

Artuso, Borissov, Lenz [arXiv:1511.09466]
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OVERVIEW
• Inclusive 

• Untagged, time-integrated analysis: 

• Adding backgrounds:

10

�m ⇡ 18 ps�1

⌧ ⇡ 1.5 ps

is measured with B0
s

! D+
s

µ�⌫
µ

X

1 Introduction1

CP violation in B mixing means that the probability that a B mixes into a B is di↵erent2

from the probability that a B mixes into a B. The flavour specific or “semileptonic”3

asymmetry is defined as4

aq
sl

=
P (B

q

! B
q

)� P (B
q

! B
q

)

P (B
q

! B
q

) + P (B
q

! B
q

)
, (1)

where the subscript q distinguishing the two species of neutral B mesons, namely the5

B0
s

and B0
d

. The Standard Model predictions [1, 2] are tiny compared to the current6

experimental sensitivity: adsl = (�4.1 ± 0.6) ⇥ 10�4 and assl = (1.9 ± 0.3) ⇥ 10�5. This7

makes the measurement of these asymmetries an excellent null test of the Standard Model.8

2 Method9

Following the formalism derived in Refs. [3, 4], the time integrated asymmetry10

�(D�
s

µ+X)� �(D+
s

µ�X)

�(D�
s

µ+X) + �(D+
s

µ�X)
⇡ assl

2
, (2)

is measured. The e↵ect of the B0
s

production is diluted by a factor 5 ⇥ 10�4 and thus11

negligible. The raw (observed) asymmetry is defined as the di↵erence between the number12

of candidates with positive and negative muons,13

Araw =
N(D�

s

µ+X)�N(D+
s

µ�X)

N(D�
s

µ+X) +N(D+
s

µ�X)
. (3)

The raw asymmetry is a↵ected by detection asymmetries (A
D

) and background asymmetries14

(Abkg) as15

Araw = (1� fbkg)
assl
2

+ fbkgAbkg + A
D

, (4)

where fbkg is the fraction of background and Abkg the corresponding asymmetry. Hence,16

assl
2

=
1

1� fbkg
(Araw � A

D

� fbkgAbkg) . (5)

This equation can also be written as17

assl
2

=
Nsig +Nbkg

Nsig
(Araw � A

D

)� Nbkg

Nsig
Abkg , (6)

The challenge is to control the detector-related and background asymmetries.18

As an auxiliary measurement, the production asymmetry of prompt D±
s

mesons is19

studied. This analysis uses the same D+
s

! KK⇡ decay mode as the main analsysis.20

Also the detection asymmetries are mostly the same, except for the muon detection21

asymmetries, which are only present in the main analysis. The auxiliary measurement is22

further discussed in Chapter 11.23

1

O(10-4)

Araw ⇡ AD +

assl
2

+

✓
AP � assl

2

◆Z
cos(�mst)dt
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DS SELECTION

11
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Figure 1: Dalitz plot of the D�
s ! K+K�⇡� decay for selected D�

s µ
+ candidates, with the three

selection regions indicated. In addition, a invariant mass of the D�
s candidates is required to be

between 1950 and 1990MeV/c2.

separately for the three Dalitz regions, for each magnet polarity, and for each of the two81

data-taking periods (2011 and 2012). In order to accurately determine the background82

shape, a wide mass window between 1800 and 2047MeV/c2 is used, which includes the83

Cabibbo-suppressed D� ! K�K+⇡� decay. Both peaks are modelled with a double-sided84

Hypatia function [16]. The tail parameters are determined for each Dalitz region by85

combining both magnet polarities and both data-taking periods, and subsequently fixed in86

the twelve individual mass fits. A systematic uncertainty is assigned due to fixing these87

parameters. The combinatorial background is modelled with a second-order polynomial.88

A simultaneous fit to the m(K+K�⇡�) and m(K+K�⇡�) distributions is performed with89

all signal parameters shared apart from the yields of D�
s and D+

s candidates, such that the90

raw asymmetry is obtained directly from the fit. The background parameters are allowed91

to vary independently to allow for an asymmetry in the combinatorial background.92

The weighted average of the raw asymmetry of the three Dalitz regions is taken, using93

optimized weights that minimize the total statistical uncertainty from A
raw

and A
det

. Then94

an arithmetic average of the two magnet polarities is taken to minimize possible residual95

detection asymmetries. Finally, a weighted average is made over the two data-taking96

periods. The resulting raw asymmetry is A
raw

= (X.XX ± 0.09)%. Other systematic97

biases from the fit model are studied by generating events using a double Gaussian function98

with power-law tails on both sides as alternative signal shape, and subsequently applying99

the fit with the default Hypatia shape. The change in the central value is included in the100

systematic uncertainty and shown in Table 1.101

The D�
s µ

+ yields from the fits contain contributions from other b-hadron decays into102

3

m(KK) in [1000, 1040] MeV 

m(Kπ) in [806, 986] MeV 

3 Dalitz regions 
 

Various levels of 
backgrounds in M(Ds-). 

