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VELO 
Precise tracking 

RICH 
Particle ID 

HCAL 
Triggering 

•  Data samples 
•  2011 - 1fb-1 

•  2012 - 2fb-1 

•  3fb-1 combined 

•  Overview 
•  ɣ studies 
•  Baryons 



Why always ɣ?  

•  The least well measured angle of the unitarity triangle 
•  CKM fitter FPCP 2013: (68.0 + 8.0)o 

•  UT fit Post EPS 2013: (70.1 ± 7.1)o 

•  Key goal of LHCb is to improve this situation 

•  A probe for new physics?  
•  Tree processes theoretically very clean 
•  Loop processes may see deviations 
 

•  Focus so far has been on B±→DK± decays 
•  Interference of b→c and b→u transitions 
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Table 1.6: Current experimental status of the unitarity triangle angles from Ref [5].

The angles can be expressed in terms of the CKM elements:

↵ = arg

 

� VtdV
⇤
tb

VudV
⇤
ub

!

, � = arg

 

�VcdV
⇤
cb

VtdV
⇤
tb

!

, � = arg

 

�VudV
⇤
ub

VcdV
⇤
cb

!

. (1.38)

From these equations it is clear that each angle must be measured using decay modes

featuring the CKM matrix elements that appear in the definition. For example,

Eq. 1.38 shows that � only depends on CKM matrix elements from certain B hadron

decays. In fact � can be measured from tree level processes because it has no

dependence on elements involving the top quark, which only appear in loop level

processes. This makes � unique amongst CP violation observables. More details on

decay modes used to measure � are given in section 1.6.

Figure 1.4 shows the constraints on the ⇢̄-⌘̄ plane coming from knowledge of

the various parameters that are labelled [24]. It is clear from the figure that the

least accurate constraint on the plane comes from the angle �.

1.5 Analysis techniques

Several analysis techniques and methods are discussed in this thesis so an overview

of them is presented here. Dalitz plots are introduced in Sec. 1.5.1, the principles of

neural networks are explored in Sec. 1.5.2 and the sPlot method is introduced in

Sec. 1.5.3.

1.5.1 Dalitz plots

The Dalitz plot analysis technique [25] is used to calculate the amplitudes of resonant

two-body decays of, for example, B and D mesons contributing to a three-body final

state. The Dalitz plot is named after R. H. Dalitz who pioneered the use of these

methods. For example, the decay D+ ! K�K+⇡+ can proceed via resonant two-

body decays such as D+ ! �(1020)⇡+ and D+ ! K+K
⇤
(892)0. The Dalitz plot of

D+ ! K�K+⇡+, from LHCb [26], is shown in Fig 1.5.
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B±→DK± decays 

•  The flagship ɣ channel at LHCb 

 

•  The angle ɣ is the weak phase between b→c and b→u transitions 
•  Interference occurs when D0 and D0 decay to the same final state 
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Introduction 2 

»  One of LHCb’s important physics objectives is a precision measurement of the 
CKM angle gamma 

»  The angle � appears as the weak phase between b�u and b�c transitions 
»  Tree level determination of � can be performed by looking at B±�DK± decays 

»  Interference between diagrams when D0 and D0 decay into common final states 
gives sensitivity to � 

 
 

 
 
 

1.6 Extracting the Angle γ from B± → D0K± 15
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Figure 1.3: Feynman diagrams of the decays (a) B− → D0K− and (b) B− → D̄0K−.
There is a relative phase, δB − γ, and magnitude ratio, rB, between the corresponding
amplitudes. Diagram (a) is referred to as colour favoured whilst diagram (b) is referred
to as colour suppressed.

where AD and ĀD represent the amplitudes for the D0 and D̄0 decays, respectively. Due
to the colour suppression within the B− → D̄0K− and B+ → D0K− decays, rB is small.
The current world average from published measurements is rB = 0.103+0.017

−0.023 [C+05].
Consequently, the interference effects tend to be small. The value of the strong phase
difference is δB = (135 ± 26)◦ [A+08b]. A variety of strategies exist which exploit
the B → DK interference mechanism to extract γ. These strategies can be grouped
according to the choice of final state, fD. Before discussing the methods relevant to
this thesis, a description of the origin of strong phases is given.

1.6.1 Origin of CP Invariant Phases

CP invariant or ‘strong’ phases are integral to the B → DK formalism. Their origin
lies in the processes referred to as final state-interactions (FSI). These processes allow
various final states of the weak decay to scatter elastically or inelastically via non-weak
interactions. For a channel i → f , the total amplitude includes contributions from pro-
cesses i → f ′ → f , where the decay i → f ′ is weak, and the state f ′ subsequently
scatters into f via the strong (or electromagnetic) interaction. So, while a possible
CP-violating phase is associated with the weak decay i → f ′, the CP-invariant phase
arises in the f ′ → f scattering and is dominated by the strong interaction.

The sub-processes B → DK and D → fD are examples of the channel i → f
discussed above. Consequently, both sub-processes have associated strong phases that
we label as δB and δD, respectively. A special case worth mentioning is the decay to a
CP-eigenstate, such as D → K+K−. From the CP convention used to define Eq. (1.5),
it is trival to conclude that the associated CP invariant phase for CP-even(CP-odd)
final states is zero(π).
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Methods to measure ɣ  

•  GLW 

•  ADS 

 
•  GGSZ 

•  3 body self conjugate decays 
•  Eg: D→KSππ 

Hadronic b decays

Introduction

Measuring γ

γ Combination

✚✚CP in B± → D0h

Λb →πKph

b → cc

Conclusions

C. Fitzpatrick

March 24, 2014

Measurable parameters

! Different methods apply to different decay topologies:
! ”GLW”, D decays to CP eigenstate, D→KK, D→ππ:

ACP+ =
2rB sin δB sin γ

RCP+

RCP+ = 1 + r
2
B + 2rB cos δB cos γ

! ”ADS”, quasi-flavor-specific final states, eg: D→Kπ, D→K3π
! additional amplitude rD and phase δD enter from D decay:

A
K

ADS =
2rB rD sin(δB + δD ) sin γ

RADS

R
K

ADS = r
2
B + r

2
D + 2rB rD cos(δB + δD ) cos γ

! K3π mode treatment is similar, A
K3π
ADS ,R

K3π
ADS use r

K3π
D , δ

K3π
D measured at CLEO

! ”GGSZ”, Self CP-conjugate 3-body final states, eg: D→K0
Sππ, D→K0

SKK
! Fits to distribution of events in the D→K0

Shh Dalitz plot:

x+ = rB cos(δB + γ) y+ = rB sin(δB + γ)

While each analysis measures different parameters, each contains complementary
information on γ
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ADS/GLW 3 

»  The angle gamma can be measured by looking at GLW and ADS B�DK decays 

»  GLW has the D decaying to a CP eigenstate (e.g. K+K- and π+π-) 
»  ADS involves the D decaying into a non-CP eigenstate of a kaon and an 

ensemble of pions (e.g. Kπ, Kπππ, Kππ0) 
 
 

1.6 Extracting the Angle γ from B± → D0K± 16

1.6.2 GLW & ADS Methods

The simplest of the B → DK strategies involve straightforward ‘counting experi-
ments’8, making them technically robust. The original suggestion, proposed by Gronau,
London and Wyler (GLW), was to consider fD in a CP-eigenstate [GL91, GW91], such
as K+K− or π+π−. Alternatively, one can also consider decays to non CP-eigenstates,
such as K±π∓, as proposed by Atwood, Dunietz and Soni [ADS97]. The interference
diagrams relating to these two strategies are shown in Fig. (1.4).

B- (K+K-)DK-

DK-

D̄K-
rBei(δB−γ)

(a)

B- (K+π-)DK-

DK- rDeiδD

D̄K-
rBei(δB−γ)

(b)

Figure 1.4: The two interfering decay paths of B− → D0K− and B− → D̄0K− when
the D0 and D̄0 decay to specific, common final states. Scenario (a), where a CP-
eigenstate of the D decay is considered (such as K+K−), is referred to as the GLW
method. Scenario (b), where a non CP-eigenstate is considered (such as K±π∓), is
referred to as the ADS method.

Since, as mentioned above, the value of rB is small, the GLW method suffers from
minimal interference and consequently has a limited sensitivity to γ. The ADS method,
however, has a much enhanced sensitivity to γ as a result of maximal interference. This
will be explained below.

The non CP-egienstate K−π+ may arise from either a Cabibbo Favoured (CF) D0

decay or a doubly Cabibbo Suppressed (DCS) D̄0 decay, as illustrated in Fig. 1.5. The
relative suppression between the DCS and CF decays is parameterised by rKπ

D , with
the relative phase difference labelled as δKπ

D . The amplitude ratio is then given by

A(D̄0 → K−π+)

A(D0 → K−π+)
= rKπ

D eiδKπ
D . (1.53)

From existing measurements, rKπ
D = 0.0579 ± 0.0014 and δKπ

D = (22.5+10.4
−11.0)

◦ [HFA].
Substituting Eq. (1.53) into Eq. (1.51), we find the total amplitude for the process
B− → (K+π−)K− has the following dependence:

A(B− → (K+π−)K−) ∝ rKπ
D eiδKπ

D + rBei(δB−γ). (1.54)

Since rB and rKπ
D are expected to be similar in value, in the scenario where the kaon

from the B and D decay are of opposite sign, the amplitudes of the two interfering

8Comparison of event numbers reconstructed in specific final states.

