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Introduction

10/11/2016

• Why are we still measuring    ? 
• Least well known angle of the CKM unitarity triangle
• Tree-level determination and extremely clean (theoretically)
• Loop-level access to look for NP 

• Whats new from LHCb?
• New decay modes
• Updates to our full Run I sample
• New combination
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1 Introduction1

Understanding the origin of the matter-antimatter asymmetry of the Universe is an2

important goal of modern physics. The symmetry between matter and antimatter is3

broken in the Standard Model (SM) of particle physics by the complex phase of the4

Cabibbo–Kobayashi–Maskawa (CKM) quark mixing matrix [1, 2]. Violation of the CP5

symmetry can be studied by measuring the angles of the CKM unitarity triangle [3–5].6

The least well know of these angles � ⌘ arg[�VudV
⇤
ub/VcdV

⇤
cb] can be measured using only7

tree-level processes, where theoretical predictions have negligible uncertainties, assuming8

there is no presence of new physics in tree-level decays [6]. Disagreement between direct9

measurements of � and indirect inference from the SM prediction would indicate new10

sources of CP violation beyond the SM.11

The value of � can be determined by exploiting the interference between b ! cW12

(Vcb) and b ! uW (Vub) transition ampltitudes using decay channels such as B+ ! Dh

+,13

B

0 ! DK

⇤0 and B

+ ! Dh

+

⇡

�
⇡

+ [7–16], where h is a kaon or pion and D refers to14

both D

0 and D

0. Charge conjugation is implied throughout, unless otherwise stated.15

The most precise way to determine � is through a combination of measurements from16

analyses of many decay modes. Hadronic parameters such as those that describe the17

ratio (rXB ) and strong phase di↵erence (�XB ) of the Vcb and Vub amplitudes can also be18

determined, where X is a specific final state of a B meson decay. The ratio of the19

supressed to favoured decay amplitudes is related to � and the hadronic parameters20

by A
sup

/A
fav

= r

X
B e

i(�XB��). It is often convenient to use a cartesian paramterisation;21

x± = r

X
B cos(�XB ± �), y± = r

X
B sin(�XB ± �). The precision with which � can be measured22

is inversely proportional to the value of rXB , which is ⇡ 0.1 for B+ ! DK

+ decays [17].23

In the B

+ ! D⇡

+ channel, rD⇡
B is expected to be of order 0.005 because the favoured24

amplitude is enhanced by Vus ! Vud while the suppressed amplitude is further reduced by25

Vcs ! Vcd, with respect to B

+ ! DK

+ decays. Consequently, the expected sensitivity to26

� is considerably less, although the signal yields are higher. The current world average,27

using only direct measurements, is � = (73.2+6.3
�7.0)

� [18] (or � = (68.3± 7.5)� [19]) and the28

previous LHCb combination found � = (73+9

�10

)� [20].29

This paper presents the latest combination of LHCb tree-level measurements that30

are sensitive to �. The results supersede those previously reported in Refs. [20–23], by31

including more decay channels and updating selected channels to the full run 1 dataset32

of 3 fb�1 recorded in 2011 and 2012. Two combinations are performed, one excluding33

(referred to as DK-only) and one including (referred to as Dh) inputs from B

+ ! D⇡

+

34

and B

+ ! D⇡

+

⇡

�
⇡

+ decays. The DK-only combination includes 71 observables with 3235

parameters, whilst the Dh combination has 89 observables and 38 parameters.36

The analyses included in the combinations use a variety of methods to measure �37

which are briefly summarised below. The Gronau–London–Wyler (GLW) method [7, 8]38

considers the decays of D mesons to CP eigenstates, for example the CP -even decays39

D ! K

+

K

� and D ! ⇡

+

⇡

�. The Atwood–Dunietz–Soni (ADS) approach [9, 10] extends40

to include suppressed decays, for example D

0 ! ⇡

�
K

+ where the interference between41

the favoured and suppressed decay modes in both the B

� and D decays gives rise to42
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Detector
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• Its all in the name – beauty at the LHC
• During Run I we collected 
• Run II at 13TeV more events per  

Excellent tracking 
and vertex 
resolution

Particle ID for 
separation

• Exploit B and D meson flight distance to suppress backgrounds  
3

3fb�1

fb�1

JINST 3 (2008) S08005



How to measure 
• Interference

• Two amplitudes giving the same final state
• Golden example –

• Amplitude ratios
• Strong phase differences 

10/11/2016

�

b ! cW (Vcb)
b ! uW (Vub)B± ! DK±

rB , rD
�B , �D

B�

D0K�

D̄0K�

fDK�

rBe
i(�B��)

rDei(�D)
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New results from LHCb
• Several new or updated inputs into the combination

• Two body GLW/ADS

• Four body GLW/ADS

• GGSZ 

• GLW-Dalitz 

10/11/2016

B± ! DK± , D ! h+h
0�

B± ! DK± , D ! h+⇡�⇡+⇡�

B0 ! DK⇤0 , D ! K0
S⇡

+⇡�

B0 ! DK+⇡� , D ! h+h�

5
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New results from LHCb
• Several new or updated inputs into the combination

• Two body GLW/ADS

• Four body GLW/ADS

• GGSZ 

• GLW-Dalitz 
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B± ! DK± , D ! h+h
0�

B± ! DK± , D ! h+⇡�⇡+⇡�

B0 ! DK⇤0 , D ! K0
S⇡

+⇡�

B0 ! DK+⇡� , D ! h+h�

Update of LHCb combination

of like decays

and all decays

�
B ! DK

6



• Several new or updated inputs into the combination
• Two body GLW/ADS

• Four body GLW/ADS

• GGSZ 

• GLW-Dalitz 
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B± ! DK± , D ! h+h
0�

B± ! DK± , D ! h+⇡�⇡+⇡�

B0 ! DK⇤0 , D ! K0
S⇡

+⇡�

B0 ! DK+⇡� , D ! h+h�
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Two and four body GLW/ADS
• Look at decays

• GLW: 
• ADS: 

• Share signal shape parameters between 2(4) body modes
• Constrain crossfeed between and    modes (PID) 
• Use as a control mode; charmless background etc

10/11/2016

D ! K+K�,⇡+⇡�, 2⇡+2⇡�

D ! K+⇡�,⇡+K�, K+⇡�⇡+⇡�,⇡+K�⇡+⇡�

DK D⇡
D⇡

B ! Dh

8

Theory 13

Table 2.4: Current experimental values for the angles of the unitarity triangle [24].

Angle Value (�)

↵ 87.6+3.5
�3.3

� 21.85+0.68
�0.67

� 73.2+6.3
�7.0

with uncertainties of about 7� [24, 26, 27]. From Eq. 2.16, sensitivity to the CKM angle

� comes from interference between decay amplitudes featuring the V

ub

and V

cb

CKM

matrix elements, i.e. b ! ucs and b ! cus transitions such as B

± ! Dh

± decays,

where h is either a kaon or a pion. These decays are dominated by tree level Feynman

diagrams, i.e. there are no loops with virtual contributions from heavier particles so

there is unlikely to be any enhancement from physics beyond the SM. However, the

angle can also be measured using processes containing loops, and any di↵erence in the

results obtained using these two methods would indicate new physics.

2.2.5.1 Measurement techniques

u

¯b c̄

u

u

s̄

V
cb

V
us

D0

K+

B+

u

¯b ū

u

c

s̄

V
ub

V
cs

D0

K+

B+

Figure 2.4: Feynman diagrams for (left) B+ ! D

0

K

+ and (right) B+ ! D

0

K

+ decays.

Several methods have been used to make time-independent measurements of the CKM

angle �. The amplitudes of the decays B+ ! D

0
K

+ and B

+ ! D

0
K

+ (for which decay

diagrams are shown in Fig. 2.4) interfere when the neutral D meson is reconstructed in a

final state accessible to both D

0 and D

0 decays. Any asymmetry in the observed yields

for a decay and its conjugate process, e.g. B+ ! DK

+ and B

� ! DK

�, is sensitive to

�. Three common methods, which use di↵erent D final states, are summarised below:

the Gronou, London and Wyler (GLW) method; the Atwood, Dunietz and Soni (ADS)

method; and the Giri, Grossman, So↵er and Zupan (GGSZ) method.

GLW method

For the GLW method [28, 29] the D meson is reconstructed in a CP eigenstate, f
CP

,

e.g. one of the CP even final states D ! K

+
K

� or D ! ⇡

+
⇡

�, or the CP odd D !
K

0
S

⇡

0 decay channel.5 The decay B

+ ! D

CP

K

+ has two contributions: one with the

5Note that CP odd eigenstates are more challenging to reconstruct in the LHCb detector due to the
neutral particles in the final state.

Phys. Lett. B760 (2016) 117



ADS favoured signals
• Mass fits for the favoured modes

10/11/2016
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Figure 1: Invariant mass distributions of selected B± → [K±π∓]Dh± candidates, separated by
charge, with B−(B+) candidates on the left (right). The top plots contain the B± → DK±

candidate sample, as defined by a PID requirement on the bachelor particle. The remaining
candidates are placed in the bottom row, reconstructed with a pion hypothesis for the bachelor.
The red (thick, open) and green (hatched-area) curves represent the B± → DK± and B± →

Dπ± signals. The shaded part indicates partially reconstructed decays, the dotted line, where
visible, shows the combinatorial component, and the total PDF is drawn as a thin blue line.

Table 1: Signal yields as measured in the B− → [h+h−]Dh− and B− → [h+h−π+π−]Dh−

invariant mass fits, together with their statistical uncertainties.

Decay mode Yield
B± → [K±π∓]D π± 378,050 ± 650
B± → [K±π∓]D K± 29,470 ± 230
B± → [K+K−]D π± 50,140 ± 270
B± → [K+K−]D K± 3816 ± 92
B± → [π+π−]D π± 14,680 ± 130
B± → [π+π−]D K± 1162 ± 48
B± → [π±K∓]D π± 1360 ± 44
B± → [π±K∓]D K± 553 ± 34
B± → [K±π∓π+π−]D π± 142,910 ± 390
B± → [K±π∓π+π−]D K± 11,330 ± 140
B± → [π+π−π+π−]D π± 19,360 ± 150
B± → [π+π−π+π−]D K± 1497 ± 60
B± → [π±K∓π+π−]D π± 539 ± 26
B± → [π±K∓π+π−]D K± 159 ± 17
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Figure 5: Invariant mass distributions of selected B± → [K±π∓π+π−]Dh± candidates, separated
by charge. See the caption of Fig. 1 for the definitions.
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rated by charge. The dashed pink line left of the signal peak shows partially reconstructed
B0

s → [K+π−π+π−]DK−π+ decays, where the bachelor pion is missed. See the caption of Fig. 1
for other definitions.
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B± → [π±K∓π+π−]D K± 159 ± 17
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Figure 1: Invariant mass distributions of selected B± → [K±π∓]Dh± candidates, separated by
charge, with B−(B+) candidates on the left (right). The top plots contain the B± → DK±

candidate sample, as defined by a PID requirement on the bachelor particle. The remaining
candidates are placed in the bottom row, reconstructed with a pion hypothesis for the bachelor.
The red (thick, open) and green (hatched-area) curves represent the B± → DK± and B± →

Dπ± signals. The shaded part indicates partially reconstructed decays, the dotted line, where
visible, shows the combinatorial component, and the total PDF is drawn as a thin blue line.