Regions treated separately.

LHCb preliminary

LHCb-PAPER-2016-013
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Figure 2: Invariant mass distributions for D±
s

candidates in the three Dalitz regions, summed
over both magnet polarities and data-taking periods. Overlaid is the result of the fit, with signal
and background components as indicated in the legend.

approximated as141

A
det

⇡ A
track

+ A
PID

+ A
trig

, (4)

where each of the individual contributions is described below. As these contributions are142

small (O(1%)), the approximation is valid down to O(10�6). For each calibration sample,143

event weights are applied to match the three-momentum distributions of the calibration144

particles to those of the signal decays. The weights are determined in bins of the kinematic145

distributions. Alternative binning schemes are used to assess the systematic uncertainties146

due to the weighting procedure.147

The track reconstruction asymmetry, A
track

, is split into a contribution, A
track

(K+K�),148

due to the reconstruction of the K+K� pair and a contribution, A
track

(⇡�µ+), due to the149

⇡�µ+ pair. The track reconstruction e�ciency for single kaons su↵ers from a sizeable150

di↵erence between K+ and K� cross-sections with the detector material, which depends151

on the kaon momentum. This asymmetry largely cancels in A
track

(K+K�), due to the152

similar kinematic distributions of the positive and negative kaons. The kaon asymmetry153

is calculated using D+ ! K+⇡�⇡+ and D+ ! K0

S⇡
+ decays similar to the method used154

in Refs. [17, 20]. For muons and pions, any charge asymmetry due to interactions in the155

detector material is assumed to be negligible, as the material of the detector is close to156

being isoscalar and muons do not interact strongly. A small systematic uncertainty is157

assigned to this assumption [17]. Only e↵ects from the track reconstruction algorithms and158

detector acceptance in combination with a di↵erence in kinematic distributions between159

pions and muons can result in a charge asymmetry. Since this was the largest source of160

systematic uncertainty in the previous analysis [7], it is assessed here with two methods.161

The first method measures the track reconstruction e�ciency using samples of partially162

5

- Select (Ds-μ+), fit Ds- mass peaks
- Directly produced Ds is removed 
- Raw yield contains peaking backgrounds

899 x 103

413 x 103

280 x 103

LHCb preliminary

LHCb-PAPER-2016-013
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Peaking backgrounds dilute and bias the measurement

PEAKING BACKGROUNDS

13

1 Introduction1

CP violation in B mixing means that the probability that a B mixes into a B is di↵erent2

from the probability that a B mixes into a B. The flavour specific or “semileptonic”3

asymmetry is defined as4
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=
P (B
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! B
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)� P (B
q

! B
q

)

P (B
q

! B
q

) + P (B
q

! B
q

)
, (1)

where the subscript q distinguishing the two species of neutral B mesons, namely the5

B0
s

and B0
d

. The Standard Model predictions [1, 2] are tiny compared to the current6

experimental sensitivity: adsl = (�4.1 ± 0.6) ⇥ 10�4 and assl = (1.9 ± 0.3) ⇥ 10�5. This7

makes the measurement of these asymmetries an excellent null test of the Standard Model.8

2 Method9

Following the formalism derived in Refs. [3, 4], the time integrated asymmetry10

�(D�
s

µ+X)� �(D+
s

µ�X)

�(D�
s

µ+X) + �(D+
s

µ�X)
⇡ assl

2
, (2)

is measured. The e↵ect of the B0
s

production is diluted by a factor 5 ⇥ 10�4 and thus11

negligible. The raw (observed) asymmetry is defined as the di↵erence between the number12

of candidates with positive and negative muons,13

Araw =
N(D�

s

µ+X)�N(D+
s

µ�X)

N(D�
s

µ+X) +N(D+
s

µ�X)
. (3)

The raw asymmetry is a↵ected by detection asymmetries (A
D

) and background asymmetries14

(Abkg) as15

Araw = (1� fbkg)
assl
2

+ fbkgAbkg + A
D

, (4)

where fbkg is the fraction of background and Abkg the corresponding asymmetry. Hence,16

assl
2

=
1

1� fbkg
(Araw � A

D

� fbkgAbkg) . (5)

This equation can also be written as17

assl
2

=
Nsig +Nbkg

Nsig
(Araw � A

D

)� Nbkg

Nsig
Abkg , (6)

The challenge is to control the detector-related and background asymmetries.18

As an auxiliary measurement, the production asymmetry of prompt D±
s

mesons is19

studied. This analysis uses the same D+
s

! KK⇡ decay mode as the main analsysis.20

Also the detection asymmetries are mostly the same, except for the muon detection21

asymmetries, which are only present in the main analysis. The auxiliary measurement is22

further discussed in Chapter 11.23
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Figure 4: Measured values of as
sl

for the twelve individual data sets, with all corrections applied and
corrected for the background dilution. The blue error bars represent the statistical uncertainties.
The red error bars represent the statistical and systematic uncertainties, added in quadrature.
The uncertainties are correlated between the three regions. The green horizontal band represents
the uncertainty on the average value of as

sl

.