GLW ADS 
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Figure 1.5: Feynman diagrams of the decays (a) D0 → K−π+ and (b) D̄0 → K−π+.
There is a relative phase and magnitude ratio of δKπ

D and rKπ
D , respectively, between

the corresponding amplitudes. Decay (a) is referred to as Cabibbo Favoured (CF)
since the amplitude is proportional to two diagonal CKM matrix elements. Decay (b),
however, is referred to as Doubly Cabibbo Suppressed (DCS) since its amplitude is
proportional two off-diagonal CKM matrix elements. An additional diagram exists for
the DCS mode involving the internal emission of a W− boson.

process are of similar magnitude. This is the situation shown in Fig (1.4(b)). In the
opposite scenario, however, for same sign kaons, the total amplitude is given by

A(B− → (K−π−)K−) ∝ 1 + rB rKπ
D ei(δB−δKπ

D −γ), (1.55)

where it is observed the interfering amplitudes differ greatly in magnitude. Considering
all possible charge combinations, four distinct final states can be reconstructed. The
rates of these four processes take the following form:

Γ(B− → (K−π+)DK−) ∝ 1 + (rBrD)2 + 2 rBrD cos(δB − δD − γ), (1.56)

Γ(B− → (K+π−)DK−) ∝ r2
B + r2

D + 2 rBrD cos(δB + δD − γ), (1.57)

Γ(B+ → (K+π−)DK+) ∝ 1 + (rBrD)2 + 2 rBrD cos(δB − δD + γ), (1.58)

Γ(B+ → (K−π+)DK+) ∝ r2
B + r2

D + 2 rBrD cos(δB + δD + γ), (1.59)

where the constant of proportionality, NKπ, is the same in each expression. It can be
seen that whilst Eqs. (1.57) and (1.59) are the more suppressed of the four rates, they
provide enhanced sensitivity to γ as a result of the interference terms appearing at
leading order. With dependencies on five separate parameters, an unambiguous deter-
mination of γ can not be made from these four rates alone. Although, by considering
the GLW final states hh = {K+K−,π+π−}, one obtains two further rate equations:

Γ(B− → (hh)DK−) ∝ 1 + r2
B + 2 rB cos(δB − γ), (1.60)

Γ(B+ → (hh)DK+) ∝ r2
B + 2 rB cos(δB + γ), (1.61)

with a different constant of proportionality, Nhh. This then leaves a total of six ob-
servable rates with dependence on six unknowns, allowing γ to be solved for.
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K�

⇡+

»  ADS have Doubly Cabibbo Suppressed 
and Cabibbo Favoured Decays 
»  relative suppression rD is the same 

order of magnitude of rB   
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)K±

) / r2B + (rK⇡
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method. Scenario (b), where a non CP-eigenstate is considered (such as K±π∓), is
referred to as the ADS method.

Since, as mentioned above, the value of rB is small, the GLW method suffers from
minimal interference and consequently has a limited sensitivity to γ. The ADS method,
however, has a much enhanced sensitivity to γ as a result of maximal interference. This
will be explained below.

The non CP-egienstate K−π+ may arise from either a Cabibbo Favoured (CF) D0

decay or a doubly Cabibbo Suppressed (DCS) D̄0 decay, as illustrated in Fig. 1.5. The
relative suppression between the DCS and CF decays is parameterised by rKπ

D , with
the relative phase difference labelled as δKπ

D . The amplitude ratio is then given by

A(D̄0 → K−π+)

A(D0 → K−π+)
= rKπ

D eiδKπ
D . (1.53)

From existing measurements, rKπ
D = 0.0579 ± 0.0014 and δKπ

D = (22.5+10.4
−11.0)

◦ [HFA].
Substituting Eq. (1.53) into Eq. (1.51), we find the total amplitude for the process
B− → (K+π−)K− has the following dependence:

A(B− → (K+π−)K−) ∝ rKπ
D eiδKπ

D + rBei(δB−γ). (1.54)

Since rB and rKπ
D are expected to be similar in value, in the scenario where the kaon

from the B and D decay are of opposite sign, the amplitudes of the two interfering

8Comparison of event numbers reconstructed in specific final states.
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Figure 1.5: Feynman diagrams of the decays (a) D0 → K−π+ and (b) D̄0 → K−π+.
There is a relative phase and magnitude ratio of δKπ

D and rKπ
D , respectively, between

the corresponding amplitudes. Decay (a) is referred to as Cabibbo Favoured (CF)
since the amplitude is proportional to two diagonal CKM matrix elements. Decay (b),
however, is referred to as Doubly Cabibbo Suppressed (DCS) since its amplitude is
proportional two off-diagonal CKM matrix elements. An additional diagram exists for
the DCS mode involving the internal emission of a W− boson.

process are of similar magnitude. This is the situation shown in Fig (1.4(b)). In the
opposite scenario, however, for same sign kaons, the total amplitude is given by

A(B− → (K−π−)K−) ∝ 1 + rB rKπ
D ei(δB−δKπ

D −γ), (1.55)

where it is observed the interfering amplitudes differ greatly in magnitude. Considering
all possible charge combinations, four distinct final states can be reconstructed. The
rates of these four processes take the following form:

Γ(B− → (K−π+)DK−) ∝ 1 + (rBrD)2 + 2 rBrD cos(δB − δD − γ), (1.56)

Γ(B− → (K+π−)DK−) ∝ r2
B + r2

D + 2 rBrD cos(δB + δD − γ), (1.57)

Γ(B+ → (K+π−)DK+) ∝ 1 + (rBrD)2 + 2 rBrD cos(δB − δD + γ), (1.58)

Γ(B+ → (K−π+)DK+) ∝ r2
B + r2

D + 2 rBrD cos(δB + δD + γ), (1.59)

where the constant of proportionality, NKπ, is the same in each expression. It can be
seen that whilst Eqs. (1.57) and (1.59) are the more suppressed of the four rates, they
provide enhanced sensitivity to γ as a result of the interference terms appearing at
leading order. With dependencies on five separate parameters, an unambiguous deter-
mination of γ can not be made from these four rates alone. Although, by considering
the GLW final states hh = {K+K−,π+π−}, one obtains two further rate equations:

Γ(B− → (hh)DK−) ∝ 1 + r2
B + 2 rB cos(δB − γ), (1.60)

Γ(B+ → (hh)DK+) ∝ r2
B + 2 rB cos(δB + γ), (1.61)

with a different constant of proportionality, Nhh. This then leaves a total of six ob-
servable rates with dependence on six unknowns, allowing γ to be solved for.

D̄0

K�

⇡+

»  ADS have Doubly Cabibbo Suppressed 
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order of magnitude of rB   
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)K±

) / r2B + (rK⇡
D )

2
+ 2rBr

K⇡
D cos(�B � �K⇡

D ± �)
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1.6.2 GLW & ADS Methods

The simplest of the B → DK strategies involve straightforward ‘counting experi-
ments’8, making them technically robust. The original suggestion, proposed by Gronau,
London and Wyler (GLW), was to consider fD in a CP-eigenstate [GL91, GW91], such
as K+K− or π+π−. Alternatively, one can also consider decays to non CP-eigenstates,
such as K±π∓, as proposed by Atwood, Dunietz and Soni [ADS97]. The interference
diagrams relating to these two strategies are shown in Fig. (1.4).

B- (K+K-)DK-
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D̄K-
rBei(δB−γ)

(a)

B- (K+π-)DK-

DK- rDeiδD

D̄K-
rBei(δB−γ)

(b)

Figure 1.4: The two interfering decay paths of B− → D0K− and B− → D̄0K− when
the D0 and D̄0 decay to specific, common final states. Scenario (a), where a CP-
eigenstate of the D decay is considered (such as K+K−), is referred to as the GLW
method. Scenario (b), where a non CP-eigenstate is considered (such as K±π∓), is
referred to as the ADS method.

Since, as mentioned above, the value of rB is small, the GLW method suffers from
minimal interference and consequently has a limited sensitivity to γ. The ADS method,
however, has a much enhanced sensitivity to γ as a result of maximal interference. This
will be explained below.

The non CP-egienstate K−π+ may arise from either a Cabibbo Favoured (CF) D0

decay or a doubly Cabibbo Suppressed (DCS) D̄0 decay, as illustrated in Fig. 1.5. The
relative suppression between the DCS and CF decays is parameterised by rKπ

D , with
the relative phase difference labelled as δKπ

D . The amplitude ratio is then given by

A(D̄0 → K−π+)

A(D0 → K−π+)
= rKπ

D eiδKπ
D . (1.53)

From existing measurements, rKπ
D = 0.0579 ± 0.0014 and δKπ

D = (22.5+10.4
−11.0)

◦ [HFA].
Substituting Eq. (1.53) into Eq. (1.51), we find the total amplitude for the process
B− → (K+π−)K− has the following dependence:

A(B− → (K+π−)K−) ∝ rKπ
D eiδKπ

D + rBei(δB−γ). (1.54)

Since rB and rKπ
D are expected to be similar in value, in the scenario where the kaon

from the B and D decay are of opposite sign, the amplitudes of the two interfering

8Comparison of event numbers reconstructed in specific final states.