Table 1: Signal yields as measured in the B− → [h+h−]Dh− and B− → [h+h−π+π−]Dh−

invariant mass fits, together with their statistical uncertainties.

Decay mode Yield
B± → [K±π∓]D π± 378,050 ± 650
B± → [K±π∓]D K± 29,470 ± 230
B± → [K+K−]D π± 50,140 ± 270
B± → [K+K−]D K± 3816 ± 92
B± → [π+π−]D π± 14,680 ± 130
B± → [π+π−]D K± 1162 ± 48
B± → [π±K∓]D π± 1360 ± 44
B± → [π±K∓]D K± 553 ± 34
B± → [K±π∓π+π−]D π± 142,910 ± 390
B± → [K±π∓π+π−]D K± 11,330 ± 140
B± → [π+π−π+π−]D π± 19,360 ± 150
B± → [π+π−π+π−]D K± 1497 ± 60
B± → [π±K∓π+π−]D π± 539 ± 26
B± → [π±K∓π+π−]D K± 159 ± 17
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2 body ADS suppressed signals
• Visible CP violation

• Around 8 sigma!
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Figure 1: Invariant mass distributions of selected B± → [K±π∓]Dh± candidates, separated by
charge, with B−(B+) candidates on the left (right). The top plots contain the B± → DK±

candidate sample, as defined by a PID requirement on the bachelor particle. The remaining
candidates are placed in the bottom row, reconstructed with a pion hypothesis for the bachelor.
The red (thick, open) and green (hatched-area) curves represent the B± → DK± and B± →

Dπ± signals. The shaded part indicates partially reconstructed decays, the dotted line, where
visible, shows the combinatorial component, and the total PDF is drawn as a thin blue line.

Table 1: Signal yields as measured in the B− → [h+h−]Dh− and B− → [h+h−π+π−]Dh−

invariant mass fits, together with their statistical uncertainties.

Decay mode Yield
B± → [K±π∓]D π± 378,050 ± 650
B± → [K±π∓]D K± 29,470 ± 230
B± → [K+K−]D π± 50,140 ± 270
B± → [K+K−]D K± 3816 ± 92
B± → [π+π−]D π± 14,680 ± 130
B± → [π+π−]D K± 1162 ± 48
B± → [π±K∓]D π± 1360 ± 44
B± → [π±K∓]D K± 553 ± 34
B± → [K±π∓π+π−]D π± 142,910 ± 390
B± → [K±π∓π+π−]D K± 11,330 ± 140
B± → [π+π−π+π−]D π± 19,360 ± 150
B± → [π+π−π+π−]D K± 1497 ± 60
B± → [π±K∓π+π−]D π± 539 ± 26
B± → [π±K∓π+π−]D K± 159 ± 17
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Figure 1: Invariant mass distributions of selected B± → [K±π∓]Dh± candidates, separated by
charge, with B−(B+) candidates on the left (right). The top plots contain the B± → DK±

candidate sample, as defined by a PID requirement on the bachelor particle. The remaining
candidates are placed in the bottom row, reconstructed with a pion hypothesis for the bachelor.
The red (thick, open) and green (hatched-area) curves represent the B± → DK± and B± →

Dπ± signals. The shaded part indicates partially reconstructed decays, the dotted line, where
visible, shows the combinatorial component, and the total PDF is drawn as a thin blue line.

Table 1: Signal yields as measured in the B− → [h+h−]Dh− and B− → [h+h−π+π−]Dh−

invariant mass fits, together with their statistical uncertainties.

Decay mode Yield
B± → [K±π∓]D π± 378,050 ± 650
B± → [K±π∓]D K± 29,470 ± 230
B± → [K+K−]D π± 50,140 ± 270
B± → [K+K−]D K± 3816 ± 92
B± → [π+π−]D π± 14,680 ± 130
B± → [π+π−]D K± 1162 ± 48
B± → [π±K∓]D π± 1360 ± 44
B± → [π±K∓]D K± 553 ± 34
B± → [K±π∓π+π−]D π± 142,910 ± 390
B± → [K±π∓π+π−]D K± 11,330 ± 140
B± → [π+π−π+π−]D π± 19,360 ± 150
B± → [π+π−π+π−]D K± 1497 ± 60
B± → [π±K∓π+π−]D π± 539 ± 26
B± → [π±K∓π+π−]D K± 159 ± 17
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Table 2: Systematic uncertainties for the B− → [h+h−]Dh− CP observables quoted as a percent-
age of the statistical uncertainty on the observable. PID refers to the PID calibration procedure.
Bkg refers to the choice of background shapes and yields in the fit. Sim refers to the use of finite
samples of simulated events to determine efficiency ratios. Asym refers to the fixed pion and
kaon detection asymmetries, and the assumption of no CP violation in B− → D0π− decays.

[%] AKπ
K RKπ

K/π AKK
K AKK

π RKK Aππ
K Aππ

π Rππ RπK
ADS(π) RπK

ADS(K) AπK
ADS(π) AπK

ADS(K)

PID 42 95 11 1 38 9 9 39 29 25 15 5
Bkg 65 190 34 3 84 30 28 48 69 74 24 15
Sim 21 250 14 0 24 8 7 13 29 30 8 5
Asym 23 27 11 34 6 7 20 5 12 13 7 8
Total 83 330 40 34 96 33 36 64 81 85 30 19

Table 3: Systematic uncertainties for the B− → [h+h−π+π−]Dh− CP observables quoted as a
percentage of the statistical uncertainty on the observable. See the Table 2 caption for definitions.

[%] RKπππ
K/π Rππππ RπKππ

ADS(K) RπKππ
ADS(π) AKπππ

K AπKππ
ADS(K) AπKππ

ADS(π) Aππππ
K Aππππ

π

PID 37 43 1 2 1 1 0 0 1
Bkg 63 28 40 33 2 36 8 54 21
Sim 160 0 0 0 0 1 0 0 0
Asym 20 5 7 6 16 5 5 8 22
Total 180 51 41 34 16 36 10 54 30
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Figure 2: Invariant mass distributions of selected B± → [π±K∓]Dh± decays, separated
by charge. The dashed pink line left of the signal peak shows partially reconstructed
B0

s → [K+π−]DK−π+ decays, where the bachelor pion is missed. The favoured mode cross-
feed is also included in the fit, but is too small to be seen. See the caption of Fig. 1 for other
definitions.
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A⇡K
ADS(K) = �0.403± 0.056± 0.011 A⇡K

ADS(⇡) = 0.100± 0.031± 0.009
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4 body ADS suppressed signals
• Visible CP asymmetry 

• Close to 3 sigma evidence

10/11/2016
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Figure 5: Invariant mass distributions of selected B± → [K±π∓π+π−]Dh± candidates, separated
by charge. See the caption of Fig. 1 for the definitions.
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Figure 6: Invariant mass distributions of selected B± → [π±K∓π+π−]Dh± candidates, sepa-
rated by charge. The dashed pink line left of the signal peak shows partially reconstructed
B0

s → [K+π−π+π−]DK−π+ decays, where the bachelor pion is missed. See the caption of Fig. 1
for other definitions.
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Figure 1: Invariant mass distributions of selected B± → [K±π∓]Dh± candidates, separated by
charge, with B−(B+) candidates on the left (right). The top plots contain the B± → DK±

candidate sample, as defined by a PID requirement on the bachelor particle. The remaining
candidates are placed in the bottom row, reconstructed with a pion hypothesis for the bachelor.
The red (thick, open) and green (hatched-area) curves represent the B± → DK± and B± →

Dπ± signals. The shaded part indicates partially reconstructed decays, the dotted line, where
visible, shows the combinatorial component, and the total PDF is drawn as a thin blue line.

Table 1: Signal yields as measured in the B− → [h+h−]Dh− and B− → [h+h−π+π−]Dh−

invariant mass fits, together with their statistical uncertainties.

Decay mode Yield
B± → [K±π∓]D π± 378,050 ± 650
B± → [K±π∓]D K± 29,470 ± 230
B± → [K+K−]D π± 50,140 ± 270
B± → [K+K−]D K± 3816 ± 92
B± → [π+π−]D π± 14,680 ± 130
B± → [π+π−]D K± 1162 ± 48
B± → [π±K∓]D π± 1360 ± 44
B± → [π±K∓]D K± 553 ± 34
B± → [K±π∓π+π−]D π± 142,910 ± 390
B± → [K±π∓π+π−]D K± 11,330 ± 140
B± → [π+π−π+π−]D π± 19,360 ± 150
B± → [π+π−π+π−]D K± 1497 ± 60
B± → [π±K∓π+π−]D π± 539 ± 26
B± → [π±K∓π+π−]D K± 159 ± 17
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Figure 1: Invariant mass distributions of selected B± → [K±π∓]Dh± candidates, separated by
charge, with B−(B+) candidates on the left (right). The top plots contain the B± → DK±

candidate sample, as defined by a PID requirement on the bachelor particle. The remaining
candidates are placed in the bottom row, reconstructed with a pion hypothesis for the bachelor.
The red (thick, open) and green (hatched-area) curves represent the B± → DK± and B± →

Dπ± signals. The shaded part indicates partially reconstructed decays, the dotted line, where
visible, shows the combinatorial component, and the total PDF is drawn as a thin blue line.

Table 1: Signal yields as measured in the B− → [h+h−]Dh− and B− → [h+h−π+π−]Dh−

invariant mass fits, together with their statistical uncertainties.