Table 2: Background contributions (f
bkg

), e�ciency ratios ("
sig

/"
bkg

) and their e↵ective asym-
metries. The branching fractions are obtained from the PDG [16]. The signal branching ratio
is B = (7.9 ± 2.4)%. The b-hadron fractions used are fu/fs = fd/fs = (3.86 ± 0.22) [28] and
f⇤0

b
/fs = (2.34± 0.31) [29].

Mode B [%] B(c ! µ) [%] "
sig

/"
bkg

f
bkg

/f
sig

[%] A
bkg

[%]

B+ ! D(⇤)0D(⇤)+
s X 7.9± 1.4 6.5± 0.1 4.34 5.8± 1.1 �0.4± 0.4

B0 ! D0D(⇤)+
s X 5.7± 1.2 6.5± 0.1 4.08 4.4± 1.0 �0.18± 0.13

B0 ! D�D(⇤)+
s X 4.6± 1.2 16.1± 0.3 6.41 5.6± 1.5 �0.18± 0.13

B0

s ! D(⇤)�
s D(⇤)+

s 4.5± 1.4 8.1± 0.4 3.68 1.0± 0.3 �
⇤0

b ! ⇤+

c D
(⇤)+
s X 10.3+2.1

�1.8 4.5± 1.7 4.51 3.0± 1.4 �0.4± 0.9
B� ! D+

s K
�µ�⌫X 0.061± 0.010 – 2.43 1.3± 0.2 0.4± 0.4

B0 ! D+

s K
0

Sµ
�⌫X 0.061± 0.010 – 2.89 1.1± 0.2 0.18± 0.13

10

‘double-D’

‘DsK’

5.8 Background asymmetry correction422

The background contributions and their e↵ective production asymmetries are given in423

Table 12. Note that the double D and B ! D+
s

KX backgrounds have opposite asym-424

metries. The symmetric B0
s

! D
(⇤)�
s

D
(⇤)+
s

decays will have a zero asymmetry, and425

will only contribute to the dilution of the observed asymmetry. The background- and426

detection-corrected asymmetry is calculated as (cf. Eq. 9).427

Acorr =
1

1 � fbkg
(Araw � A

D

� fbkgAbkg) , (15)

where fbkg is the background fraction that is peaking in the D±
s

mass window, and fbkgAbkg428

is the sum of all background fractions multiplied with the e↵ective production asymmetries.429

The total background fraction and asymmetry are found to be430

fbkg/fsig = (22.6 ± 7.3)%,

fbkg = (18.4 ± 6.0)%,

⌃
i

f i

bkgA
i

bkg = fbkgAbkg = (�0.037 ± 0.028)% ,

where fsig is the number of signal over the total number of signal and background events.431

The estimation of the background contribution follows the same approach as the previ-432

ous analysis [25]. The branching fractions, b-hadron fractions and production asymmetries433

have been updated. The main di↵erences are the inclusion of the B0
s

component and the434

lower background e�ciencies in the previous analysis. The background fraction (fbkg) in435

the previous analysis was estimated to be fbkg = (7.6 ± 3.3)%, which justifies that the436

dilution e↵ect could be ignored in the previous analysis.437

32

Taken into account:

Abkg mainly from  
production asymmetries: 

LHCb, JHEP 09 177 (2014)
LHCb, PRL 114, 041601 (2015)  

LHCb, Chin.Phys.C 40, 1, 011001(2016)

fbkg: branching ratios (PDG)  
and efficiency

LHCb-PAPER-2016-013

X

i

f i
bkgA

i
bkg = fbkgAbkg = (�0.045± 0.033)%
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Use tag & probe                                decays of which one of the two is not 
required to be reconstructed as a long track. Measure the tracking asymmetry 
in bins of pt and eta.

17

Detection asymmetries: MuPi
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Figure 2. Illustration of the three tag-and-probe methods: (a) the VELO method, (b) the T-station method,
and (c) the long method. The VELO (black rectangle), the two TT layers (short bold lines), the magnet coil,
the three T stations (long bold lines), and the five muon stations (thin lines) are shown in all three subfigures.
The upper solid blue line indicates the tag track, the lower line indicates the probe with red dots where hits
are required and dashes where a detector is probed.

share all hits in the T stations. Therefore, a probe track is considered to be found as a long track
if there is a long track with at least 50% common hits in the T stations. In simulated events the
fraction of 50% common hits is found to be an appropriate and stable matching criterion.