B±→D(KSKπ)h± 

5/6/2014 Mark Whitehead – LHCP 2014, NYC 6 

Phys. Lett. B 733C (2014) 36 

•  Recent result from B→DK studies  
•  ADS-like analysis using a singly Cabibbo-supressed decay 
•  Split the decay modes by the charge of the charged KD and B mesons 
•  Same sign (SS) and opposite sign (OS) 

•  Take input from CLEO measurements 

•  Coherence factor (κ) and the average strong phase difference (𝛿) 

•  Both measured over the full Dalitz plot and a K*(892)± region. 

•  Full 3fb-1 2011+2012 data sample used  



Same sign B±→D(KSKπ)h± 

5/6/2014 Mark Whitehead – LHCP 2014, NYC 7 

Phys. Lett. B 733C (2014) 36 SS candidates
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Figure 1: Distributions of B± invariant mass of the SS and OS samples for the (a, c, e, g)
B± ! DK± and (b, d, f, h) B± ! D⇡± candidates in the full data sample. The fits are shown
for (a, b, e, f) B+ and (c, d, g, h) B� candidates. Fit PDFs are superimposed.

6

SS candidates

]2c   [MeV/)+ KD]−π+K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

10

20

30 LHCb
Sum, incl. combinatorics
Signal
Mis-ID
Partially reconstructed

+ KD]−π+K0
S [K→ +B (a)

]2c   [MeV/)+π D]−π+K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

100

200

300 LHCb
Sum, incl. combinatorics

Signal

Partially reconstructed

+π D]−π+K0
S [K→ +B (b)

]2c   [MeV/)− KD]+π−K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

10

20

30 LHCb
Sum, incl. combinatorics
Signal
Mis-ID
Partially reconstructed

− KD]+π−K0
S [K→ −B (c)

]2c   [MeV/)−π D]+π−K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

100

200

300 LHCb
Sum, incl. combinatorics

Signal

Partially reconstructed

−π D]+π−K0
S [K→ −B (d)

OS candidates

]2c   [MeV/)+ KD]+π−K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

10

20

30 LHCb
Sum, incl. combinatorics
Signal
Mis-ID
Partially reconstructed

+ KD]+π−K0
S [K→ +B (e)

]2c   [MeV/)+π D]+π−K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

100

200

300 LHCb
Sum, incl. combinatorics

Signal

Partially reconstructed

+π D]+π−K0
S [K→ +B (f)

]2c   [MeV/)− KD]−π+K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

10

20

30 LHCb
Sum, incl. combinatorics
Signal
Mis-ID
Partially reconstructed

− KD]−π+K0
S [K→ −B (g)

]2c   [MeV/)−π D]−π+K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

100

200

300 LHCb
Sum, incl. combinatorics

Signal

Partially reconstructed

−π D]−π+K0
S [K→ −B (h)

Figure 1: Distributions of B± invariant mass of the SS and OS samples for the (a, c, e, g)
B± ! DK± and (b, d, f, h) B± ! D⇡± candidates in the full data sample. The fits are shown
for (a, b, e, f) B+ and (c, d, g, h) B� candidates. Fit PDFs are superimposed.

6

SS candidates

]2c   [MeV/)+ KD]−π+K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

10

20

30 LHCb
Sum, incl. combinatorics
Signal
Mis-ID
Partially reconstructed

+ KD]−π+K0
S [K→ +B (a)

]2c   [MeV/)+π D]−π+K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

100

200

300 LHCb
Sum, incl. combinatorics

Signal

Partially reconstructed

+π D]−π+K0
S [K→ +B (b)

]2c   [MeV/)− KD]+π−K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

10

20

30 LHCb
Sum, incl. combinatorics
Signal
Mis-ID
Partially reconstructed

− KD]+π−K0
S [K→ −B (c)

]2c   [MeV/)−π D]+π−K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

100

200

300 LHCb
Sum, incl. combinatorics

Signal

Partially reconstructed

−π D]+π−K0
S [K→ −B (d)

OS candidates

]2c   [MeV/)+ KD]+π−K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

10

20

30 LHCb
Sum, incl. combinatorics
Signal
Mis-ID
Partially reconstructed

+ KD]+π−K0
S [K→ +B (e)

]2c   [MeV/)+π D]+π−K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

100

200

300 LHCb
Sum, incl. combinatorics

Signal

Partially reconstructed

+π D]+π−K0
S [K→ +B (f)

]2c   [MeV/)− KD]−π+K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

10

20

30 LHCb
Sum, incl. combinatorics
Signal
Mis-ID
Partially reconstructed

− KD]−π+K0
S [K→ −B (g)

]2c   [MeV/)−π D]−π+K0
S

[K(m
5200 5400 5600 5800

) 2 c
En

tri
es

 / 
(1

5 
M

eV
/

0

100

200

300 LHCb
Sum, incl. combinatorics

Signal

Partially reconstructed

−π D]−π+K0
S [K→ −B (h)

Figure 1: Distributions of B± invariant mass of the SS and OS samples for the (a, c, e, g)
B± ! DK± and (b, d, f, h) B± ! D⇡± candidates in the full data sample. The fits are shown
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Figure 1: Distributions of B± invariant mass of the SS and OS samples for the (a, c, e, g)
B± ! DK± and (b, d, f, h) B± ! D⇡± candidates in the full data sample. The fits are shown
for (a, b, e, f) B+ and (c, d, g, h) B� candidates. Fit PDFs are superimposed.
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Figure 1: Distributions of B± invariant mass of the SS and OS samples for the (a, c, e, g)
B± ! DK± and (b, d, f, h) B± ! D⇡± candidates in the full data sample. The fits are shown
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Figure 1: Distributions of B± invariant mass of the SS and OS samples for the (a, c, e, g)
B± ! DK± and (b, d, f, h) B± ! D⇡± candidates in the full data sample. The fits are shown
for (a, b, e, f) B+ and (c, d, g, h) B� candidates. Fit PDFs are superimposed.
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Table 1: Signal yields and their statistical uncertainties derived from the fit to the whole Dalitz
plot region, and in the restricted region of phase space around the K⇤(892)± resonance.

Whole Dalitz plot K⇤(892)± region
Mode DK± D⇡± DK± D⇡±

SS 145 ± 15 1841 ± 47 97 ± 12 1365 ± 38
OS 71 ± 10 1267 ± 37 26 ± 6 553 ± 24

as discussed in Sect. 6. The only significant di↵erence between the observables fitted in the
two regions is for the value of RSS/OS. This ratio is expected to di↵er significantly, given
that the fraction of D0 ! K0

SK
�⇡+ decays that are expected to lie inside the restricted

portion of the Dalitz plot is around 75%, whereas for D0 ! K0
SK

+⇡� the fraction is
around 44% [12]. This accounts for the higher value of RSS/OS in the restricted region.
The ratios between the B± ! DK± and B± ! D⇡± yields are consistent with that
measured in the LHCb analysis of B± ! [K⇡]

D

h±, 0.0774 ± 0.0012 ± 0.0018 [5]. The
CP asymmetries are consistent with zero in the B± ! D⇡± system, where the e↵ect
of interference is expected to be small. The asymmetries in the B± ! DK± system,
ASS, DK

and AOS, DK

, which have the highest sensitivity to � are all compatible with zero
at the 2� level. The correlations between RSS/OS ratio and the ratios R

DK/D⇡, SS and
R

DK/D⇡, OS are �16% (�13%) and +16% (+16%), respectively, for the fit to the whole
Dalitz plot (K⇤(892)± region). The correlation between the R

DK/D⇡, SS and R
DK/D⇡, OS

ratios is +11% (+15%). Correlations between the asymmetry observables are all less than
1% and are neglected.

Table 2: Results for the observables measured in the whole Dalitz plot region, and in the restricted
region of phase space around the K⇤(892)± resonance. The first uncertainty is statistical and
the second is systematic. The corrections for production and detection asymmetries are applied,
as is the e�ciency correction defined in Eq. (5).