Decay mode Yield
B± → [K±π∓]D π± 378,050 ± 650
B± → [K±π∓]D K± 29,470 ± 230
B± → [K+K−]D π± 50,140 ± 270
B± → [K+K−]D K± 3816 ± 92
B± → [π+π−]D π± 14,680 ± 130
B± → [π+π−]D K± 1162 ± 48
B± → [π±K∓]D π± 1360 ± 44
B± → [π±K∓]D K± 553 ± 34
B± → [K±π∓π+π−]D π± 142,910 ± 390
B± → [K±π∓π+π−]D K± 11,330 ± 140
B± → [π+π−π+π−]D π± 19,360 ± 150
B± → [π+π−π+π−]D K± 1497 ± 60
B± → [π±K∓π+π−]D π± 539 ± 26
B± → [π±K∓π+π−]D K± 159 ± 17
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A⇡K⇡⇡
ADS(⇡) = 0.023± 0.048± 0.005A⇡K⇡⇡

ADS(K) = �0.313± 0.102± 0.038
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2 body GLW modes
• Small asymmetries seen

• About 5 sigma combined!

10/11/2016
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Figure 3: Invariant mass distributions of selected B± → [π+π−]Dh± candidates, separated by
charge. The dashed black line represents the residual contribution from charmless decays. This
component is present in the D final states considered, but is most visible in this case. See the
caption of Fig. 1 for other definitions.
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Figure 4: Invariant mass distributions of selected B± → [K+K−]Dh± candidates, separated by
charge. The dashed cyan line represents partially reconstructed Λ0

b → [p+K−π+]Λ+
c
h− decays,

where the pion is missed and the proton is misidentified as a kaon. See the caption of Fig. 1 for
other definitions.
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Figure 3: Invariant mass distributions of selected B± → [π+π−]Dh± candidates, separated by
charge. The dashed black line represents the residual contribution from charmless decays. This
component is present in the D final states considered, but is most visible in this case. See the
caption of Fig. 1 for other definitions.
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Figure 4: Invariant mass distributions of selected B± → [K+K−]Dh± candidates, separated by
charge. The dashed cyan line represents partially reconstructed Λ0

b → [p+K−π+]Λ+
c
h− decays,

where the pion is missed and the proton is misidentified as a kaon. See the caption of Fig. 1 for
other definitions.
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Figure 1: Invariant mass distributions of selected B± → [K±π∓]Dh± candidates, separated by
charge, with B−(B+) candidates on the left (right). The top plots contain the B± → DK±

candidate sample, as defined by a PID requirement on the bachelor particle. The remaining
candidates are placed in the bottom row, reconstructed with a pion hypothesis for the bachelor.
The red (thick, open) and green (hatched-area) curves represent the B± → DK± and B± →

Dπ± signals. The shaded part indicates partially reconstructed decays, the dotted line, where
visible, shows the combinatorial component, and the total PDF is drawn as a thin blue line.

Table 1: Signal yields as measured in the B− → [h+h−]Dh− and B− → [h+h−π+π−]Dh−

invariant mass fits, together with their statistical uncertainties.

Decay mode Yield
B± → [K±π∓]D π± 378,050 ± 650
B± → [K±π∓]D K± 29,470 ± 230
B± → [K+K−]D π± 50,140 ± 270
B± → [K+K−]D K± 3816 ± 92
B± → [π+π−]D π± 14,680 ± 130
B± → [π+π−]D K± 1162 ± 48
B± → [π±K∓]D π± 1360 ± 44
B± → [π±K∓]D K± 553 ± 34
B± → [K±π∓π+π−]D π± 142,910 ± 390
B± → [K±π∓π+π−]D K± 11,330 ± 140
B± → [π+π−π+π−]D π± 19,360 ± 150
B± → [π+π−π+π−]D K± 1497 ± 60
B± → [π±K∓π+π−]D π± 539 ± 26
B± → [π±K∓π+π−]D K± 159 ± 17
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Figure 1: Invariant mass distributions of selected B± → [K±π∓]Dh± candidates, separated by
charge, with B−(B+) candidates on the left (right). The top plots contain the B± → DK±

candidate sample, as defined by a PID requirement on the bachelor particle. The remaining
candidates are placed in the bottom row, reconstructed with a pion hypothesis for the bachelor.
The red (thick, open) and green (hatched-area) curves represent the B± → DK± and B± →

Dπ± signals. The shaded part indicates partially reconstructed decays, the dotted line, where
visible, shows the combinatorial component, and the total PDF is drawn as a thin blue line.

Table 1: Signal yields as measured in the B− → [h+h−]Dh− and B− → [h+h−π+π−]Dh−

invariant mass fits, together with their statistical uncertainties.

Decay mode Yield
B± → [K±π∓]D π± 378,050 ± 650
B± → [K±π∓]D K± 29,470 ± 230
B± → [K+K−]D π± 50,140 ± 270
B± → [K+K−]D K± 3816 ± 92
B± → [π+π−]D π± 14,680 ± 130
B± → [π+π−]D K± 1162 ± 48
B± → [π±K∓]D π± 1360 ± 44
B± → [π±K∓]D K± 553 ± 34
B± → [K±π∓π+π−]D π± 142,910 ± 390
B± → [K±π∓π+π−]D K± 11,330 ± 140
B± → [π+π−π+π−]D π± 19,360 ± 150
B± → [π+π−π+π−]D K± 1497 ± 60
B± → [π±K∓π+π−]D π± 539 ± 26
B± → [π±K∓π+π−]D K± 159 ± 17
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2 body ADS suppressed signals
• Visible CP violation

• Around 8 sigma!

16th June 2016
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Figure 1: Invariant mass distributions of selected B± → [K±π∓]Dh± candidates, separated by
charge, with B−(B+) candidates on the left (right). The top plots contain the B± → DK±

candidate sample, as defined by a PID requirement on the bachelor particle. The remaining
candidates are placed in the bottom row, reconstructed with a pion hypothesis for the bachelor.
The red (thick, open) and green (hatched-area) curves represent the B± → DK± and B± →

Dπ± signals. The shaded part indicates partially reconstructed decays, the dotted line, where
visible, shows the combinatorial component, and the total PDF is drawn as a thin blue line.

Table 1: Signal yields as measured in the B− → [h+h−]Dh− and B− → [h+h−π+π−]Dh−

invariant mass fits, together with their statistical uncertainties.

Decay mode Yield
B± → [K±π∓]D π± 378,050 ± 650
B± → [K±π∓]D K± 29,470 ± 230
B± → [K+K−]D π± 50,140 ± 270
B± → [K+K−]D K± 3816 ± 92
B± → [π+π−]D π± 14,680 ± 130
B± → [π+π−]D K± 1162 ± 48
B± → [π±K∓]D π± 1360 ± 44
B± → [π±K∓]D K± 553 ± 34
B± → [K±π∓π+π−]D π± 142,910 ± 390
B± → [K±π∓π+π−]D K± 11,330 ± 140
B± → [π+π−π+π−]D π± 19,360 ± 150
B± → [π+π−π+π−]D K± 1497 ± 60
B± → [π±K∓π+π−]D π± 539 ± 26
B± → [π±K∓π+π−]D K± 159 ± 17
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charge, with B−(B+) candidates on the left (right). The top plots contain the B± → DK±

candidate sample, as defined by a PID requirement on the bachelor particle. The remaining
candidates are placed in the bottom row, reconstructed with a pion hypothesis for the bachelor.
The red (thick, open) and green (hatched-area) curves represent the B± → DK± and B± →

Dπ± signals. The shaded part indicates partially reconstructed decays, the dotted line, where
visible, shows the combinatorial component, and the total PDF is drawn as a thin blue line.

Table 1: Signal yields as measured in the B− → [h+h−]Dh− and B− → [h+h−π+π−]Dh−

invariant mass fits, together with their statistical uncertainties.

Decay mode Yield
B± → [K±π∓]D π± 378,050 ± 650
B± → [K±π∓]D K± 29,470 ± 230
B± → [K+K−]D π± 50,140 ± 270
B± → [K+K−]D K± 3816 ± 92
B± → [π+π−]D π± 14,680 ± 130
B± → [π+π−]D K± 1162 ± 48
B± → [π±K∓]D π± 1360 ± 44
B± → [π±K∓]D K± 553 ± 34
B± → [K±π∓π+π−]D π± 142,910 ± 390
B± → [K±π∓π+π−]D K± 11,330 ± 140
B± → [π+π−π+π−]D π± 19,360 ± 150
B± → [π+π−π+π−]D K± 1497 ± 60
B± → [π±K∓π+π−]D π± 539 ± 26
B± → [π±K∓π+π−]D K± 159 ± 17
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Table 2: Systematic uncertainties for the B− → [h+h−]Dh− CP observables quoted as a percent-
age of the statistical uncertainty on the observable. PID refers to the PID calibration procedure.
Bkg refers to the choice of background shapes and yields in the fit. Sim refers to the use of finite
samples of simulated events to determine efficiency ratios. Asym refers to the fixed pion and
kaon detection asymmetries, and the assumption of no CP violation in B− → D0π− decays.

[%] AKπ
K RKπ

K/π AKK
K AKK

π RKK Aππ
K Aππ

π Rππ RπK
ADS(π) RπK

ADS(K) AπK
ADS(π) AπK

ADS(K)

PID 42 95 11 1 38 9 9 39 29 25 15 5
Bkg 65 190 34 3 84 30 28 48 69 74 24 15
Sim 21 250 14 0 24 8 7 13 29 30 8 5
Asym 23 27 11 34 6 7 20 5 12 13 7 8
Total 83 330 40 34 96 33 36 64 81 85 30 19

Table 3: Systematic uncertainties for the B− → [h+h−π+π−]Dh− CP observables quoted as a
percentage of the statistical uncertainty on the observable. See the Table 2 caption for definitions.

[%] RKπππ
K/π Rππππ RπKππ

ADS(K) RπKππ
ADS(π) AKπππ

K AπKππ
ADS(K) AπKππ

ADS(π) Aππππ
K Aππππ

π

PID 37 43 1 2 1 1 0 0 1
Bkg 63 28 40 33 2 36 8 54 21
Sim 160 0 0 0 0 1 0 0 0
Asym 20 5 7 6 16 5 5 8 22
Total 180 51 41 34 16 36 10 54 30
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Figure 2: Invariant mass distributions of selected B± → [π±K∓]Dh± decays, separated
by charge. The dashed pink line left of the signal peak shows partially reconstructed
B0

s → [K+π−]DK−π+ decays, where the bachelor pion is missed. The favoured mode cross-
feed is also included in the fit, but is too small to be seen. See the caption of Fig. 1 for other
definitions.
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Figure 7: Invariant mass distributions of selected B± → [π+π−π+π−]Dh± candidates, separated
by charge. The dashed black line represents the residual contribution from charmless decays.
See the caption of Fig. 1 for other definitions.