4.2 T-station method

The measurement of the track reconstruction efficiency in the T stations for particles that have
VELO and muon segments is illustrated in figure 2(b). A dedicated algorithm reconstructs muons
as straight tracks starting from hits in the last muon station, see for example refs. [24, 25]. These
are subsequently matched to VELO tracks.

A long track is considered to be matched to a probe track if two requirements are met. Firstly,
the probe track and the long track have to be reconstructed from the same VELO seed. Secondly, at
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a detector is probed.
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Combine 2 methods: 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Figure 7: Tracking asymmetry as function of momentum p. The weighted average of both
methods described in the text is shown in each bin with its statistical uncertainty.
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Figure 8: Asymmetry of the PID requirements on the kaon as a function of transverse momentum,
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T

, for (left) the �⇡ region, and (right) the K⇤K and NR regions. The asymmetry is measured
from a large sample of D⇤+ ! D0(K�⇡+)⇡+ decays selected without PID requirements.
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Detection asymmetries: MuPi

1 Introduction

One of the main physics objectives of LHCb is the search for new physics through anomalous
CP -asymmetries. In many channels, our sensitivity is determined by our understanding of
detector induced asymmetries. There are two root causes of detection asymmetries. The
first is detector mis-alignments and inhomogeneities. The second is nuclear interactions.
Charged kaons are well known to exhibit a nuclear interaction asymmetry of around 10�2

in LHCb due to the di↵erent cross sections of positively and negatively charged kaons [1].
A few data driven methods have been developed to measure the combined K

±
⇡

⌥ detection
asymmetry [2, 3]. With the method proposed in [2], the K

±
⇡

⌥ asymmetry is still the
dominant source of uncertainty on the measurement of a

d
sl [4].

In this note, we present a complementary method to measure the single kaon and
pion detection e�ciencies and the corresponding charge asymmetries using partially
reconstructed promptly produced D

⇤+ ! D

0
⇡

+ decays. The partial reconstruction
method has already been used at LHCb to measure the single pion asymmetry [5] with
D

0 ! K

�
⇡

+
⇡

+
⇡

�. An attempt to apply the same idea to measure the kaon asymmetry
but using D

⇤+ with a muon tag in order to control the level of background is described
in Ref. [6]. This method is limited by the relatively poor momentum resolution on the
probe particle and poor separation of signal and background. In this note we explore
the possibility to require that the probe particle is reconstructed as a VELO track as
suggested in [6], thus restricting the problem to the downstream part of the tracking. With
the direction of the probe particle fixed, the problem is well constrained, thus allowing
essentially perfect momentum resolution and the possibility to reconstruct a narrow signal
mass peak. This also allows us to use the D

0 ! K

�
⇡

+ signal channel to increase statistics,
though this will only be possible with a dedicated Hlt2 line in Run-II.

In Sect. 2, we study the expected level of nuclear interaction asymmetry in the VELO
detector that would not be measured with this method and would need to be estimated
from simulation. Sect. 3 describes the selection of D

⇤ candidates and the projected signal
yields.

Figure 1: The two proposed signal decays with D⇤+ ! D0⇡+ and (left) D0 ! K�⇡+⇡+⇡� and
(right) D0 ! K�⇡+.
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Figure 40: Values for Atrack for 2011 data in bins of detected pion momentum. The blue points
indicate data taken with magnet polarity up and red points with magnet polarity down. Only
diagonal errors are shown.
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? Use partially reconstructed D* -> D0 (K3pi) 
pi decays to probe the full detection 
asymmetry of pions in bins of momentum.  
 
Strategy: even with one daughter missing, 
still can fit the delta mass spectrum.

After fitting the delta-mass, use unfolding 
to get the absolute momentum of the probe 
pion. The response matrix is generated 
using fully reconstructed data.

✓ used in 2011
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Figure 4: Measured values of as
sl

for the twelve individual data sets, with all corrections applied and
corrected for the background dilution. The blue error bars represent the statistical uncertainties.
The red error bars represent the statistical and systematic uncertainties, added in quadrature.
The uncertainties are partially correlated between the three regions (�⇡, K⇤K, and NR) mainly
due to the corrections for the detection asymmetries. The dashed line and the green horizontal
band represent the average value of as

sl

and its uncertainty.

Table 2: Background contributions (f
bkg

), e�ciency ratios ("
sig

/"
bkg

) and their e↵ective asym-
metries. The branching fractions are obtained from the PDG [16]. The signal branching ratio
is B = (7.9 ± 2.4)%. The b-hadron fractions used are f

u

/f
s

= f
d

/f
s

= (3.86 ± 0.22) [28] and
f
⇤

0
b
/f

s

= (2.34± 0.31) [29].