Observable Whole Dalitz plot K⇤(892)± region
RSS/OS 1.528 ± 0.058 ± 0.025 2.57 ± 0.13 ± 0.06
R

DK/D⇡, SS 0.092 ± 0.009 ± 0.004 0.084 ± 0.011 ± 0.003
R

DK/D⇡, OS 0.066 ± 0.009 ± 0.002 0.056 ± 0.013 ± 0.002
ASS, DK

0.040 ± 0.091 ± 0.018 0.026 ± 0.109 ± 0.029
AOS, DK

0.233 ± 0.129 ± 0.024 0.336 ± 0.208 ± 0.026
ASS, D⇡

�0.025 ± 0.024 ± 0.010 �0.012 ± 0.028 ± 0.010
AOS, D⇡

�0.052 ± 0.029 ± 0.017 �0.054 ± 0.043 ± 0.017

6 Systematic uncertainties

The largest single source of systematic uncertainty is the knowledge of the e�ciency
correction factor that multiplies the RSS/OS observable. This uncertainty has three sources:
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Figure 1: Distributions of B± invariant mass of the SS and OS samples for the (a, c, e, g)
B± ! DK± and (b, d, f, h) B± ! D⇡± candidates in the full data sample. The fits are shown
for (a, b, e, f) B+ and (c, d, g, h) B� candidates. Fit PDFs are superimposed.
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Figure 1: Distributions of B± invariant mass of the SS and OS samples for the (a, c, e, g)
B± ! DK± and (b, d, f, h) B± ! D⇡± candidates in the full data sample. The fits are shown
for (a, b, e, f) B+ and (c, d, g, h) B� candidates. Fit PDFs are superimposed.
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Figure 1: Distributions of B± invariant mass of the SS and OS samples for the (a, c, e, g)
B± ! DK± and (b, d, f, h) B± ! D⇡± candidates in the full data sample. The fits are shown
for (a, b, e, f) B+ and (c, d, g, h) B� candidates. Fit PDFs are superimposed.
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for (a, b, e, f) B+ and (c, d, g, h) B� candidates. Fit PDFs are superimposed.
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Figure 1: Distributions of B± invariant mass of the SS and OS samples for the (a, c, e, g)
B± ! DK± and (b, d, f, h) B± ! D⇡± candidates in the full data sample. The fits are shown
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Table 1: Signal yields and their statistical uncertainties derived from the fit to the whole Dalitz
plot region, and in the restricted region of phase space around the K⇤(892)± resonance.

Whole Dalitz plot K⇤(892)± region
Mode DK± D⇡± DK± D⇡±

SS 145 ± 15 1841 ± 47 97 ± 12 1365 ± 38
OS 71 ± 10 1267 ± 37 26 ± 6 553 ± 24

as discussed in Sect. 6. The only significant di↵erence between the observables fitted in the
two regions is for the value of RSS/OS. This ratio is expected to di↵er significantly, given
that the fraction of D0 ! K0

SK
�⇡+ decays that are expected to lie inside the restricted

portion of the Dalitz plot is around 75%, whereas for D0 ! K0
SK

+⇡� the fraction is
around 44% [12]. This accounts for the higher value of RSS/OS in the restricted region.
The ratios between the B± ! DK± and B± ! D⇡± yields are consistent with that
measured in the LHCb analysis of B± ! [K⇡]

D

h±, 0.0774 ± 0.0012 ± 0.0018 [5]. The
CP asymmetries are consistent with zero in the B± ! D⇡± system, where the e↵ect
of interference is expected to be small. The asymmetries in the B± ! DK± system,
ASS, DK

and AOS, DK

, which have the highest sensitivity to � are all compatible with zero
at the 2� level. The correlations between RSS/OS ratio and the ratios R

DK/D⇡, SS and
R

DK/D⇡, OS are �16% (�13%) and +16% (+16%), respectively, for the fit to the whole
Dalitz plot (K⇤(892)± region). The correlation between the R

DK/D⇡, SS and R
DK/D⇡, OS

ratios is +11% (+15%). Correlations between the asymmetry observables are all less than
1% and are neglected.

Table 2: Results for the observables measured in the whole Dalitz plot region, and in the restricted
region of phase space around the K⇤(892)± resonance. The first uncertainty is statistical and
the second is systematic. The corrections for production and detection asymmetries are applied,
as is the e�ciency correction defined in Eq. (5).

Observable Whole Dalitz plot K⇤(892)± region
RSS/OS 1.528 ± 0.058 ± 0.025 2.57 ± 0.13 ± 0.06
R

DK/D⇡, SS 0.092 ± 0.009 ± 0.004 0.084 ± 0.011 ± 0.003
R

DK/D⇡, OS 0.066 ± 0.009 ± 0.002 0.056 ± 0.013 ± 0.002
ASS, DK

0.040 ± 0.091 ± 0.018 0.026 ± 0.109 ± 0.029
AOS, DK

0.233 ± 0.129 ± 0.024 0.336 ± 0.208 ± 0.026
ASS, D⇡

�0.025 ± 0.024 ± 0.010 �0.012 ± 0.028 ± 0.010
AOS, D⇡

�0.052 ± 0.029 ± 0.017 �0.054 ± 0.043 ± 0.017

6 Systematic uncertainties

The largest single source of systematic uncertainty is the knowledge of the e�ciency
correction factor that multiplies the RSS/OS observable. This uncertainty has three sources:
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Table 4: Absolute values of systematic uncertainties, in units of 10�2, for the fit in the restricted
region.

Observable E↵. correction Fit PDFs Prod. and det.
asymms.

PID Total

RSS/OS 6.08 0.53 � 0.01 6.10
R

DK/D⇡, SS 0.01 0.25 � 0.02 0.25
R

DK/D⇡, OS 0.01 0.21 � 0.01 0.21
ASS, DK

0.13 2.27 1.71 0.01 2.85
AOS, DK

0.04 2.38 0.99 0.01 2.57
ASS, D⇡

0.04 0.17 0.99 < 0.01 1.00
AOS, D⇡

0.06 0.09 1.71 < 0.01 1.72
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Figure 4: Scans of the �2 probabilities over the ��r
B

parameter space for (a) the whole Dalitz fit
and (b) the fit inside the K⇤ region (b). The contours are the usual n� profile likelihood contours,
where ��2 = n2 with n = 1 (dark blue), 2 (medium blue), and 3 (light blue). The 2� contour
encloses almost all of the parameter space shown, so a central value of � and relevant bounds are
not extracted. The result is seen to be compatible with the current LHCb measurement of �,
indicated by the point at (� = 72.0� and r

B

= 0.089), at a level between 1 and 2�.

uncertainties. The e↵ects of charm mixing are accounted for, but CP violation in the decays
of D mesons is neglected. Regions of 1�, 2� and 3� compatibility with the measurements
made are indicated by the dark, medium and light blue regions, respectively, in Fig. 4.
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•  Model dependent GGSZ amplitude analysis 

•  Use Babar model for the fit to the D decay 
•  1fb-1 data sample 

•  Fit B mass to extract signal and backgrounds yields 
•  Define signal region as ± 50MeV/c2 

•  Downstream and Long refer to track types used to make the KS 
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Figure 2: Invariant mass distributions for (a) B

± ! D(! K
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are normalised residual distributions.
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Table 1: Fitted signal and background yields in the signal invariant mass region (|B mass after

refit - world average| < 50 MeV/c

2) for components contributing to the CP fit.

Fit component B

± ! DK

±, long B

± ! DK

±, downstream
Signal 217±17 420±27
Cross-feed background (from B

± ! D⇡

±) 35.9±0.7 76±1
Combinatoric D background 5+7

�3

31+11

�9

Random Dh background 28+5

�8

45+18

�19

D⇤
⇡ background 0.36±0.08 6±7

D⇢ background 2.2±0.5 4±11
B

s

! DK

⇤ background 0.9±0.2 4±2

Fit component B

± ! D⇡

±, long B

± ! D⇡

±, downstream
Signal 2906±56 5960±80
Cross-feed background (from B

± ! DK

±) 27±2 53±3
Combinatoric D background 15+19

�10

99+36

�27

Random Dh background 76+15

�22

146+33

�41

D⇤
⇡ background 6.6±0.4 22.0±0.7

decay model in the B

� ! DK

� (B+ ! DK

+) case. The D⇢ component of the invariant245

mass fit is composed of candidates from B ! D⇢

0 and B

± ! D⇢

± decays; the distribution246

of candidates from B ! D⇢

0 over the D ! K

0

S⇡
+

⇡

� decay phase space is assumed to be247

an incoherent sum of the D

0 ! K

0

S⇡
+

⇡

�
and D

0 ! K

0

S⇡
+

⇡

�
decay models, whereas the248

candidates from B

± ! D⇢

± are accounted for with a D

0 ! K

0

S⇡
+

⇡

� (D0 ! K

0

S⇡
+

⇡

�)249

decay model for the B

� ! DK

� (B+ ! DK

+) case. Background B

s

! DK

⇤ candidates250

are assumed to be distributed according to the D

0 ! K

0

S⇡
+

⇡

� (D0 ! K

0

S⇡
+

⇡

�) decay251

model in the B

� ! DK

� (B+ ! DK

+) case. For the B

± ! D⇡

± subsamples, contri-252

butions from cross-feed, combinatoric D, random Dh, and D⇤
⇡ background types are253

included in the fit. The cross-feed candidates in B

± ! D⇡

±
arise from misidentification254

of the bachelor track of B

± ! DK

± decays; the candidates are assumed to be distributed255

accordingly. The remaining combinatoric and D

⇤
⇡ background contributions are assumed256

to be distributed as described above.257

Figures 4-7 show the B

± ! D(! K

0

S⇡
+

⇡

�)⇡± and B

± ! D(! K

0

S⇡
+

⇡

�)K± candi-258

date Dalitz plot distributions and their projections, with the results of the fit superimposed.259