5 Results

The results of the fits to data, with statistical and systematic uncertainties, are:

AKπ
K = −0.0194 ± 0.0072 ± 0.0060

RKπ
K/π = 0.0779 ± 0.0006 ± 0.0019

AKK
K = 0.087 ± 0.020 ± 0.008

AKK
π = −0.0145 ± 0.0050 ± 0.0017

RKK = 0.968 ± 0.022 ± 0.021

Aππ
K = 0.128 ± 0.037 ± 0.012

Aππ
π = 0.0043 ± 0.0086 ± 0.0031

Rππ = 1.002 ± 0.040 ± 0.026

RπK
ADS(π) = 0.00360± 0.00012± 0.00009

RπK
ADS(K) = 0.0188 ± 0.0011 ± 0.0010

AπK
ADS(π) = 0.100 ± 0.031 ± 0.009

AπK
ADS(K) = −0.403 ± 0.056 ± 0.011 ,
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4 body GLW mode
• First use of this mode!

• Decay ~75% CP even
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Figure 1: Invariant mass distributions of selected B± → [K±π∓]Dh± candidates, separated by
charge, with B−(B+) candidates on the left (right). The top plots contain the B± → DK±

candidate sample, as defined by a PID requirement on the bachelor particle. The remaining
candidates are placed in the bottom row, reconstructed with a pion hypothesis for the bachelor.
The red (thick, open) and green (hatched-area) curves represent the B± → DK± and B± →

Dπ± signals. The shaded part indicates partially reconstructed decays, the dotted line, where
visible, shows the combinatorial component, and the total PDF is drawn as a thin blue line.

Table 1: Signal yields as measured in the B− → [h+h−]Dh− and B− → [h+h−π+π−]Dh−

invariant mass fits, together with their statistical uncertainties.

Decay mode Yield
B± → [K±π∓]D π± 378,050 ± 650
B± → [K±π∓]D K± 29,470 ± 230
B± → [K+K−]D π± 50,140 ± 270
B± → [K+K−]D K± 3816 ± 92
B± → [π+π−]D π± 14,680 ± 130
B± → [π+π−]D K± 1162 ± 48
B± → [π±K∓]D π± 1360 ± 44
B± → [π±K∓]D K± 553 ± 34
B± → [K±π∓π+π−]D π± 142,910 ± 390
B± → [K±π∓π+π−]D K± 11,330 ± 140
B± → [π+π−π+π−]D π± 19,360 ± 150
B± → [π+π−π+π−]D K± 1497 ± 60
B± → [π±K∓π+π−]D π± 539 ± 26
B± → [π±K∓π+π−]D K± 159 ± 17
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charge, with B−(B+) candidates on the left (right). The top plots contain the B± → DK±

candidate sample, as defined by a PID requirement on the bachelor particle. The remaining
candidates are placed in the bottom row, reconstructed with a pion hypothesis for the bachelor.
The red (thick, open) and green (hatched-area) curves represent the B± → DK± and B± →

Dπ± signals. The shaded part indicates partially reconstructed decays, the dotted line, where
visible, shows the combinatorial component, and the total PDF is drawn as a thin blue line.

Table 1: Signal yields as measured in the B− → [h+h−]Dh− and B− → [h+h−π+π−]Dh−

invariant mass fits, together with their statistical uncertainties.

Decay mode Yield
B± → [K±π∓]D π± 378,050 ± 650
B± → [K±π∓]D K± 29,470 ± 230
B± → [K+K−]D π± 50,140 ± 270
B± → [K+K−]D K± 3816 ± 92
B± → [π+π−]D π± 14,680 ± 130
B± → [π+π−]D K± 1162 ± 48
B± → [π±K∓]D π± 1360 ± 44
B± → [π±K∓]D K± 553 ± 34
B± → [K±π∓π+π−]D π± 142,910 ± 390
B± → [K±π∓π+π−]D K± 11,330 ± 140
B± → [π+π−π+π−]D π± 19,360 ± 150
B± → [π+π−π+π−]D K± 1497 ± 60
B± → [π±K∓π+π−]D π± 539 ± 26
B± → [π±K∓π+π−]D K± 159 ± 17
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• Several new or updated inputs into the combination
• Two body GLW/ADS

• Four body GLW/ADS

• GGSZ 

• GLW-Dalitz 

10/11/2016

B± ! DK± , D ! h+h
0�

B± ! DK± , D ! h+⇡�⇡+⇡�

B0 ! DK⇤0 , D ! K0
S⇡

+⇡�

B0 ! DK+⇡� , D ! h+h�
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GGSZ analysis
• Can also consider the neutral B channels

• Decay chain 
• Yields lower than but  
• Model dependent uses model from BaBar (focus of this talk)
• Model independent takes input from CLEO

• Totally consistent results with comparable uncertainties

10/11/2016
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B0 D[K0
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D0K⇤0
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GGSZ analysis
• Analysis strategy (model dependent)

• First perform a fit to the B mass
• Candidates within the black lines used in the CP fit
• Fit the D Dalitz plot with the BaBar model 
• Note we couldn’t use the 

Belle model

10/11/2016
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Figure 2: Invariant mass distribution for B0→ DK∗0 long and downstream candidates. The fit
result, including signal and background components, is superimposed (solid blue). The points
are data, and the different fit components are given in the legend. The two vertical lines represent
the signal region in which the CP fit is performed.

The fitted distribution is shown in Fig 2. The resulting signal and background yields
in a ±25MeV range around the B0 mass are given in Table 1. This range corresponds to
the signal region over which the CP fit is performed.

5.2 CP fit

A simultaneous unbinned maximum likelihood fit to the four subsamples is performed to
determine the CP violation observables z±. The value of the coherence factor is fixed
to the central value of κ = 0.958+0.005+0.002

−0.010−0.045, as measured in the recent LHCb amplitude
analysis of B0→ DK+π− decays [30]. The negative logarithm of the likelihood,

− lnL =−
∑

B0cand.

ln

(

∑

c

Ncf
mass
c (mB; q⃗

mass
c )fB0 model

c (m2
+, m

2
−; z±, κ, q⃗

model
c )

)

−
∑

B0cand.

ln

(

∑

c

Ncf
mass
c (mB; q⃗

mass
c )fB0 model

c (m2
+, m

2
−; z±, κ, q⃗

model
c )

)

+
∑

c

Nc,

(7)

8

Table 1: Signal and background yields in the signal region, ±25MeV around the B0 mass, ob-
tained from the invariant mass fit. Total yields, as well as separate yields for long and downstream
candidates, are given.

Component Yield

Long Downstream Total

B0→ DK∗0 29± 5 60± 8 89± 11

B0
s → DK∗0 0.59± 0.12 1.21± 0.23 1.8± 0.3

Combinatorial 9.6± 1.0 16.1± 1.4 25.7± 1.7

B0→ D∗K∗0 0.06± 0.02 0.06± 0.02 0.12± 0.03

B0
s → D∗K∗0 4.1± 0.8 7.9± 1.3 11.9± 1.7

B0→ Dρ0 0.20± 0.05 0.37± 0.09 0.57± 0.11

Total background 14.5± 1.3 25.6± 1.8 40.1± 2.4

is minimised, where c indexes the different signal and background components, Nc is the
yield for each category, fmass

c is the invariant mass PDF determined in the previous section,
q⃗ mass
c are the mass PDF parameters, fB model

c is the amplitude PDF and q⃗ model
c are its

parameters other than z± and κ, which have been included explicitly.
The non-uniformity of the selection efficiency over the D → K0

Sπ
+π− phase space

is accounted for by including the function ε(m2
+, m

2
−), introduced in Sec. 4, within the

fB model
c PDF:

fB model
c (m2

+, m
2
−; z±, κ, q⃗

model
c ) = Fc(m

2
+, m

2
−; z±, κ, q⃗

model
c ) ε(m2

+, m
2
−), (8)

where Fc is the PDF of the amplitude model.
The model describing the amplitude of the D → K0

Sπ
+π− decay over the phase

space, Af

(

m2
+, m

2
−

)

, is identical to that used previously by the BaBar [19, 47] and
LHCb [23] collaborations. An isobar model is used to describe P -wave (including ρ(770)0,
ω(782), Cabibbo-allowed and doubly Cabibbo-suppressed K∗(892)± and K∗(1680)−) and
D-wave (including f2(1270) and K∗

2 (1430)
±) contributions. The Kπ S-wave contribution

(K∗
0(1430)

±) is described using a generalised LASS amplitude [48], whilst the ππ S-wave
contribution is treated using a P -vector approach within the K-matrix formalism. All
parameters of the model are fixed in the fit to the values determined in Ref. [47].1

1As previously noted in Ref. [23], the model implemented by BaBar [47] differs from the formulation
described therein. One of the two Blatt-Weisskopf coefficients was set to unity, and the imaginary part of
the denominator of the Gounaris-Sakurai propagator used the mass of the resonant pair, instead of the
mass associated with the resonance. The model used herein replicates these features without modification.
It has been verified that changing the model to use an additional centrifugal barrier term and a modified
Gounaris-Sakurai propagator has a negligible effect on the measurements.
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GGSZ analysis
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Figure 3: Selected B0→ DK∗0 candidates, shown as (a) the Dalitz plot, and its projections on
(b) m2

−, (c) m2
+ and (d) m2

0. The line superimposed on the projections corresponds to the fit
result and the points are data.

The uncertainty on the description of the efficiency variation across the D-meson decay
phase space arises from several sources. Statistical uncertainties arise due to the limited
sizes of the simulated samples used to determine the nominal efficiency function and of
the calibration samples used to obtain the data-driven corrections to the PID and hard-
ware trigger efficiencies. Large numbers of alternative efficiency functions are created by
smearing these quantities according to their uncertainties. For each fitted CP parameter,
the residual for a given alternative efficiency function is defined as the difference between
its value obtained using this function, and that obtained in the nominal fit. The width of
the obtained distribution of residuals is taken as the corresponding systematic uncertainty.
Additionally, since the nominal fit is perfomed using an efficiency function obtained using
only BDTA, the fit is repeated using an alternative efficiency function obtained using
BDTB, and an uncertainty extracted. The fit is also performed with alternative efficiency
functions obtained by varying the fraction of candidates triggered by at least one product
of the signal decay chain. Finally, for a few variables used in the BDT, a small difference
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Figure 3: Selected B0→ DK∗0 candidates, shown as (a) the Dalitz plot, and its projections on
(b) m2