Mode B [%] B(c ! µ) [%] "
sig

/"
bkg

f
bkg

/f
sig

[%] A
bkg

[%]

B+ ! D(⇤)0D(⇤)+
s

X 7.9± 1.4 6.5± 0.1 4.34 5.8± 1.1 �0.4± 0.4

B0 ! D0D(⇤)+
s

X 5.7± 1.2 6.5± 0.1 4.08 4.4± 1.0 �0.18± 0.13

B0 ! D�D(⇤)+
s

X 4.6± 1.2 16.1± 0.3 6.41 5.6± 1.5 �0.18± 0.13

B0

s

! D(⇤)�
s

D(⇤)+
s

4.5± 1.4 8.1± 0.4 3.68 1.0± 0.3 �
⇤0

b

! ⇤+

c

D(⇤)+
s

X 10.3+2.1

�1.8

4.5± 1.7 4.51 3.0± 1.4 �0.4± 0.9
B� ! D+

s

K�µ�⌫X 0.061± 0.010 – 2.43 1.3± 0.2 0.4± 0.4
B0 ! D+

s

K0

Sµ
�⌫X 0.061± 0.010 – 2.89 1.1± 0.2 0.18± 0.13

10

(%)

LHCb preliminary LHCb

LHCb-PAPER-2016-013

Table 1: Overview of inputs to the determination of as
sl

with their statistical and systematic
uncertainties. All numbers are in percent. The central value of as

sl

is calculated according to
Eq. 3. The uncertainties are added in quadrature and multiplied by 2/(1� f

bkg

) = 2.45 to obtain
the uncertainties on as

sl

.

Source Value Stat. uncert. Syst. uncert.
A

raw

0.11 0.09 0.02
A

track

(K+K�) �0.01 0.00 0.03
A

track

(⇡�µ+) �0.01 0.05 0.04
A

PID

0.01 0.02 0.03
A

trig

(hardware) �0.03 0.02 0.02
A

trig

(software) 0.00 0.01 0.02
f
bkg

A
bkg

�0.05 - 0.03
f
bkg

- - 0.06
Total as

sl

0.45 0.26 0.20

The final value of A
track

(⇡�µ+) is obtained as the weighted average of the two methods.164

The systematic uncertainty on this number includes a small e↵ect from di↵erences in the165

detector acceptance for positive and negative particles.166

The asymmetry induced by the PID requirements, A
PID

, is determined using large167

samples of D⇤+ ! D0(K�⇡+)⇡+ and J/ ! µ+µ� decays. The D⇤+ charge identifies the168

kaons and the pions of the D0 decay without the use of PID requirements, which is then169

used to determine the PID e�ciencies and corresponding charge asymmetries.170

The asymmetry induced by the trigger, A
trig

, is split into contributions from the muon171

hardware trigger and from the software trigger. The first, A
trig

(hardware), is assessed172

using samples of J/ ! µ+µ� decays in data. The second, A
trig

(software), is mainly173

caused by the trigger requirements on the muon or one of the hadrons from the D�
s

decay.174

The asymmetry from the muon software trigger is determined in a similar fashion to that175

of the hardware trigger. The asymmetry due to the trigger requirement on the hadrons176

is determined using samples of prompt D�
s

! K+K�⇡� decays that have been triggered177

by other particles in the event. The combined asymmetry takes into account the overlap178

between the two trigger possibilities.179

The measured contributions of all detection asymmetries, including their statistical180

and systematic uncertainties are shown in Table 1. The overall corrections are small181

and compatible with zero. On the other hand, the corrections per magnet polarity are182

more significant (at most 1.1% in 2011 and 0.3% in 2012), as expected for most of183

the detector-induced charge asymmetries. The detection asymmetries are almost fully184

correlated between the various Dalitz regions.185

The previous analysis, based on 1.0 fb�1, used only candidates in the �⇡ region of the186

Dalitz plot with di↵erent selection criteria, and used a di↵erent fit method to determine187

the signal yields [7]. The more stringent selection resulted in a cleaner signal sample,188

but with roughly 30% fewer signal candidates in the �⇡ region. As a cross check, the189

approach of the previous analysis is repeated on the full 3.0 fb�1 data sample and the190

6
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Figure 3: Overview of the most precise measurements of ad
sl

and as
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. The horizontal and vertical
bands indicate the naive averages of pure as

sl

and ad
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measurements [5, 17, 23–27]. The yellow
ellipse represents the D0 dimuon measurement with ��

d

/�
d

set to its SM expectation value [5].
The error bands and contours correspond to 68% confidence level.

but with roughly 30% fewer signal candidates in the �⇡ region. As a cross check, the190

approach of the previous analysis is repeated on the full 3.0 fb�1 data sample and the191

result, as
sl

= (�0.09± 0.42)%, is compatible with that of the baseline analysis given here.192