The resulting measured values of (x±, y±) are260

x� = +0.027 ± 0.044,

y� = +0.013 ± 0.048,

x

+

= �0.084 ± 0.045,

y

+

= �0.032 ± 0.048,

where the uncertainty is statistical only. The corresponding likelihood contours are shown261
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•  Dalitz plot fit 
•  K*(892) dominates 
•  Split B+ and B- 
•  Backgrounds 
•  Efficiency 

 

•  Cartesian parameters 
•  D0 mixing negligible 
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decay phase space and could therefore appear in particularly sensitive regions. To estimate310

the systematic uncertainty arising from the assumed distribution, the CP fit to data is311

performed with the D decay model for this background changed to the favoured component312

of the signal B

± ! DK

± decay model.313

In order to allow the candidate detection, reconstruction and selection e�ciency314

variation across the phase space of the D ! K

0

S⇡
+

⇡

� decay to be found from B

± ! D⇡

±
315

data candidates, the amplitudes from the suppressed decays B

� ! D

0

⇡

� and B

+ ! D

0

⇡

+

316

are assumed to be negligible. The systematic uncertainty arising from this assumption is317

estimated by repeating the CP fit to data with an additional term in the signal B

± ! D⇡

±
318

and cross-feed B

± ! DK

±
decay models, representing the suppressed decay amplitudes.319

The values of r

B

±!D⇡

± , �

B

±!D⇡

± and � are fixed in the additional term; various r

B

±!D⇡

±320

and �

B

±!D⇡

± values are assumed, but in all cases � = 70�.321

The e�ciency variation across the D ! K

0

S⇡
+

⇡

� decay phase space is parametrised322

in the CP fit by a second order polynomial in the variables m

2

+

and m

2

�. To estimate323
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and y± = r

±
B

sin (�
B

± �) are402

x� = +0.027± 0.044 +0.010

�0.008

± 0.001,

y� = +0.013± 0.048 +0.008

�0.006

± 0.003,

x

+

= �0.084± 0.045± 0.009± 0.003,

y

+

= �0.032± 0.048± 0.009± 0.007,

where the first uncertainty in each case is statistical, the second systematic and the third403

arises from uncertainty in the amplitude model used to describe the D ! K

0

S⇡
+

⇡

�
decay.404

These results are used to place constraints on the magnitude of the ratio of the interfering405

B

± decay amplitudes (r
B

), the strong phase di↵erence between them (�
B

) and the CKM406

angle �, giving the value � = (84+49

�42

)�. The results do not include the e↵ect of neutral D407

meson mixing, which has been estimated to have a negligible e↵ect on �.408
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•  Convert the Cartesian parameters  
 

•  Includes all uncertainties 
•  Choose solution < 180o 

 
 

in Fig. 3.262
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Figure 3: Likelihood contours at 1, 2, 3 and 4 standard deviations for (x±, y±).

5 Systematic uncertainties263

Systematic uncertainties on the measured values of (x±, y±) arising from various sources264

are considered and summarised in Table 3. Unless otherwise stated, in each case the CP265

fit is repeated with various modifications and with the e�ciency parameters and (x±, y±)266

allowed to vary, as in the nominal fit to data. The resulting di↵erences in the values of267

(x±, y±) from the nominal results are taken as systematic uncertainties.268

The fractions of signal and background contributing to the candidates selected from data269

are estimated with a fit to the B

± candidate invariant mass distributions. Modifications to270

this fit, such as changes to the functions used to describe each of the di↵erent components,271

may a↵ect the values of the Cartesian parameters obtained from the CP fit.272

Several changes to the B

± invariant mass fit are found not to cause a significant change273

in the signal yield in the invariant mass region around the signal peak; they are therefore274

not considered further as sources of systematic uncertainty on the Cartesian parameters.275

These include variations of the fixed parameters of the signal and cross-feed functions,276

variations of the PID criterion e�ciencies used to fix the relative yields of signal and277

cross-feed and the replacement of the combinatoric background exponential function with278

a second order polynomial shape.279

The yield of combinatoric D background is estimated using wrong-sign candidates280

selected from data. The systematic uncertainties arising from these estimates are found by281
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Description �x�(⇥10�3) �y�(⇥10�3) �x

+

(⇥10�3) �y

+

(⇥10�3)
(a) K-matrix 1st solution �0.132 0.044 0.250 �2.346
(b) K-matrix 2nd solution �0.086 �0.339 0.122 �0.528
(c) Remove slowly varying �0.144 �0.317 0.097 �0.762

part in P -vector

(d) Generalised LASS -0.713 -1.846 3.042 6.584! relativistic Breit-Wigner

(e) Gounaris-Sakurai 0.077 -0.849 0.145 0.818! relativistic Breit-Wigner
(f)

K

?(1680)

m + �m �0.063 �0.561 0.181 0.256
(g) m� �m �0.128 �0.161 �0.098 �1.104
(h) � + �� �0.059 �0.365 �0.048 �0.423
(i) �� �� �0.158 �0.333 0.273 �0.489
(j)

f

2

(1270)

m + �m �0.106 �0.346 0.096 �0.464
(k) m� �m �0.102 �0.351 0.085 �0.456
(l) � + �� �0.102 �0.344 0.081 �0.467
(m) �� �� �0.105 �0.351 0.097 �0.453
(n)

K

?

2

(1430)

m + �m �0.082 �0.355 0.078 �0.421
(o) m� �m �0.125 �0.342 0.106 �0.498
(p) � + �� �0.100 �0.369 0.071 �0.432
(q) �� �� �0.109 �0.328 0.112 �0.489
(r) r

BW

= 0.0 GeV�1 �0.154 �0.385 �0.116 �0.338
(s) r

BW

= 3.0 GeV�1 �0.308 �0.281 1.225 �0.386
(t) Add K

?(1410) and ⇢(1450) �0.124 �0.286 0.023 �0.701

Table 2: Summary of the model related systematic uncertainties for each alternative model.

Table 3 summarises the systematic uncertainties arising from di↵erent sources. Except368

for the uncertainty due to the fit bias, the absolute values of the uncertainties arising369

from di↵erent sources are shown in the table; these are added in quadrature (assuming no370

correlation) to obtain the total experiment or fit related uncertainties. The CP fit bias is371

considered as a one-sided uncertainty and is included in the quadrature sum on that side372

only. The model related systematic uncertainty is also shown in the table, for comparison.373

6 Constraints on �, rB and �

B

374

The results for the CP violation observables (x±, y±) are used to place constraints on the375

values of �, r

B

and �

B

, adopting the procedure described in Refs. [3, 4].376

There is a two-fold ambiguity in the solution for �, r

B

and �

B

; choosing the solution377

that satisfies (0 < � < 180)� leads to the result378

� = (84+49

�42

)�,

where the uncertainty includes statistical, experimental systematic and model related379

systematic contributions.380
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Ξb→Ξcπ 
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•  Aim to measure the mass and lifetime of Ξb 

•  Lifetime expected to be equal to that of  Λb (Leading order HQE) 
•  Large sample of ~3800 decays available from 3fb-1 data set 
•  Λb→Λcπ provides the ideal control channel, kinematics are ~identical 
•  Decays of Λc and Ξc to the same final state of pKπ 
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Table 1: Summary of systematic uncertainties on the reported measurements. Below, PR rep-
resents the relative uncertainty on the production ratio measurement.

Source �M
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) PR
( MeV/c2) ( MeV/c2) (%) (%)
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X
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K� reflection 0.02 � � 0.3
Momentum scale 0.06 0.06 � -
Sim. sample size 0.14 0.07 0.9 0.6
Detection e�ciency � � 0.4 1.0
BDT requirement � � 0.2 �
Trigger � � � 1.3
X

c

mass range � � � 0.3
Total 0.17 0.10 1.0 1.9

enable improved precision on lifetimes of other b-baryons, which provide further tests of179

the HQE. We also make the most precise measurements of the mass di↵erence and ⌅0
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) = 5791.80± 0.39 (stat)± 0.17 (syst)± 0.26 (⇤0
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) MeV/c2,

where we have used M(⇤0
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) = 5619.36 ± 0.26 MeV/c2 [16]. The mass and mass di↵erence182

are consistent with, and about five times more precise than the value recently obtained183

in Ref. [21].184

We also measure the mass di↵erence M(⌅+
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), and the corresponding ⌅+
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mass, yielding186
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where M(⇤+
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) = 2286.46± 0.14 MeV/c2 [36] is used. These values are consistent with and187

at least three times more precise than other measurements [23,36].188

Furthermore, the relative yield of ⌅0

b

and ⇤0

b

baryons as functions of p
T

and ⌘ are189

measured, and found to smoothly vary by about 20%. The relative production rate inside190

the LHCb acceptance is measured to be191
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= (1.88± 0.04± 0.03)⇥ 10�2.