−, (c) m2
+ and (d) m2

0. The line superimposed on the projections corresponds to the fit
result and the points are data.

The uncertainty on the description of the efficiency variation across the D-meson decay
phase space arises from several sources. Statistical uncertainties arise due to the limited
sizes of the simulated samples used to determine the nominal efficiency function and of
the calibration samples used to obtain the data-driven corrections to the PID and hard-
ware trigger efficiencies. Large numbers of alternative efficiency functions are created by
smearing these quantities according to their uncertainties. For each fitted CP parameter,
the residual for a given alternative efficiency function is defined as the difference between
its value obtained using this function, and that obtained in the nominal fit. The width of
the obtained distribution of residuals is taken as the corresponding systematic uncertainty.
Additionally, since the nominal fit is perfomed using an efficiency function obtained using
only BDTA, the fit is repeated using an alternative efficiency function obtained using
BDTB, and an uncertainty extracted. The fit is also performed with alternative efficiency
functions obtained by varying the fraction of candidates triggered by at least one product
of the signal decay chain. Finally, for a few variables used in the BDT, a small difference
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smearing these quantities according to their uncertainties. For each fitted CP parameter,
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the obtained distribution of residuals is taken as the corresponding systematic uncertainty.
Additionally, since the nominal fit is perfomed using an efficiency function obtained using
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GGSZ analysis
• Model dependent results

• Extract cartesian parameters from CP fit
• No CPV at 2 sigma
• 3rd uncertainty from DP model
• Stat uncertainties dominate
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Abstract

A model-dependent amplitude analysis of the decay B0 → D(K0
Sπ

+π−)K∗0 is per-
formed using proton-proton collision data corresponding to an integrated luminosity
of 3.0 fb−1, recorded at

√
s = 7 and 8TeV by the LHCb experiment. The CP viola-

tion observables x± and y±, sensitive to the CKM angle γ, are measured to be

x− = −0.15 ± 0.14 ± 0.03 ± 0.01,

y− = 0.25 ± 0.15 ± 0.06 ± 0.01,

x+ = 0.05 ± 0.24 ± 0.04 ± 0.01,

y+ = −0.65 +0.24
−0.23 ± 0.08± 0.01,

where the first uncertainties are statistical, the second systematic and the third arise
from the uncertainty on the D→ K0

Sπ
+π− amplitude model. These are the most

precise measurements of these observables. They correspond to γ = (80+21
−22)

◦ and
rB0 = 0.39 ± 0.13, where rB0 is the magnitude of the ratio of the suppressed and
favoured B0→ DK+π− decay amplitudes, in a Kπ mass region of ±50MeV around
the K∗(892)0 mass and for an absolute value of the cosine of the K∗0 decay angle
larger than 0.4.
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Figure 5: Likelihood contours at 68.3% and 95.5% confidence level for (x+, y+) (red) and (x−, y−)
(blue), obtained from the CP fit.

PDFs. The proportions of D∗0→ D0γ and D∗0→ D0π0 in the B0
(s)→ D∗

( )

K ∗0 background

description are also varied, and the effect of neglecting the B0 → D∗K∗0 component in
the CP fit is evaluated.

The systematic uncertainty due to the finite resolution in m2
± is evaluated with a

large number of pseudoexperiments. One nominal pseudodata sample is generated, with
z± fixed to the values obtained from data. A large number of alternative samples are
generated from the nominal one by smearing the m2

± coordinates of each event according
to the resolution found in simulation and taking correlations into account. For each CP
parameter, the width of the residual distribution is taken as the systematic uncertainty.

The misreconstruction of B0→ DK∗0 signal events is also studied. This can occur e.g.
when the wrong final state pions of a real signal event are combined in the reconstruction
of the D-meson candidate, leading to migration of this event within the D-decay phase
space. The uncertainty corresponding to this effect is evaluated using pseudoexperiments.
The effect of signal misreconstruction due to K∗0–K∗0 misidentification, corresponding
to a (K±π∓) → (π±K∓) misidentification, is found to be negligible thanks to the PID
requirements placed on the K∗0 daughters.

The uncertainty arising from the background description is evaluated for several
sources. The CP fit is repeated with the fractions of the two categories of combinato-
rial background (non-D and real D candidates) varied within their uncertainties from
the fit to the D invariant mass distribution. Additionally, since in the nominal fit the
non-D candidates are assumed to be uniformly distributed over the phase space of the
D→ K0

Sπ
+π− decay, the fit is repeated changing this contribution to the sum of a uniform
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x± = rB cos(�B ± �) y± = rB sin(�B ± �)
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• Several new or updated inputs into the combination
• Two body GLW/ADS

• Four body GLW/ADS

• GGSZ 

• GLW-Dalitz 
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Figure 1: Results of fits to DK

+

⇡

� candidates in the (a) D ! K

+

⇡

�, (b) D ! K

+

K

� and (c)
D ! ⇡

+

⇡

� samples. The data and the fit results in each NN output bin have been weighted
according to S/(S + B) as described in the text. The components are as described in the legend.

where c
j

are complex coe�cients describing the relative contribution for each intermediate
process, and the F
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�)) terms describe the resonant dynamics through
the lineshape, angular distribution and barrier factors. The sum is over amplitudes from
the D

⇤
0

(2400)�, D⇤
2

(2460)�, K⇤(892)0, K⇤(1410)0 and K
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(1430)0 resonances as well as a
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+
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� S-wave component and both S-wave and P-wave nonresonant D⇡

� amplitudes [26].
The masses and widths of K+

⇡

� resonances are fixed, and those of D⇡

� resonances are
constrained within uncertainties to known values [26, 31, 34, 43]. The values of the c

j

coe�cients are allowed to vary in the fit, as are the shape parameters of the nonresonant
amplitudes.

For the D ! K
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⇡

� sample, only the V

cb

amplitude contributes and the signal proba-
bility function is given by Eq. (1). For the samples with D ! K
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K

� and ⇡
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� decays,
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terms are modified,
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(2)
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± �) and y±, j
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ub
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amplitudes for
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� resonance j. In this analysis the x±, j
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parameters are measured only for

3

GLW-Dalitz analysis
• Measure     using decays

• Use CP even modes 
• Bin in output of the neural network
• Simultaneous DP fit
• Purity of the GLW modes hurt by 

contributions
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decays as well as combinatorial background. The modelling of the signal and background
distributions in B candidate mass is similar to that described in Ref. [26]. The sum of two
Crystal Ball functions [30] is used for each of the correctly reconstructed B decays, where
the peak position and core width (i.e. the narrower of the two widths) are free parameters
of the fit, while the B0

s

–B0 mass di↵erence is fixed to its known value [31]. The fraction of
the signal function contained in the core and the relative width of the two components
are constrained within uncertainties to their expectations and all other parameters are
fixed to the values obtained in simulation, separately for each of the three D samples.
An exponential function is used to describe combinatorial background, with the shape
parameter allowed to vary. Due to the loose NN output requirement it is necessary, in
the D ! K

+

⇡

� sample, to account explicitly for partially combinatorial background
where the final state DK

+ pair originates from a B decay but is combined with a random
pion; this is modelled with a non-parametric function. Non-parametric functions obtained
from simulation based on known DP distributions [32–38] are used to model the partially
reconstructed and misidentified B decays.

The fraction of signal decays in each NN output bin is allowed to vary freely in the fit;
the correctly reconstructed B

0

s

decays and misidentified backgrounds are taken to have
the same NN output distribution as signal. The fractions of combinatorial and partially
reconstructed backgrounds in each NN output bin are each allowed to vary freely. All
yields are free parameters of the fit, except those for misidentified backgrounds which are
constrained within expectation relative to the signal yield, since the relative branching
fractions [31] and misidentification probabilities [39] are well known.

The results of the fits are shown in Fig. 1, in which the NN output bins have been
combined by weighting both the data and fit results by S/(S + B), where S (B) is the
signal (background) yield in the signal region, defined as ±2.5� around the B

0 peak in
each sample, where � is the core width of the signal shape. In this region there are in
total 2840± 70 signal decays in the D ! K
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� sample, whilst the corresponding values
for the D ! K
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� and D ! ⇡
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� samples are 339± 22 and 168± 19. A more detailed
breakdown of the fit results can be found in Ref. [40].

Candidates within the signal region are used in the DP analysis. A simultaneous
fit is performed to the samples with di↵erent D decays by using the Jfit method [41]
as implemented in the Laura++ package [42]. The likelihood function contains signal
and background terms, with yields in each NN output bin fixed according to the results
obtained previously. The NN output bin with the lowest S/B value in the D ! K
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sample only is found not to contribute significantly to the sensitivity and is susceptible to
mismodelling of the combinatorial background; it is therefore excluded from the subsequent
analysis.
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fixed to the values obtained in simulation, separately for each of the three D samples.
An exponential function is used to describe combinatorial background, with the shape
parameter allowed to vary. Due to the loose NN output requirement it is necessary, in
the D ! K

+

⇡

� sample, to account explicitly for partially combinatorial background
where the final state DK

+ pair originates from a B decay but is combined with a random
pion; this is modelled with a non-parametric function. Non-parametric functions obtained
from simulation based on known DP distributions [32–38] are used to model the partially
reconstructed and misidentified B decays.

The fraction of signal decays in each NN output bin is allowed to vary freely in the fit;
the correctly reconstructed B

0

s

decays and misidentified backgrounds are taken to have
the same NN output distribution as signal. The fractions of combinatorial and partially
reconstructed backgrounds in each NN output bin are each allowed to vary freely. All
yields are free parameters of the fit, except those for misidentified backgrounds which are
constrained within expectation relative to the signal yield, since the relative branching
fractions [31] and misidentification probabilities [39] are well known.

The results of the fits are shown in Fig. 1, in which the NN output bins have been
combined by weighting both the data and fit results by S/(S + B), where S (B) is the
signal (background) yield in the signal region, defined as ±2.5� around the B

0 peak in
each sample, where � is the core width of the signal shape. In this region there are in
total 2840± 70 signal decays in the D ! K

+

⇡

� sample, whilst the corresponding values
for the D ! K

+

K

� and D ! ⇡

+

⇡

� samples are 339± 22 and 168± 19. A more detailed
breakdown of the fit results can be found in Ref. [40].

Candidates within the signal region are used in the DP analysis. A simultaneous
fit is performed to the samples with di↵erent D decays by using the Jfit method [41]
as implemented in the Laura++ package [42]. The likelihood function contains signal
and background terms, with yields in each NN output bin fixed according to the results
obtained previously. The NN output bin with the lowest S/B value in the D ! K

+

⇡

�

sample only is found not to contribute significantly to the sensitivity and is susceptible to
mismodelling of the combinatorial background; it is therefore excluded from the subsequent
analysis.