The twelve values of as
sl

for each Dalitz region, polarity and data taking period are193

consistent with each other. The combined result is194

as
sl

= (0.43± 0.26± 0.20)% ,

where the first uncertainty is statistical, originating from the size of the signal and195

calibration samples, and the second systematic. There is a small correlation of +0.13196

between this measurement and the LHCb measurement of ad
sl

[17]. The correlation mainly197

originates from the muon detection asymmetry and from the e↵ect of ad
sl

, due to B0

198

background, on the measurement of as
sl

. Figure 3 displays an overview of the most precise199

measurements of ad
sl

and as
sl

[5, 17,23–27]. The naive averages of pure a
sl

measurements,200

including the present as
sl

result and accounting for the small correlation from LHCb, are201

found to be ad
sl

= (0.02±0.20)% and as
sl

= (0.20±0.30)% with a correlation of +0.07. This202

is marginally compatible with the D0 dimuon result, however, a large, non-SM value of203

��
d

due to CP violation in the interference between mixing and decay, might still explain204

the D0 result [5]. In summary, the determination of as
sl

presented in this letter is the most205

precise and shows no evidence for new physics e↵ects. It serves to limit models beyond206

the SM.207
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• Measured asls with full Run1 dataset (3/fb)  

• Most precise value of CPV in mixing in the Bs system

• Result compatible with Standard Model prediction

• Statistics limited!
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Figure 1: (left) The value of hki as function of the invariant D(⇤)�µ+ mass (top) for the
B0 ! D�µ+⌫µX decay and (bottom) for the B0 ! D⇤�µ+⌫µX decay. The value of hki is
determined from simulation as the average ratio between the reconstructed and true momenta of
the B0 meson, k ⌘ prec/ptrue. The dependence on the D(⇤)�µ+ mass is described by a polynomial
function. (right) Distribution of k/hki, which is correcting for the D(⇤)�µ+ mass dependence.
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Figure 2: Invariant mass distributions of J/ ! µ+µ� candidates, (left) where the positive muon
is accepted or rejected, and (right) where the negative muon is accepted or rejected by the trigger
and PID requirements. The results from the fits are overlaid, where the dashed lines show the
combinatorial background shape. The yields obtained from these fits are used to determine the
muon PID and trigger asymmetry.
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Figure 3: Detection asymmetry from the muon trigger and PID selection in bins of muon
momentum for the two magnet polarities, for (left) 2011 data and (right) 2012 data.
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where P(B0, B0) is the probability to produce a B0 or B0. Also, the detection of f and f
final states can be di↵erent. Such a detection asymmetry, AD, also introduces an additional
term in the observed asymmetry. The detection asymmetry is defined as

AD =
"(f)� "(f)

"(f) + "(f)
, (9)

where "(f, f) is the e�ciency to detect a f or f final state. Hence, the observed, untagged
asymmetry can be written as

Ameas(t) =
N(f, t)�N(f, t)

N(f, t) + N(f, t)
⇡ AD +

ad
sl

2
+

✓
AP �

ad
sl

2

◆
cos(�mdt) , (10)

where to a good approximation all higher-order asymmetry terms and the lifetime di↵er-
ence in the B0 system, ��d, have been neglected.1 The production asymmetry can be
determined simultaneously in a time-dependent analysis, but the detection asymmetry has
to be obtained independently. The production and detection asymmetries are expected to
depend on the kinematics of the final state, but ad

sl is expected to be universal. We assume
a negligible level of direct CP violation in Cabibbo-favoured tree decays of charm hadrons
as expected in the SM. It is noted that the experimental limits on these asymmetries are
only at the percent level. See e.g. Ref. [13].

2.2 Experimental approach

The decay time of the B0 meson is calculated as

t =
M(B0)L

p(B0)
(11)

with M(B0) the mass of the B0, L the decay distance, p(B0) the momentum 2 In semilep-
tonic decays, the momentum of the B0 meson cannot be measured precisely due to the
missing momentum of the neutrino. This is the dominating source of uncertainty in the
decay time of the B0 meson. It is possible to use the knowledge of the primary and
secondary vertex positions to solve for the missing neutrino momentum up to a quadratic
ambiguity [14]. Instead, we make a statistical correction for the average momentum loss
based on Monte Carlo simulation. In this approach the ratio between the measured and
true momentum of the B meson, defined as

k =
prec

ptrue

(12)

1The e↵ect of a non-zero ��
d

comes only at second order in ��
d

/�
d

, which is experimentally [12]
limited to 0.015± 0.018. It is checked that changing the lifetime by this amount has no observable e↵ect
on the measured asymmetry.