The first fraction is the ratio of fragmentation fractions, b ! ⌅0

b

relative to b ! ⇤0

b

,192

and the remainder are branching fractions. The results presented in this paper provide193

stringent tests of models that predict lifetimes and masses of beauty hadrons.194
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•  Float the mass difference in the fit to data 

 

•  Measure lifetime from yield ratio as a function of decay time 
•  Fit with the function        where  
•  Efficiency corrected 
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Figure 2: E�ciency-corrected yield ratio of ⌅0
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⇡� relative to ⇤0
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⇡� decays in bins
of decay time. A fit using an exponential function is shown. The uncertainties are statistical
only.
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•  World first lifetime measurement 

 

•  Two world best mass measurements 
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Table 1: Summary of systematic uncertainties on the reported measurements. Below, PR rep-
resents the relative uncertainty on the production ratio measurement.

Source �M
Xb

�M
Xc ⌧(⌅0

b

)/⌧(⇤0

b

) PR
( MeV/c2) ( MeV/c2) (%) (%)

Signal & back. model 0.06 0.05 0.1 0.5
X

c

K� reflection 0.02 � � 0.3
Momentum scale 0.06 0.06 � -
Sim. sample size 0.14 0.07 0.9 0.6
Detection e�ciency � � 0.4 1.0
BDT requirement � � 0.2 �
Trigger � � � 1.3
X

c

mass range � � � 0.3
Total 0.17 0.10 1.0 1.9

enable improved precision on lifetimes of other b-baryons, which provide further tests of179

the HQE. We also make the most precise measurements of the mass di↵erence and ⌅0

b

180

mass as181

M(⌅0

b

)�M(⇤0

b

) = 172.44± 0.39 (stat)± 0.17 (syst) MeV/c2,

M(⌅0

b

) = 5791.80± 0.39 (stat)± 0.17 (syst)± 0.26 (⇤0

b

) MeV/c2,

where we have used M(⇤0

b

) = 5619.36 ± 0.26 MeV/c2 [16]. The mass and mass di↵erence182

are consistent with, and about five times more precise than the value recently obtained183

in Ref. [21].184

We also measure the mass di↵erence M(⌅+

c

) � M(⇤+

c

), and the corresponding ⌅+

c

185

mass, yielding186

M(⌅+

c

)�M(⇤+

c

) = 181.51± 0.14 (stat)± 0.09 (syst) MeV/c2,

M(⌅+

c

) = 2467.97± 0.14 (stat)± 0.10 (syst)± 0.14 (⇤+

c

) MeV/c2,

where M(⇤+

c

) = 2286.46± 0.14 MeV/c2 [36] is used. These values are consistent with and187

at least three times more precise than other measurements [23,36].188

Furthermore, the relative yield of ⌅0

b

and ⇤0

b

baryons as functions of p
T

and ⌘ are189

measured, and found to smoothly vary by about 20%. The relative production rate inside190

the LHCb acceptance is measured to be191

f
⌅

0
b

f
⇤

0
b

· B(⌅0
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! ⌅+

c

⇡�)

B(⇤0

b

! ⇤+

c

⇡�)
· B(⌅+

c

! pK�⇡+)

B(⇤+

c

! pK�⇡+)
= (1.88± 0.04± 0.03)⇥ 10�2.

The first fraction is the ratio of fragmentation fractions, b ! ⌅0

b

relative to b ! ⇤0

b

,192

and the remainder are branching fractions. The results presented in this paper provide193

stringent tests of models that predict lifetimes and masses of beauty hadrons.194
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than four standard deviations. Since the p
T

dependence of ⌅0

b

and ⇤0

b

production are133

similar, this implies that the steep p
T

dependence of ⇤0

b

baryon production measured in134

Ref. [41] also occurs for ⌅0

b

baryons.135

The large sample of ⌅0

b

! ⌅+

c

⇡� decays is exploited to measure the ⌅+

c

mass. Sig-136

nal X
b

candidates within 50 MeV/c2 of their respective peak values are selected, and a137

simultaneous fit to the ⇤+

c

and ⌅+

c

mass spectra is performed. For this measurement, we138

remove the 20 MeV/c2 restriction on the X
c

mass. The sum of two CB functions is used to139

describe the signal and an exponential shape describes the background. The signal shape140

parameters are common, except for their means and widths. The larger ⌅+

c

resolution is141

due to the greater energy release in the decay. The mass distributions and the results of142
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•  Latest updates from B±→DK± ɣ studies 
•  Using a new D decay mode, D→KSKπ 
•  First model dependent GGSZ results 
 

•  Much more still to come on ɣ 
•  Update all 1fb-1 analyses to the full 3fb-1 data sample 
•  Other B decays e.g. B0→DKπ and B0→DK*, Bs→DsK and B±→DK±ππ 
 

•  Progress on b-Baryon decays 
•  Precise lifetime and mass measurements of the Ξb 
 

•  Stay tuned for all of our new results in this sector 
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Methods to measure ɣ  

•  GLW 
•  CP eigenstate D decays 
•  Eg: D→KK, D→ππ 

 
•  ADS 

•  Quasi flavour specific decays 
•  Eg: D→Kπ, D→Kπππ  

 
•  GGSZ 

•  3 body self conjugate decays 
•  Eg: D→KSππ 

Hadronic b decays

Introduction

Measuring γ

γ Combination

✚✚CP in B± → D0h

Λb →πKph

b → cc

Conclusions

C. Fitzpatrick

March 24, 2014

Measurable parameters

! Different methods apply to different decay topologies:
! ”GLW”, D decays to CP eigenstate, D→KK, D→ππ:

ACP+ =
2rB sin δB sin γ

RCP+

RCP+ = 1 + r
2
B + 2rB cos δB cos γ

! ”ADS”, quasi-flavor-specific final states, eg: D→Kπ, D→K3π
! additional amplitude rD and phase δD enter from D decay:

A
K

ADS =
2rB rD sin(δB + δD ) sin γ

RADS

R
K

ADS = r
2
B + r

2
D + 2rB rD cos(δB + δD ) cos γ

! K3π mode treatment is similar, A
K3π
ADS ,R

K3π
ADS use r

K3π
D , δ

K3π
D measured at CLEO

! ”GGSZ”, Self CP-conjugate 3-body final states, eg: D→K0
Sππ, D→K0

SKK
! Fits to distribution of events in the D→K0

Shh Dalitz plot:

x+ = rB cos(δB + γ) y+ = rB sin(δB + γ)

While each analysis measures different parameters, each contains complementary
information on γ
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1fb-1 ɣ combination 

•  Combination includes the following results 
•  2 body GLW/ADS (D→KK, Kπ, ππ) 
•  4 body ADS (D→Kπππ) 
•  GGSZ (D→KSππ, KSKK) 
•  Information on the strong phase from CLEO  

•  Additionally: 
•  D0 mixing, CPV in charm decays 

•  B→Dπ decays also used 
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Figure 3: Graphs showing 1 � CL for (a) �K
B

, (b) �⇡
B

, (c) rK
B

, (d) r⇡
B

, and (e) �, for the full
DK± and D⇡± combination. The reported numbers correspond to the best-fit values and the
uncertainties are computed using appropriate 68.3% CL confidence intervals shown in Table 7.
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mixing is taken into account in the ADS analysis of both B±! DK± and B±! D⇡±

decays. Using only B±! DK± results, a best-fit value in [0, 180]� of � = 72.0� is found
and confidence intervals are set using a frequentist procedure

� 2 [56.4, 86.7]� at 68%CL ,

� 2 [42.6, 99.6]� at 95%CL .

Taking the best-fit value as central value, the first interval is translated to

� = (72.0+14.7

�15.6

)� at 68%CL .

At 99% CL a second (local) minimum contributes to the interval. When combining results
from B± ! D⇡± decays alone, a best-fit value of � = 18.9� is found and the following
confidence intervals are set

� 2 [7.4, 99.2]� [ [167.9, 176.4]� at 68%CL ,

and no constraint is set at 95% CL. For the first time, information from B±! D⇡± decays
is included in a combination. When these results are included, the best-fit value becomes
� = 72.6� and the following confidence intervals are set

� 2 [55.4, 82.3]� at 68%CL ,

� 2 [40.2, 92.7]� at 95%CL .

All quoted values are modulo 180�. The coverage of our frequentist method was evaluated
and found to be exact when combining B±! DK± results alone, and accurate within 4%
(2%) at 1� (2�) when combining B±! DK± and B±! D⇡± results. The final intervals
have been scaled up to account for this undercoverage, and to account for neglected
systematic correlations.
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1fb-1 ɣ combination + 2fb-1 GGSZ 

•  Update to include 2012 GGSZ result 

•  B→DK only here 
•  Green is the old B→DK curve 
•  Purple shows the updated interval 
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GLW/ADS (orange) parts of the DK± only combination. The contours are the usual n� profile
likelihood contours, where ��2 = n2 with n = 1, 2. The markers correspond to the best-fit
points.
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analysis (orange, solid contours) using 1 fb�1 of data. The contours are the usual 1� and
2� contours, where ��
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2 with n = 1, 2. The markers correspond to the best fit values.
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Figure 2: Graphs showing 1� CL for (a) �KB , (b) rKB , and (c) �, for the combination of
measurements of the B±! DK

± decay using 1 fb�1 of data (green, filled area), taken from
Ref. [4]. These graphs are compared to the B

±! DK

± combination including the new
3 fb�1 GGSZ result (purple line), taken from Fig. 1. The reported numbers correspond
to the best fit values and the uncertainties are computed using the respective 68.3% CL
confidence intervals, as reported in Table 1 and Ref. [4].