The signal probability function is derived from the isobar model obtained in Ref. [26],
with amplitude
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The GammaCombo package [50] is used to evaluate constraints from these results on �
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decays as well as combinatorial background. The modelling of the signal and background
distributions in B candidate mass is similar to that described in Ref. [26]. The sum of two
Crystal Ball functions [30] is used for each of the correctly reconstructed B decays, where
the peak position and core width (i.e. the narrower of the two widths) are free parameters
of the fit, while the B0

s

–B0 mass di↵erence is fixed to its known value [31]. The fraction of
the signal function contained in the core and the relative width of the two components
are constrained within uncertainties to their expectations and all other parameters are
fixed to the values obtained in simulation, separately for each of the three D samples.
An exponential function is used to describe combinatorial background, with the shape
parameter allowed to vary. Due to the loose NN output requirement it is necessary, in
the D ! K

+

⇡

� sample, to account explicitly for partially combinatorial background
where the final state DK

+ pair originates from a B decay but is combined with a random
pion; this is modelled with a non-parametric function. Non-parametric functions obtained
from simulation based on known DP distributions [32–38] are used to model the partially
reconstructed and misidentified B decays.

The fraction of signal decays in each NN output bin is allowed to vary freely in the fit;
the correctly reconstructed B

0

s

decays and misidentified backgrounds are taken to have
the same NN output distribution as signal. The fractions of combinatorial and partially
reconstructed backgrounds in each NN output bin are each allowed to vary freely. All
yields are free parameters of the fit, except those for misidentified backgrounds which are
constrained within expectation relative to the signal yield, since the relative branching
fractions [31] and misidentification probabilities [39] are well known.

The results of the fits are shown in Fig. 1, in which the NN output bins have been
combined by weighting both the data and fit results by S/(S + B), where S (B) is the
signal (background) yield in the signal region, defined as ±2.5� around the B

0 peak in
each sample, where � is the core width of the signal shape. In this region there are in
total 2840± 70 signal decays in the D ! K

+

⇡

� sample, whilst the corresponding values
for the D ! K

+

K

� and D ! ⇡

+

⇡

� samples are 339± 22 and 168± 19. A more detailed
breakdown of the fit results can be found in Ref. [40].

Candidates within the signal region are used in the DP analysis. A simultaneous
fit is performed to the samples with di↵erent D decays by using the Jfit method [41]
as implemented in the Laura++ package [42]. The likelihood function contains signal
and background terms, with yields in each NN output bin fixed according to the results
obtained previously. The NN output bin with the lowest S/B value in the D ! K

+

⇡

�

sample only is found not to contribute significantly to the sensitivity and is susceptible to
mismodelling of the combinatorial background; it is therefore excluded from the subsequent
analysis.

The signal probability function is derived from the isobar model obtained in Ref. [26],
with amplitude

A
�
m

2(D⇡

�),m2(K+

⇡

�)
�
=

NX

j=1

c

j

F

j

�
m

2(D⇡

�),m2(K+

⇡

�)
�
, (1)

2

]2c) [MeV/−π+KD(m
5200 5400 5600 5800

)2 c
W

ei
gh

te
d 

ca
nd

id
at

es
 / 

(1
6 

M
eV

/

0

200

400

600

800

1000

1200

−π+K→D
LHCb (a)

Data
Total fit

±

π±KD → (s)
0B

Combinatorial background
Part. comb. background

±

π±K*  D → (s)
0B

−π+π*(  )D → 0B
p+π*(  )D → 0

bΛ
p+K*(  )D → 0

bΛ
−K+K*(  )D → (s)

0B

]2c) [MeV/−π+KD(m
5200 5400 5600 5800

)2 c
W

ei
gh

te
d 

ca
nd

id
at

es
 / 

(1
6 

M
eV

/

0
20
40
60
80

100
120
140
160
180
200
220
240

−K+K→D
LHCb (b)

]2c) [MeV/−π+KD(m
5200 5400 5600 5800

)2 c
W

ei
gh

te
d 

ca
nd

id
at

es
 / 

(1
6 

M
eV

/

0
10
20
30
40
50
60
70
80
90

−π+π→D
LHCb (c)

Figure 1: Results of fits to DK

+

⇡

� candidates in the (a) D ! K

+

⇡

�, (b) D ! K

+

K

� and (c)
D ! ⇡

+

⇡

� samples. The data and the fit results in each NN output bin have been weighted
according to S/(S + B) as described in the text. The components are as described in the legend.

where c
j

are complex coe�cients describing the relative contribution for each intermediate
process, and the F

j

(m2(D⇡

�),m2(K+

⇡

�)) terms describe the resonant dynamics through
the lineshape, angular distribution and barrier factors. The sum is over amplitudes from
the D

⇤
0

(2400)�, D⇤
2

(2460)�, K⇤(892)0, K⇤(1410)0 and K

⇤
2

(1430)0 resonances as well as a
K

+

⇡

� S-wave component and both S-wave and P-wave nonresonant D⇡

� amplitudes [26].
The masses and widths of K+

⇡

� resonances are fixed, and those of D⇡

� resonances are
constrained within uncertainties to known values [26, 31, 34, 43]. The values of the c

j

coe�cients are allowed to vary in the fit, as are the shape parameters of the nonresonant
amplitudes.

For the D ! K

+

⇡

� sample, only the V

cb

amplitude contributes and the signal proba-
bility function is given by Eq. (1). For the samples with D ! K

+

K

� and ⇡

+

⇡

� decays,
the c

j

terms are modified,

c

j

�!
⇢

c

j

for a D⇡

� resonance ,
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j

[1 + x±, j

+ iy±, j

] for a K
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� resonance ,
(2)

with x±, j

= r

B, j

cos (�
B, j

± �) and y±, j

= r

B, j

sin (�
B, j

± �). Here r

B, j

and �

B, j

are the
relative magnitude and strong (i.e. CP -conserving) phase of the V

ub

and V

cb

amplitudes for
eachK

+

⇡

� resonance j. In this analysis the x±, j

and y±, j

parameters are measured only for

3

D ! K+⇡�

D ! K+K�,⇡+⇡� D ! K+K�,⇡+⇡�
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frequentist treatment referred to as the “plug-in” method, described in Refs. [51–53], is
used. Figure 4 shows the results of likelihood scans for �, r

B

and �

B

. No value of � is
excluded at 95% confidence level (CL); the world-average value for � [54, 55] has a CL of
0.85.
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Figure 4: Results of likelihood scans for (a) �, (b) r
B

and (c) �
B

.

The B

0 ! DK

⇤(892)0 decay can also be used to determine parameters sensitive to �

with a quasi-two-body approach, as has been done with D ! K

+

K

�, ⇡+

⇡

� [56], K±
⇡

⌥,
K

±
⇡

⌥
⇡

0, K±
⇡

⌥
⇡

+

⇡

� [56–58] and D ! K

0

S⇡
+

⇡

� decays [59, 60]. In the quasi-two-body
analysis, the results depend on the e↵ective hadronic parameters , r̄

B

and �̄

B

, which
are, respectively, the coherence factor and the relative magnitude and strong phase of the
V

ub

and V

cb

amplitudes averaged over the selected region of phase space [17, 40]. These
parameters are calculated from the models for V

cb

and V

ub

amplitudes obtained from the fit
for the K⇤(892)0 selection region

��
m(K+

⇡

�)�m

K

⇤
(892)

0

��
< 50MeV/c2 and |cos ✓

K

⇤0 | > 0.4,
where m

K

⇤
(892)

0 is the known value of the K

⇤(892)0 mass [31] and ✓

K

⇤0 is the K

⇤0 helicity
angle, i.e. the angle between the K+ and D directions in the K+

⇡

� rest frame. To reduce
correlations with the values for r

B

and �

B

determined from the DP analysis, the quantities
R̄

B

= r̄

B

/r

B

and ��̄

B

= �̄

B

� �

B

are calculated. The results are

 = 0.958 +0.005

�0.010

+0.002

�0.045

, R̄

B

= 1.02 +0.03

�0.01

± 0.06 , ��̄

B

= 0.02 +0.03

�0.02

± 0.11 ,

where the uncertainties are statistical and systematic. The former are determined by
varying the model parameters within their uncertainties from the fit. The largest source
of systematic uncertainty arises from the treatment of CP violation in the K

+

⇡

� S-wave
amplitude.

In summary, a data sample corresponding to 3.0 fb�1 of pp collisions collected with the
LHCb detector has been used to measure, for the first time, parameters sensitive to the
angle � from a Dalitz plot analysis of B0 ! DK

+

⇡

� decays. No significant CP violation
e↵ect is seen. The results are consistent with, and supersede, the results for AKK,⇡⇡

d

and
RKK,⇡⇡

d

from Ref. [56]. Parameters that are needed to determine � from quasi-two-body
analyses of B0 ! DK

⇤(892)0 decays are measured. These results can be combined with
current and future measurements with the B

0 ! DK

⇤(892)0 channel to obtain stronger
constraints on �.
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Erratum to “Constraints on the

unitarity triangle angle � from

Dalitz plot analysis of

B0 ! DK+⇡�
decays”

The LHCb collaboration

The contours shown in Fig. 9 of Ref. [1] were calculated incorrectly. The corrected Figure
is given below.
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Figure 9: Contours at 68% CL for the (blue) (x+, y+) and (red) (x�, y�) parameters associated
with the B

0 ! DK

⇤(892)0 decay, with statistical uncertainties only. The central values are
marked by a circle and a cross, respectively. The left plot shows the version in Ref. [1], the
right plot shows the corrected version. Both are shown here, together with this text, to enable a
comparison. Only the corrected version will be in the submitted erratum.
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• Several new or updated inputs into the combination
• Two body GLW/ADS

• Four body GLW/ADS

• GGSZ 

• GLW-Dalitz 

10/11/2016

B± ! DK± , D ! h+h
0�

B± ! DK± , D ! h+⇡�⇡+⇡�

B0 ! DK⇤0 , D ! K0
S⇡

+⇡�

B0 ! DK+⇡� , D ! h+h�

Update of LHCb combination

of like decays

�
B ! DK
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1 Introduction

The Cabibbo-Kobayashi-Maskawa (CKM) angle � = arg [�VudV
⇤
ub/(VcdV

⇤
cb)] is measured

with the LHCb detector using a large variety of decay channels. The best sensitivity is
achieved through a combination of measurements that determine � along with several
other hadronic parameters. The input measurements provide sensitivity to � through the
interference of b ! u and b ! c amplitudes, as described in more detail in Ref. [1]. The
result presented here supersedes the previous combinations [1–3] by adding more decay
channels and updating selected channels to the available dataset of 3 fb�1 recorded in 2011
and 2012. The following measurements are considered in this combination:

• B

+ ! DK

+, D ! h

+

h

�, GLW/ADS, 3 fb�1 [4]

• B

+ ! DK

+, D ! h

+

⇡

�
⇡

+

⇡

�, quasi-GLW/ADS, 3 fb�1 [4]

• B

+ ! DK

+, D ! h

+

h

�
⇡

0, quasi-GLW/ADS, 3 fb�1 [5]

• B

+ ! DK

+, D ! K

0

Sh
+

h

�, model-independent GGSZ, 3 fb�1 [6]

• B

+ ! DK

+, D ! K

0

SK
+

⇡

�, GLS, 3 fb�1 [7]

• B

0! DK

+

⇡

�, D ! h

+

h

�, GLW-Dalitz, 3 fb�1 [8]

• B

0! DK

⇤0, D ! K

+

⇡

�, ADS, 3 fb�1 [9]

• B

0! DK

⇤0, D ! K

0

S⇡
+

⇡

�, model-dependent GGSZ, 3 fb�1 [10]

• B

+ ! DK

+

⇡

+

⇡

�, D ! h

+

h

�, GLW/ADS, 3 fb�1 [11]

• B

0

s ! D

⌥
s K

±, time-dependent, 1 fb�1 [12],

where the symbol h denotes either a kaon or a pion, and the acronyms denote the initials
of authors first proposing the methods in Refs. [13–22].