2We use the natural units in which the speed of light, c = 1.
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Figure 1: (left) The value of hki as function of the invariant D(⇤)�µ+ mass (top) for the
B0 ! D�µ+⌫µX decay and (bottom) for the B0 ! D⇤�µ+⌫µX decay. The value of hki is
determined from simulation as the average ratio between the reconstructed and true momenta of
the B0 meson, k ⌘ prec/ptrue. The dependence on the D(⇤)�µ+ mass is described by a polynomial
function. (right) Distribution of k/hki, which is correcting for the D(⇤)�µ+ mass dependence.
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Figure 2: Invariant mass distributions of J/ ! µ+µ� candidates, (left) where the positive muon
is accepted or rejected, and (right) where the negative muon is accepted or rejected by the trigger
and PID requirements. The results from the fits are overlaid, where the dashed lines show the
combinatorial background shape. The yields obtained from these fits are used to determine the
muon PID and trigger asymmetry.
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Figure 3: Detection asymmetry from the muon trigger and PID selection in bins of muon
momentum for the two magnet polarities, for (left) 2011 data and (right) 2012 data.
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where P(B0, B0) is the probability to produce a B0 or B0. Also, the detection of f and f
final states can be di↵erent. Such a detection asymmetry, AD, also introduces an additional
term in the observed asymmetry. The detection asymmetry is defined as

AD =
"(f)� "(f)

"(f) + "(f)
, (9)

where "(f, f) is the e�ciency to detect a f or f final state. Hence, the observed, untagged
asymmetry can be written as

Ameas(t) =
N(f, t)�N(f, t)

N(f, t) + N(f, t)
⇡ AD +
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where to a good approximation all higher-order asymmetry terms and the lifetime di↵er-
ence in the B0 system, ��d, have been neglected.1 The production asymmetry can be
determined simultaneously in a time-dependent analysis, but the detection asymmetry has
to be obtained independently. The production and detection asymmetries are expected to
depend on the kinematics of the final state, but ad

sl is expected to be universal. We assume
a negligible level of direct CP violation in Cabibbo-favoured tree decays of charm hadrons
as expected in the SM. It is noted that the experimental limits on these asymmetries are
only at the percent level. See e.g. Ref. [13].

2.2 Experimental approach

The decay time of the B0 meson is calculated as

t =
M(B0)L

p(B0)
(11)

with M(B0) the mass of the B0, L the decay distance, p(B0) the momentum 2 In semilep-
tonic decays, the momentum of the B0 meson cannot be measured precisely due to the
missing momentum of the neutrino. This is the dominating source of uncertainty in the
decay time of the B0 meson. It is possible to use the knowledge of the primary and
secondary vertex positions to solve for the missing neutrino momentum up to a quadratic
ambiguity [14]. Instead, we make a statistical correction for the average momentum loss
based on Monte Carlo simulation. In this approach the ratio between the measured and
true momentum of the B meson, defined as

k =
prec

ptrue

(12)

1The e↵ect of a non-zero ��
d

comes only at second order in ��
d

/�
d

, which is experimentally [12]
limited to 0.015± 0.018. It is checked that changing the lifetime by this amount has no observable e↵ect
on the measured asymmetry.

2We use the natural units in which the speed of light, c = 1.
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Figure 1: Mass distributions after weighting of (top) D� candidates in the D�µ+ sample and of
(bottom) D⇤� candidates in the D⇤�µ+ sample, with fit results overlaid.

and true momenta of the B0 meson, k ⌘ prec/ptrue. The value of hki depends on the
D(⇤)�µ+ mass and is empirically parameterised by a second-order polynomial. This
parameterisation is used to correct the B0 decay time. After this mass correction, the
k/hki distribution has an RMS of 0.14. The decay time distribution in the fit is described
as a convolution of the decay rates with the k/hki distribution.

The e�ciency as a function of the estimated decay time varies due to the IP requirements
and track reconstruction e↵ects. This is accounted for by multiplying the convoluted decay
rates with an empirical acceptance function of the form (1� e�(t�t0)/↵)(1� �t), where t0
and ↵ describe the e↵ect of the IP requirements, and � describes the track reconstruction
e↵ect. Since � is fully correlated with the B0 lifetime, the latter is fixed to the known
value [11], while � is allowed to vary in the fit.

The decay-time model for the B+ background is similar to that of the signal, except
that B+ mesons do not mix. As the momentum spectra of the B0 and B+ decay products
are nearly identical, the detection asymmetry is the same as that of the signal. The
B+ production asymmetry is taken as (�0.6 ± 0.6)% from the observed asymmetry in
B+ ! J/ K+ decays [17] after correcting for the kaon detection and measured CP
asymmetries [11].