3

LHCb has presented, at this conference, an updated measurement of B± ! DK

±

decays [1], where D denotes an admixture of D0 and D

0 mesons, and D is decaying into
the K0

S⇡
+
⇡

� and K

0
SK

+
K

� final states. The measurement consists of a model independent
Dalitz plot analysis (GGSZ [2]), where so-called cartesian coordinates x± = r

K
B cos(�KB ±�),

y± = r

K
B sin(�KB ± �), are measured. The analysis includes 2 fb�1 of integrated luminosity

recorded in 2012, which, when combined with our previous GGSZ result [3] on a data
set corresponding to an integrated luminosity of 1 fb�1 recorded in 2011, leads to an
independent measurement of � = (57 ± 16)� [1]. The purpose of this note is to study
the e↵ect of this new measurement on the value of � as obtained from a combination
of relevant LHCb measurements. The results in this note are obtained by updating the
frequentist procedure described in Ref. [4] with the new inputs.

The GGSZ analysis of the 2012 data was done independently from the 2011 data.
The new result is included by first combining the cartesian coordinates observed in
both measurements, taking into account their systematic correlations. This was done in
Ref. [1]. Then the combined cartesian coordinates are further combined with the other
measurements, obtained from the GLW/ADS methods as described in Ref. [4].

Results of the B

±! DK

± combination, including the new 3 fb�1 GGSZ measurement,
are presented in Table 1 and Figure 1. Figure 2 compares the new results to those obtained
from 1 fb�1 of 2011 data alone [4]. For the phases � and �

K
B the confidence intervals are

reduced significantly, especially at confidence levels over 95.5%, resulting in much more
Gaussian behaviour. The interval for rKB is also reduced. Figures 3 and 4 illustrate the
constraints from the new 3 fb�1 GGSZ measurement alone, and compare them to those
from the 1 fb�1 GLW/ADS measurements.

In conclusion, the e↵ect of the new GGSZ measurement using 3 fb�1 of data on the
combination of �-sensitive measurements using the B±! DK

± final state has been studied.
A central value of � = 67.2� is found. Using the same statistical treatment as in Ref. [4],
confidence intervals are set:

� 2 [55.1, 79.1]� at 68% CL ,

� 2 [43.9, 89.5]� at 95% CL .

Taking the best fit value as central value, the first interval is translated to

� = (67± 12)� at 68% CL .

All quoted values are modulo 180�.

1

Preliminary 



 )2 c
Ev

en
ts 

/ (
 5

 M
eV

/

10

20

30 )2 c
Ev

en
ts 

/ (
 5

 M
eV

/

10

20

30

 -K
D

]-π+π[→-B

LHCb

 +K
D

]-π+π[→+B

LHCb

5200 5400 56000

100

200

5200 5400 56000

100

200

 -π
D

]-π+π[→-B

LHCb

)2c) (MeV/±Dh(m
5200 5400 5600

)2c) (MeV/±Dh(m
5200 5400 5600

 +π
D

]-π+π[→+B

LHCb
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candidates are reconstructed assigning this track the kaon mass. The remaining events are placed in the
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4 body ADS 
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D
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by charge. The left plots are B� candidates, B+ are on the right. In the top plots, the bachelor
track passes the PID cut and the B± candidates are reconstructed assigning this track the kaon
mass. The remaining candidates are placed in the sample displayed on the bottom row and are
reconstructed with a pion mass hypothesis. The dark (red) and light (green) curves represent the
fitted B± ! DK± and B± ! D⇡± components, respectively. The shaded contribution indicates
partially reconstructed decays and the total PDF includes the combinatorial component.

The fit is constructed such that the observables of interest are free parameters. To
estimate the systematic uncertainties arising from the imperfect knowledge of several of
the external parameters discussed above, the fit is performed many times varying each
input by its assigned error. The resulting spread (RMS) in the value of each observable
is taken as the systematic uncertainty on that quantity and is summarised in Table 2.
Correlations between the uncertainties are considered negligible, so the total systematic
uncertainty is the sum in quadrature of the individual components.
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Figure 2: Invariant mass distributions of selected B± ! [⇡±K⌥⇡+⇡�]
D

h± decays, separated
by charge. See the caption of Fig. 1 for a full description. The dashed line here represents the
partially reconstructed, but Cabibbo favoured, B0

s

! DK�⇡+, and charge-conjugated, decays
where the pion is not reconstructed. The favoured mode cross-feed is included in the fit, but is
too small to be seen.

Table 2: Systematic uncertainties on the observables. Bachelor PID refers to the fixed e�ciency
for the bachelor track DLL

K⇡

requirement determined using the D⇤± calibration sample. PDFs
refers to the variations of the fixed shapes in the mass fit. Simulation refers to the use of
simulation to estimate relative e�ciencies of the signal modes, and also includes the contribution
from the uncertainty in the residual background from charmless B decays. Ainstr. quantifies the
uncertainty on the production, interaction and detection asymmetries.

[⇥10�3] RK3⇡
K/⇡

AK3⇡
⇡

AK3⇡
K

RK3⇡,�
K

RK3⇡,+
K

RK3⇡,�
⇡

RK3⇡,+
⇡

Bachelor PID 1.7 0.2 0.6 0.4 0.4 0.02 0.04
PDFs 1.2 1.3 4.4 0.7 0.9 0.09 0.08
Simulation 1.5 0.1 0.3 0.1 0.2 0.01 0.02
Ainstr. 0.0 9.9 17.1 0.1 0.1 0.06 0.06
Total 2.6 10.0 17.7 0.8 1.0 0.11 0.11
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Figure 2: Invariant mass distributions of (a,c) B± ! DK
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± candidates,
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0
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results, including the signal and background components, are superimposed.
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Figure 3: Invariant mass distributions of (a) B± ! DK

± and (b) B± ! D⇡

± candidates, with
D ! K

0
SK

+
K

�, shown with both K
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S categories combined. Fit results, including the signal and

background components, are superimposed.

used in a similar analysis of B± ! DK

± decays, with D ! K

±
⇡

⌥, K+
K

� and ⇡

+
⇡

� [1].
In that analysis the shape was constructed by applying the selection to a large simulated
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Figure 4: Dalitz plots of B± ! DK

± candidates in the signal region for (a,b) D ! K

0
S⇡

+
⇡

�

and (c,d) D ! K

0
SK

+
K

� decays, divided between (a,c) B+ and (b,d) B�. The boundaries of
the kinematically-allowed regions are also shown.

are expected to be the same in the limit that there are no charge-dependent reconstruction
asymmetries. It is found that the variation in relative acceptance between non-symmetric
bins is at most ⇠ 50%, with the lowest e�ciency occurring in those regions where one of
the pions has low momentum.

Separate fits are performed to the B+ and B

� data. Each fit simultaneously considers
the two K

0
S categories, the B

± ! DK

± and B

± ! D⇡

± candidates, and the two D !
K

0
Sh

+
h

� final states. In order to assess the impact of the D ! K

0
SK

+
K

� data the fit is
then repeated including only the D ! K

0
S⇡

+
⇡

� sample. The PDF parameters for both
the signal and background invariant mass distributions are fixed to the values determined
in the global fit. The yields of all the background contributions in each bin are free
parameters, apart from bins where a very low contribution is determined from an initial

10
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identification e�ciencies.

The parameterisation of low-mass candidates is determined from an admixture of sim-
ulated backgrounds weighted by their branching fractions. This shape is shared between
both K

0

S types and between the decay modes K

0

S⇡
+

⇡

� and K

0

SK
+

K

�.
Purely combinatorial candidates are parameterised by a first-order polynomial. In the

B

± ! (K0

SK
+

K

�)DK

± sample, the slope is fixed to zero for both K

0

S types because there
are not enough candidates to fit the shape reliably. Figs. 2–3 show the invariant mass
distributions of the selected candidates.
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Figure 2: Fits to B

± ! (K0

S⇡

+

⇡

�)DK

± and B

± ! (K0

S⇡

+

⇡

�)D⇡

± invariant mass spectra
in data for (top row) LL K

0

S candidates and (bottom row) DD K

0

S candidates. The total fit
PDF is shown by a solid blue line and the various components are: B

± ! DK

± (red, dark),
B

± ! D⇡

± (green, light), low mass background (pink dashed), and combinatorial background
(blue dotted).