The B+ ! DK

+ modes o↵er the best sensitivity to � where the GLW/ADS D ! h

+

h

�

modes, which have multiple narrow solutions (with an uncertainty of ⇠ 8�), complement
the GGSZ D ! K

0

Sh
+

h

� mode, which has a single broad solution (with an uncertainty of
⇠ 15�). For comparison the GGSZ D ! K

0

S⇡
+

⇡

� analysis in the B

0! DK

⇤0 system has
a standalone sensitivity of ⇠ 20�.

The following LHCb measurements are not included due to statistical overlap with
other analyses:

• B

+ ! DK

+, D ! K

0

Sh
+

h

�, model-dependent GGSZ, 3 fb�1 [23]

• B

0! DK

⇤0, D ! K

0

Sh
+

h

�, model-independent GGSZ, 3 fb�1 [24]

• B

0! DK

⇤0, D ! h

+

h

�, GLW, 3 fb�1 [9].

1

DK Combination

10/11/2016

• Best knowledge from combining all LHCb analyses
• Previous result from 2014
• Only                 like decays

New or updated since
the above result

Work in progress: 3    

B ! DK

24New - arXiv 1611.03076, old - LHCb-CONF-2014-004

2014 
result
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�

DK
B , rDK⇤0

B and �

DK⇤0
B . These are shown in Fig. 1. Due to computational constraints the304

two-dimensional contours, shown in Fig. 2, are obtained via the profile likelihood method305

in which the value of the test statistic itself (��

2) is used. Except for the coverage, as306

described in Sec. 5.3, this is verified to be a good approximation of the Plugin method307

for the DK combination,308

Table 3: Confidence intervals and central values for the parameters of interest in the frequentist
DK combination.

Observable Central value 68.3% Interval 95.5% Interval 99.7% Interval

� (�) 72.2 [64.9, 79.0] [55.9, 85.2] [43.7, 90.9]

r

DK
B 0.1019 [0.0963, 0.1075] [0.0907, 0.1128] [0.0849, 0.1182]

�

DK
B (�) 142.6 [136.0, 148.3] [127.8, 153.6] [116.2, 158.7]

r

DK⇤0
B 0.218 [0.171, 0.263] [0.118, 0.305] [0.000, 0.348]

�

DK⇤0
B (�) 189 [169, 212] [148, 241] [123, 283]

5.2 Dh combination309

The Dh combination includes observables measured from B

+ ! D⇡

+ and B

+ !310

D⇡

+

⇡

�
⇡

+ decays, in addition to those measured in the DK combination, for a to-311

tal of 89 observables and 38 parameters. The goodness of fit calculated from the �

2 is312

p = 72.9% and calculated from the pseudoexperiments is p = (71.4± 0.3)%.313

Table 4 gives the results of the one-dimensional Plugin scans for �, rD⇡
B , �D⇡

B , rDK
B , �DK

B ,314

r

DK⇤0
B and �

DK⇤0
B . The scans are shown in Fig. 3. Two solutions are found, corresponding315

to r

D⇡
B values of 0.027 and 0.0045 for the favoured and secondary solutions, respectively.316

Figure 3 shows that the secondary solution is suppressed by slightly more than 1�.317

Consequently, the 1� interval for � is very narrow because the uncertainty scales inversely318

with the central value of rD⇡
B . As with the DK combination, the 2D scans are performed319

using the profile likelihood method and are shown in Fig. 4. The two solutions and the320

non-Gaussian contours are clearly visible. The coverage for the Dh analysis is examined321

in Sec. 5.3, where it is found that the coverage is slightly low and then starts to degrade322

when the true value of rD⇡
B is less than 0.01, reaching a minimum around 0.006, before323

the behaviour of the DK combination is recovered at very low values.324

Recently, attempts have been made to estimate the value of rD⇡
B using the known325

branching fractions of B0 ! D

0

K

0 and B

0 ! D

0

⇡

0 decays and SU(3) symmetry [23],326

predicting a value of rD⇡
B = 0.0053±0.0007, consistent with the secondary solution observed327

in the data. Using this as an additional external input in the Dh combination gives328

� = (71.8+7.2
�8.6)

�, which shows that when r

D⇡
B is small the uncertainties on � are dominated329

by the B ! DK inputs. The goodness of fit calculated from the �

2 is p = 70.5% and330

calculated from pseudoexperiments is p = (69.7± 0.6)%.331

5.3 Coverage of the frequentist method332

The coverage of the Plugin method is tested by generating pseudoexperiments and333

evaluating the fraction for which the p-value is less than that obtained for the data. In334
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Figure 1: 1� CL curves for the DK combination obtained with the Plugin method. The 1�
and 2� levels are indicated by the horizontal dotted lines.

Table 4: Confidence intervals and central values for the parameters of interest in the frequentist
Dh combination.

Observable Central value 68.3% Interval 95.5% Interval 99.7% Interval

� (�) 73.5 [70.5, 76.8] [56.7, 83.4] [40.1, 90.8]

r

DK
B 0.1017 [0.0970, 0.1064] [0.0914, 0.1110] [0.0844, 0.1163]

�

DK
B (�) 141.6 [136.6, 146.3] [127.2, 151.1] [114.6, 155.7]

r

DK⇤0
B 0.220 [0.173, 0.264] [0.121, 0.307] [0.000, 0.355]

�

DK⇤0
B (�) 188 [168, 211] [148, 239] [120, 280]

r

D⇡
B 0.027 [0.0207, 0.0318] [0.0020, 0.0365] [0.0008, 0.0425]

�

D⇡
B (�) 348.3 [343.2, 352.9] [220.5, 356.4] [192.9, 359.8]

11

• New DK combination
• Frequentist results here
• Bayesian results agree well
• Coverage is good

� = (72.2+6.8
�7.3)

�
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Figure 12: Profile likelihood contours of � vs. �DK
B (left) and � vs. rDK

B (right) for various DK

sub-combinations: (blue) B+ ! DK

+, D0 ! h⇡⇡⇡/hh0⇡0, (pink) B+ ! DK

+, D0 ! K

0

Shh,
(light brown) B

+ ! DK

+, D0 ! KK/K⇡/⇡⇡, (orange) all B+ modes and (green) the full
combination. Dark and light regions show the intervals containing 68.3% and 95.5% respectively.
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Figure 13: Profile likelihood contours of � vs. �DK⇤0
B (left) and � vs. rDK⇤0

B (right) for various DK

sub-combinations: (brown) B0! DK

⇤0, D0 ! KK/K⇡/⇡⇡, (pink) B0! DK

⇤0, D0 ! K
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S⇡⇡,
(purple) all B0 modes and (green) the full combination. Dark and light regions show the intervals
containing 68.3% and 95.5% respectively.
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• Improvement on 2014 result
• Around 2 or 3 degrees more precise

• Still more from Run I?

B± ! D⇤K±

B± ! DK⇤±
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Supplementary material for LHCb-PAPER-2016-032904

This appendix contains supplementary material that will posted on the public CDS record905

but will not appear in the PAPER.906
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Figure 10: 1� CL plots, using the profile likelihood method, for DK combinations split by the
initial B meson flavour: (orange) B0

s , (yellow) B
0, (blue) B+ and (green) the full combination.
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Figure 11: 1�CL plots, using the profile likelihood method, forDK combinations split by analysis
method: (yellow) GGSZ, (orange) GLW/ADS, (blue) others and (green) the full combination.
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� = (72.2+6.8
�7.3)

�

7 Conclusion380

Observables measured by LHCb that have sensitivity to the CKM angle �, along with381

auxiliary information from other experiments, are combined to determine an improved382

constraint on �. Combination of all B ! DK-like modes results in a best fit value of383

� = 72.2� and the confidence intervals384

� 2 [64.9, 79.0]� at 68.3% CL ,

� 2 [55.9, 85.2]� at 95.5% CL .