The combinatorial background in the D meson mass is dominated by other decays of
charm hadrons produced in b-hadron decays. Hence, the decay-time model is the same as
for the signal, but setting adsl to zero. The corresponding values for AP and AD are allowed
to vary in the fit.
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Figure 2: Decay rate and charge asymmetry after weighting versus decay time for (top) the
D�µ+ sample and (bottom) the D⇤�µ+ sample. The data from the two run periods and magnet
polarities are combined and the fit results are overlaid. The number of bins in the asymmetry
plots is reduced for clarity. The visible asymmetry in these plots can be fully attributed to the
non-zero detection and production asymmetries (not to adsl), as explained in the text.

15

where P(B0, B0) is the probability to produce a B0 or B0. Also, the detection of f and f
final states can be di↵erent. Such a detection asymmetry, AD, also introduces an additional
term in the observed asymmetry. The detection asymmetry is defined as

AD =
"(f)� "(f)

"(f) + "(f)
, (9)

where "(f, f) is the e�ciency to detect a f or f final state. Hence, the observed, untagged
asymmetry can be written as

Ameas(t) =
N(f, t)�N(f, t)

N(f, t) + N(f, t)
⇡ AD +

ad
sl

2
+

✓
AP �

ad
sl

2

◆
cos(�mdt) , (10)

where to a good approximation all higher-order asymmetry terms and the lifetime di↵er-
ence in the B0 system, ��d, have been neglected.1 The production asymmetry can be
determined simultaneously in a time-dependent analysis, but the detection asymmetry has
to be obtained independently. The production and detection asymmetries are expected to
depend on the kinematics of the final state, but ad

sl is expected to be universal. We assume
a negligible level of direct CP violation in Cabibbo-favoured tree decays of charm hadrons
as expected in the SM. It is noted that the experimental limits on these asymmetries are
only at the percent level. See e.g. Ref. [13].

2.2 Experimental approach

The decay time of the B0 meson is calculated as

t =
M(B0)L

p(B0)
(11)

with M(B0) the mass of the B0, L the decay distance, p(B0) the momentum 2 In semilep-
tonic decays, the momentum of the B0 meson cannot be measured precisely due to the
missing momentum of the neutrino. This is the dominating source of uncertainty in the
decay time of the B0 meson. It is possible to use the knowledge of the primary and
secondary vertex positions to solve for the missing neutrino momentum up to a quadratic
ambiguity [14]. Instead, we make a statistical correction for the average momentum loss
based on Monte Carlo simulation. In this approach the ratio between the measured and
true momentum of the B meson, defined as

k =
prec

ptrue

(12)

1The e↵ect of a non-zero ��
d

comes only at second order in ��
d

/�
d

, which is experimentally [12]
limited to 0.015± 0.018. It is checked that changing the lifetime by this amount has no observable e↵ect
on the measured asymmetry.

2We use the natural units in which the speed of light, c = 1.
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Figure 4: Measured values of as
sl

for the twelve individual data sets, with all corrections applied and
corrected for the background dilution. The blue error bars represent the statistical uncertainties.
The red error bars represent the statistical and systematic uncertainties, added in quadrature.
The uncertainties are partially correlated between the three regions (�⇡, K⇤K, and NR) mainly
due to the corrections for the detection asymmetries. The dashed line and the green horizontal
band represent the average value of as

sl

and its uncertainty.

Table 2: Background contributions (f
bkg

), e�ciency ratios ("
sig

/"
bkg

) and their e↵ective asym-
metries. The branching fractions are obtained from the PDG [18]. The signal branching ratio
is B = (7.9 ± 2.4)%. The b-hadron fractions used are f

u

/f
s

= f
d

/f
s

= (3.86 ± 0.22) [31] and
f
⇤

0
b
/f

s

= (2.34± 0.31) [32].

Mode B [%] B(c ! µ) [%] "
sig

/"
bkg

f
bkg

/f
sig

[%] A
bkg

[%]

B+ ! D(⇤)0D(⇤)+
s

X 7.9± 1.4 6.5± 0.1 4.34 5.8± 1.1 �0.6± 0.6

B0 ! D0D(⇤)+
s

X 5.7± 1.2 6.5± 0.1 4.08 4.4± 1.0 �0.18± 0.13

B0 ! D�D(⇤)+
s

X 4.6± 1.2 16.1± 0.3 6.41 5.6± 1.5 �0.18± 0.13

B0

s

! D(⇤)�
s

D(⇤)+
s

4.5± 1.4 8.1± 0.4 3.68 1.0± 0.3 �
⇤0

b

! ⇤+

c

D(⇤)+
s

X 10.3+2.1

�1.8

4.5± 1.7 4.51 3.0± 1.4 �0.4± 0.9
B� ! D+

s

K�µ�⌫X 0.061± 0.010 – 2.43 1.3± 0.2 0.6± 0.6
B0 ! D+

s

K0

Sµ
�⌫X 0.061± 0.010 – 2.89 1.1± 0.2 0.18± 0.13
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