We define the ‘signal region’ to cover the B

± mass range of 5247–5317 MeV/c

2. The
yields of each signal and background category in the signal region are shown in Table 1.
Table 2 shows the purity, defined as the ratio of the signal yield to the total yield in the
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Figure 3: Fits to B

± ! (K0

SK

+

K

�)DK

± and B

± ! (K0

SK

+

K

�)D⇡

± invariant mass spectra
in data for (top row) LL K

0

S candidates and (bottom row) DD K

0

S candidates. The total fit
PDF is shown by a solid blue line and the various components are: B

± ! DK

± (red, dark),
B

± ! D⇡

± (green, light), low mass background (pink dashed), and combinatorial background
(blue dotted).

signal region. The Dalitz plots for each B

± ! DK

± decay mode are shown in Figs. 4
and 5. All candidates in the signal region are shown.

4 Fit to determine CP observables

The D meson kinematics, the values of Ki and the CP parameters x± and y± govern the
distribution of B

± ! DK

± candidates across the Dalitz plots. Mass fits are simultane-
ously performed to the B

± ! DK

± candidates in each Dalitz plot bin and the x± and y±
parameters are determined. In conjunction with this we fit the B

± ! D⇡

± candidates;
the observed yields of this decay determine the misidentified yield in the corresponding
B

± ! DK

± bin as well as the e�ciency corrected Ki parameters.

6

Table 1: Yields of each signal and background category in the signal region. The category
‘DK

± mis-ID’ indicates B

± ! D⇡

± candidates that are misidentified as B

± ! DK

± signal.

Parameter D ! K

0

S⇡
+

⇡

�
D ! K

0

SK
+

K

�

LL DD LL DD
DK

± signal 422 ± 14 964 ± 32 61 ± 3 140 ± 5
DK

± mis-ID 31 ± 5 67 ± 8 4 ± 2 10 ± 3
DK

± combinatorial 13 ± 4 22 ± 5 1 ± 1 3 ± 1
DK

± low mass 22 ± 2 60 ± 3 4 ± 1 8 ± 1
D⇡

± signal 6709 ± 85 15276 ± 136 961 ± 31 2211 ± 46
D⇡

± combinatorial 50 ± 5 201 ± 11 19 ± 3 31 ± 4
D⇡

± low mass 63 ± 1 145 ± 2 9 ± 1 21 ± 1

Table 2: Purity for each decay type in the signal region.

B

± decay mode D ! K

0

S⇡
+

⇡

�
D ! K

0

SK
+

K

�

LL DD LL DD
B

± ! DK

± (86.4± 1.3)% (86.6± 0.9)% (86.0± 2.8)% (87.1± 1.9)%
B

± ! D⇡

± (98.4± 0.1)% (97.8± 0.0)% (97.2± 0.1)% (97.7± 0.1)%

We split the data in categories depending on the decay type (D⇡

± or DK

±), K

0

S type
(LL or DD), B charge (plus or minus) and which Dalitz plot bin the event falls into. The
log likelihood is the sum of the log likelihoods for each category of candidates in every
bin of the D

0 Dalitz plot

logL =
X

charge

X

LL,DD K0
S

(logLD⇡± + logLDK±). (4)
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Figure 4: Dalitz plots for B

± ! (K0

S⇡

+

⇡

�)DK

± decays; (left) B

+, (right) B

�.
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Figure 5: Dalitz plots for B

± ! (K0

SK

+

K

�)DK

± decays; (left) B

+, (right) B

�.

The log likelihood for D⇡

± candidates is determined by summing the log likelihoods
over all the bins in Dalitz space (labelled �8 to +8)

logLD⇡± =
8X

i=�8, 6=0

log

 
N

i
D⇡±,sig SD⇡±(mD⇡±) +

2X

j=1

N

i
D⇡±,bkg,j BD⇡±,j(mD⇡±)

!
, (5)

where SD⇡± is the signal shape, BD⇡±,{1,2} are the two background shapes and the yields
of these three components, N

i
D⇡±,sig and N

i
D⇡±,bkg,{1,2}, are varied independently in each

bin. The log likelihood for B

± ! DK

± candidates is

logLDK± =
8X

i=�8, 6=0

log

 
N

i
DK±,sig SDK±(mDK±) +

3X

j=1

N

i
DK±,bkg,j BDK±,j(mDK±)

!
, (6)

where in this case there are three background components, and the signal yield is deter-
mined as follows. The yield of B

± ! DK

± candidates in each bin is

Y

�
±i / N

±i
D⇡�,sig + r

2

BN

⌥i
D⇡�,sig + 2

q
N

i
D⇡�,sigN

�i
D⇡�,sig(x�ci ± y�si), (7)

Y

+

±i / N

⌥i
D⇡+,sig + r

2

BN

±i
D⇡+,sig + 2

q
N

i
D⇡+,sigN

�i
D⇡+,sig(x+

ci ⌥ y

+

si) (8)

for B

� and B

+, respectively, where we have used the D⇡

± yield in each bin to represent
"iKi; we assume e�ciencies in opposite bins are the same and that there is no interference
in the B

± ! D⇡

± system (i.e. the value of rB(D⇡

±) is zero). The normalised yield
N

i
DK±,sig is then

N

i
DK±,sig = NDK±,tot

Y

±
iP

8

i=�8, 6=0

Y

±
i

, (9)
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Figure 2: Invariant mass distributions for (a) B
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and (b)
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�)⇡± downstream candidates. The fit results, including signal and back-

ground components described in Section 4.1, are superimposed. The lower parts of the figures

are normalised residual distributions.
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Figure 7: Dalitz plot and its projections, with fit result superimposed, for B

+ ! DK

+
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± and m
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� . The lower parts of the figures are normalised

residual distributions.

the uncertainty arising from this, the CP fit to data is repeated with the e�ciency324

parametrisation fixed and variations of the polynomial coe�cients made. A fit with a third325

order polynomial is also performed, with the e�ciency parameters and (x±, y±) allowed to326

vary. The changes in the values of (x±, y±), compared to the nominal results, are taken as327

the systematic uncertainties arising from the e�ciency parametrisation.328

The CP fit is verified using one thousand data-sized simulated pseudoexperiments. In329

each experiment the number and distribution of candidates is generated according to the330

fit result from data. The values of (x±, y±) returned by the fit show a small bias when331

compared to the values used for the simulation; these biases are included as systematic332

uncertainties on the measured values of the Cartesian observables.333

To estimate the systematic uncertainty arising from the choice of amplitude model334

description of the D ! K

0

S⇡
+

⇡

� decay, CP fits with alternative model descriptions are335

performed on large samples of simulated decays. For each alternative model, one element336

(for example, a resonance parameter) of the nominal model is altered. One million337
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Figure 5: Dalitz plot and its projections, with fit result superimposed, for B

+ ! D⇡

+

candidates; m

2

± = m

2

K

0
S⇡

± and m

2

0

= m

2

⇡
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� . The lower parts of the figures are normalised

residual distributions.

of �1.2% [25] introduced for the signal and background components where the bachelor is296

expected to be a kaon.297

In the CP fit, combinatoric D background candidates are assumed to be distributed298

according to the phase space of the D ! K

0

S⇡
+

⇡

� decay. The CP fit is repeated with299

the D decay model changed to the sum of a phase-space distribution and a K

⇤(892)±300

resonance; the fractions of the two components are fixed from study of the Dalitz plot301

projections of data.302

The D decay model included in the CP fit for random Dh background candidates is303

an incoherent sum of the two D ! K

0

S⇡
+

⇡

� decay amplitudes because it is equally likely304

for a D

0 or D

0 meson to be present in an event. The CP fit is repeated with the decay305

model changed to include a D

0 �D

0 production asymmetry of �1% [26].306

The yield of B

s

! DK

⇤ partially-reconstructed background candidates is very low307

in the signal invariant mass region, but in the CP fit the candidates are assumed to be308

distributed like the suppressed component of signal B

± ! DK

±
over the D ! K

0

S⇡
+

⇡

�
309
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Figure 4: Dalitz plot and its projections, with fit result superimposed, for B

� ! D⇡

�

candidates; m

2

± = m

2

K

0
S⇡

± and m

2

0

= m

2

⇡

+
⇡

� . The lower parts of the figures are normalised

residual distributions.

repeating the CP fit to data with the yields varied by the statistical uncertainties shown282

in Table 1. Corresponding variations in the random Dh background yield are made, so283

that the total combinatoric background yield, obtained from the B

±
invariant mass fit, is284

unchanged.285

In the B

± invariant mass fit, a component PDF for partially-reconstructed286

B

± ! D(! K

0

S⇡
+

⇡

�)µ±⌫ background is not included. The systematic uncertainties287

arising from the omission of this background are found by repeating the CP fit to data288

with a contribution from this background. The upper limits on the yields and the mass289

functions are found by applying muon identification requirements to the bachelor tracks of290

data candidates, and are fixed in the fit.291

In the CP fit, the background fractions obtained from the invariant mass fit to292

B

± candidates are used for both B

+ and B

� candidates. This neglects any detection293

asymmetries for the charged bachelor tracks. It is assumed that there is no detection294

asymmetry for bachelor pion tracks. The CP fit is repeated with a charged kaon asymmetry295
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