Taking the best fit value and the 68.3% CL interval, � is found to be385

� = (72.2 +6.8
�7.3)

�
,

where the uncertainty includes both statistical and systematic e↵ects. A Bayesian inter-386

pretation yields similar results, with credible intervals found to be consistent with the387

corresponding confidence intervals of the frequentist treatment. The result for � is com-388

patible with the world averages [25,26] and the previous LHCb average, � = (73+9

�10

)� [27].389

This combination has a significantly smaller uncertainty than the previous one and replaces390

it as the most precise determination of � from a single experiment to date.391

A second combination is investigated with additional inputs from B ! D⇡-like modes.392

The frequentist and Bayesian approaches are in agreement at the 2� level, giving intervals393

of � 2 [56.7, 83.4]� and � 2 [52.1, 84.6]� at 95.5% CL, respectively.394
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• Several new or updated inputs into the combination
• Two body GLW/ADS

• Four body GLW/ADS

• GGSZ 

• GLW-Dalitz 

10/11/2016

B± ! DK± , D ! h+h
0�

B± ! DK± , D ! h+⇡�⇡+⇡�

B0 ! DK⇤0 , D ! K0
S⇡

+⇡�

B0 ! DK+⇡� , D ! h+h�

Update of LHCb combination

of like decays

�

28



Dh Combination

10/11/2016

• Try to squeeze sensitivity from like decays
• Previous result from 2014
• Several additional inputs w.r.t. 

the DK only combination

• Observables: 71 89 and parameters 32      38

29

Old result

New - arXiv 1611.03076, old - LHCb-CONF-2014-004



Dh Combination
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• New Dh combination
• Frequentist results here
• Two solutions observed in         , 

low solution agrees with expectation, 
suppressed by just over 1 sigma
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Figure 3: 1� CL curves for the Dh combination obtained with the Plugin method. The 1�
and 2� levels are indicated by the horizontal dotted lines.
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13

arXiv 1611.03076



Dh Combination
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• New Dh combination
• Frequentist results here
• Two solutions observed in         ,  low solution agrees with 

expectation, suppressed by just over 1 sigma
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Bayesian combination favours low          solution instead, 
but everything is consistent at the 2 sigma level

arXiv 1611.03076



Dh Combination
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• New Dh combination
• Frequentist results here
• Two solutions observed in         ,  low solution agrees with 

expectation, suppressed by just over 1 sigma
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Bayesian combination favours low          solution instead, 
but everything is consistent at the 2 sigma level

Such differences are not uncommon in the presence
of a highly non-Gaussian likelihood function

Note that both frameworks find the same  minima

arXiv 1611.03076



Summary

10/11/2016

• New inputs to the combinations
• New decay modes and methods used for the first time
• Both DK only and Dh combinations performed
• Reached the expected Run I sensitivity

• Time for a rest?
• Plenty still to do!
• New decay modes and updates from Run I
• Should more than double the data sample with Run II

33

� = (72.2+6.8
�7.3)
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Figure 1: 1� CL curves for the DK combination obtained with the Plugin method. The 1�
and 2� levels are indicated by the horizontal dotted lines.

Table 4: Confidence intervals and central values for the parameters of interest in the frequentist
Dh combination.

Observable Central value 68.3% Interval 95.5% Interval 99.7% Interval

� (�) 73.5 [70.5, 76.8] [56.7, 83.4] [40.1, 90.8]

r

DK
B 0.1017 [0.0970, 0.1064] [0.0914, 0.1110] [0.0844, 0.1163]

�

DK
B (�) 141.6 [136.6, 146.3] [127.2, 151.1] [114.6, 155.7]

r

DK⇤0
B 0.220 [0.173, 0.264] [0.121, 0.307] [0.000, 0.355]

�

DK⇤0
B (�) 188 [168, 211] [148, 239] [120, 280]

r

D⇡
B 0.027 [0.0207, 0.0318] [0.0020, 0.0365] [0.0008, 0.0425]

�

D⇡
B (�) 348.3 [343.2, 352.9] [220.5, 356.4] [192.9, 359.8]
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Outlook

10/11/2016

• What comes next?
• More channels for both     and     decays from Run I and II

34

All are being investigated, some 
in preparation for CKM 2016



Outlook

10/11/2016

• Looking deeper into the crystal ball

• Beauty cross section up by more than a factor 2 and small 
increases in trigger and selection efficiencies

• Hadronic trigger efficiency should roughly double

35



Outlook

10/11/2016

• Target sub-degree precision 
• Indirect measurements give     to 
• Lattice improvements will decrease the uncertainties
• Expect statistical uncertainties to scale with data samples
• Systematic uncertainties should also decrease

• Anticipate similar precision to Belle II in upgrade era 

36



Conclusion

10/11/2016

• LHCb has made a big impact measuring 
• Hope to halve our uncertainties in Run II
• Things should get exciting in the upgrade era (2021 ->)
• We look forward to healthy competition with Belle II
• Many areas where we can complement each other

37Phys. Rev. D 89, 033016 (2014)
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Tree level constraints

Loop level constraints

Room for improvement!



Gammacombo
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• Framework available for anyone to use
• See HEP Forge for more details
• http://gammacombo.hepforge.org/web/HTML/index.html

• Used for the combinations in this talk
• Frequentist treatment
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Figure 3: Invariant mass distributions of selected B± → [π+π−]Dh± candidates, separated by
charge. The dashed black line represents the residual contribution from charmless decays. This
component is present in the D final states considered, but is most visible in this case. See the
caption of Fig. 1 for other definitions.
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Figure 4: Invariant mass distributions of selected B± → [K+K−]Dh± candidates, separated by
charge. The dashed cyan line represents partially reconstructed Λ0

b → [p+K−π+]Λ+
c
h− decays,

where the pion is missed and the proton is misidentified as a kaon. See the caption of Fig. 1 for
other definitions.
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2 body GLW modes
• Not much to see…
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A⇡⇡
⇡ = 0.0043± 0.0086± 0.0031AKK

⇡ = �0.0145± 0.0050± 0.0017
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Figure 1: Invariant mass distributions of selected B± → [K±π∓]Dh± candidates, separated by
charge, with B−(B+) candidates on the left (right). The top plots contain the B± → DK±

candidate sample, as defined by a PID requirement on the bachelor particle. The remaining
candidates are placed in the bottom row, reconstructed with a pion hypothesis for the bachelor.
The red (thick, open) and green (hatched-area) curves represent the B± → DK± and B± →
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C Results

The results, with statistical uncertainties only, for the complex coe�cients c
j

are given
in Table 8. Due to the changes in the selection requirements, the overlap between the
D ! K

+

⇡

� sample and the dataset used in Ref. [26] is only around 60%, and the results
are found to be consistent.

The results for (x
+

, y

+

) and (x�, y�) are shown as contours in Fig. 9. Invariant mass
projections onto m(D0

⇡

�) and m(D0

K

+) are shown in Fig. 10. There is no evident CP
violation.

Figure 11 shows the two-dimensional 68% confidence level for each pair of observables
from �, r

B

and �

B

. No region is excluded at 95% CL.

Table 8: Results for the complex coe�cients c
j

from the fit to data. Uncertainties are statistical
only. All reported quantities are free to vary in the fit, except that the D

⇤
2

(2460)� component is
fixed as a reference amplitude, and the magnitude of the D

⇤
s1

(2700)+ component is constrained.
The K

+

⇡

� S-wave is the coherent sum of the K

⇤
0

(1430)0 and the nonresonant K⇡ S-wave
component [45].

Resonance Real part Imaginary part

K

⇤(892)0 �0.07± 0.10 �1.19± 0.04
K

⇤(1410)0 0.16± 0.04 0.21± 0.06
K

⇤
0

(1430)0 0.40± 0.08 0.67± 0.06
Nonresonant K⇡ S-wave 0.37± 0.07 0.69± 0.07
K

⇤
2

(1430)0 �0.01± 0.06 �0.48± 0.04
D

⇤
0

(2400)� �1.10± 0.05 �0.18± 0.07
D

⇤
2

(2460)� 1.00 0.00
Nonresonant D⇡ S-wave �0.44± 0.06 0.02± 0.07
Nonresonant D⇡ P-wave �0.61± 0.05 �0.08± 0.06
D

⇤
s1

(2700)+ 0.57± 0.05 �0.09± 0.19
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FIG. 2: Argand diagrams illustrating the measurements of relative amplitudes and phases from analysis of the Dalitz plots of
(left) D0K+⇡� and (right) D+K+⇡�. In these illustrative examples the following values are used: % = 1.5, � = 20�, � = 75�,
�B = 45� and rB = 0.4.

Re

Im

-1 +1 +2

-1

+1

+2

γ Dδ+Bδ

)+K2 fav
*- D→ 0A(B

)*0Kfav D→ 0A(B

Re

Im

-1 +1 +2

-1

+1

+2

Dδ-Bδ

γ )+K2 sup
*- D→ 0 A(BDδ-ie

)*0Ksup D→ 0 A(BDδ-ie
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(left) DfavK+⇡� and (right) DsupK+⇡�. Note that in the latter the amplitudes are rotated by ��D to maintain the convention
of having the D⇤�

2 K+ amplitude on the real axis. In these illustrative examples the following values are used: % = 1.5, � = 20�,
� = 75�, �B = 45�, rB = 0.4, �D = �158� and rD = 0.06.

each component, the F terms denote vertex form factors,
BW the resonance propagator and S the Lorentz invari-
ant spin factor. We use Blatt-Weisskopf barrier form
factors [24], and use relativistic Breit-Wigner lineshapes
to describe the propagators. We use the Zemach formal-
ism [25, 26] for the spin factors. We assume that the
nonresonant contribution is constant across the phase
space. This is a su�cient approximation for the study
at hand, even though a more complicated description is
likely to be necessary to fit real data. All amplitudes are
evaluated using the qft++ package [27].

We develop a model for the B

0 ! DK

+
⇡

� Dalitz plot

distribution based on the following results from Ref. [28]:

B(B0 ! DK

+
⇡

�) = (88± 15± 9)⇥ 10�6
,

B(B0 ! DK

⇤0(892)[K+
⇡

�]) = (38± 6± 4)⇥ 10�6
,

B(B0 ! D

⇤�
2 (2460)[D⇡

�]K+) =
(18.3± 4.0± 3.1)⇥ 10�6

,

B(B0 ! DK

+
⇡

�)nr = (26± 8± 4)⇥ 10�6
.

The results for the resonant contributions were extracted
using events in the regions |M

K⇡

�M

K

⇤0 | < 150 MeV and
|M

D⇡

�M

D

⇤�
2
| < 75 MeV, respectively. The strengths

of the K

⇤(892) and D

⇤�
2 (2460) amplitudes in our model

were set by requiring that the fit fractions of these reso-
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Figure 1: 1� CL curves for the DK combination obtained with the Plugin method. The 1�
and 2� levels are indicated by the horizontal dotted lines.

Table 4: Confidence intervals and central values for the parameters of interest in the frequentist
Dh combination.

Observable Central value 68.3% Interval 95.5% Interval 99.7% Interval

� (�) 73.5 [70.5, 76.8] [56.7, 83.4] [40.1, 90.8]

r

DK
B 0.1017 [0.0970, 0.1064] [0.0914, 0.1110] [0.0844, 0.1163]

�

DK
B (�) 141.6 [136.6, 146.3] [127.2, 151.1] [114.6, 155.7]

r

DK⇤0
B 0.220 [0.173, 0.264] [0.121, 0.307] [0.000, 0.355]

�

DK⇤0
B (�) 188 [168, 211] [148, 239] [120, 280]

r

D⇡
B 0.027 [0.0207, 0.0318] [0.0020, 0.0365] [0.0008, 0.0425]

�

D⇡
B (�) 348.3 [343.2, 352.9] [220.5, 356.4] [192.9, 359.8]
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