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• Accessible in decays where b→u and b→c transitions interfere to give CP violation 

• No dependence on coupling to top so γ can be determined from direct CPV in tree decays  

• B→DX decays satisfy these criteria and a few are known to exhibit large CP violation. 
The most studied case is B–→DK– decays,

4.1 The Unitarity triangle

If the CKM matrix describes all possible quark coupling via the weak force then total probability must be conserved, the
matrix must be unitary. This, in turn, requires the matrix to satisfy unitarity relations, for example that the product of any
two rows, or any two columns must equal 1. For the columns we therefore have:

|Vud |2 + |Vcd |2 + |Vtd |2 = 1 first column with itself

|Vus|2 + |Vcs|2 + |Vts|2 = 1 second column with itself

|Vub|2 + |Vcb|2 + |Vtb|2 = 1 third column with itself

1. V⇤usVud + V⇤csVcd + V⇤tsVtd = 0 first and second columns

2. V⇤ubVud + V⇤cbVcd + V⇤tbVtd = 0 first and third columns

3. V⇤ubVus + V⇤cbVcs + V⇤tbVts = 0 second and third columns

The last three are the sum of three complex numbers equalling zero, these are triangles in the complex plane. It is
informative to notice the size of the triangles,

1. O(�) + O(�) + O(�5) s � d triangle : K0 decays

2. O(�3) + O(�3) + O(�3) b � d triangle : B0 decays

3. O(�4) + O(�2) + O(�2) b � s triangle : Bs decays

The relative height of these triangles bares some relation to the size of the CP violation e↵ect involved. The first triangle
describes the neutral kaon system and its modest height reflect the size of the observed CP violation (⇠ 2 ⇥ 10�3). The
second encodes so much B-physics, it is worth examination.
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• The hadronic parameters are the amplitude ratio rB and the CP-conserving phase δB, 

• To unambiguously determine γ, measurements of partial width ratios and charge asymmetries 
are needed from many final states of the D meson. Analyses of different types of D decay 
require different techniques and are categorised as,
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K+K–π0    .   
π+π–π0      .
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ū

B0

K⇤0

D0

b

¯d

u

¯d

W�

s

c̄

B0

K⇤0

D0

b

s̄

c

s̄

W� s

ū
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ū

B� D0

K�
b

ū
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PUBLISHED NOT YET

GLW:   D→ K+K–  
π+π–  
KSπ0  

SHOWN TODAY



4

quasi-GLW   
K
π

ADS:   D→ π–K+. quasi-ADS   
π

GLS  
K

GGSZ   D→ KS π+π– . 

KS K+K–

b

ū
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• The LHCb data sample size is such that some B0 analysis becomes viable for measuring γ

SHOWN TODAYPUBLISHED NOT YET

Dalitz-GLW:   D→ K+K–  
π+π–  
KSπ0  



Four new papers are described today (final Run 1 analyses),

to be combined today in,

LHCb-PAPER-2016-003

LHCb-PAPER-2016-006

LHCb-PAPER-2016-007

LHCb-CONF-2016-001

LHCb-PAPER-2015-059
arXiv:1602.03455

which add to five published papers,  

Measurement of the CKM angle γ using B±→DK± with D→KS0π+π−, KS0K+K− decays 
JHEP 10 (2014) 097 arXiv:1408.2748

A study of CP violation in B±→DK± and B±→Dπ± decays with D→KS0K±π∓ final states
 Phys. Lett. B733 (2014) 36 arXiv:1402.2982

A study of CP violation in B∓→Dh∓ (h=K,π) with the modes D→K∓π±π0, D→π+π−π0 and D→K+K−π0 
Phys. Rev. D91 (2015) 112014 arXiv:1504.05442

Measurement of CP violation parameters in B0→DK∗0 decays
Phys. Rev. D90 (2014) 112002 arXiv:1407.8136

Measurement of CP asymmetry in Bs0→Ds∓K± decays 
JHEP 11 (2014) 060 arXiv:1407.6127 Bs→DsK 

B± →[KS0h+h–]K±

B±→[h±h±π0]h±

B0→[K±π±]K*0

B± →[KS0K+π–]h±

B0 →[KS0π+π–]K*0

B0 →[KS0h+h–]K*0

B±→[π+π–π+π–]h±
B±→[K+π–π+π–]h±
B±→[h±h±]h±

B0→[K+K–]Kπ 

B0→[π+π–]Kπ



B±→ Dh±, D→ 2-body
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2-body observables
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4-body observables
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Many observables that have direct sensitivity to γ
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29 500 B±→ DK±, D→ K+π–

ADS:   B±→ Dh±, D→ π+K–

550 B±→ DK±, D→ π+K–
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ADS:   B±→ Dh±, D→ π+K–
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GLW:   B±→ DK±, D→ K+K–,  π+π–

5100 5200 5300 5400 5500

 ) 2 c
Ev

en
ts 

/ (
 1

0 
M

eV
/

100

200

300

400

−KD]
−K+K[→−B

LHCb

5100 5200 5300 5400 5500

0

0

0

0

+KD]
−K+K[→+B

LHCb

5100 5200 5300 5400 5500

2000

4000

6000

−πD]
−K+K[→−B

LHCb

] 2c) [MeV/±Dh(m
5100 5200 5300 5400 5500

0

0

0

+πD]
−K+K[→+B

LHCb

5100 5200 5300 5400 5500

 ) 2 c
Ev

en
ts 

/ (
 1

0 
M

eV
/

100

200

300

400

−KD]
−K+K[→−B

LHCb

5100 5200 5300 5400 5500

0

0

0

0

+KD]
−K+K[→+B

LHCb

5100 5200 5300 5400 5500

2000

4000

6000

−πD]
−K+K[→−B

LHCb

] 2c) [MeV/±Dh(m
5100 5200 5300 5400 5500

0

0

0

+πD]
−K+K[→+B

LHCb

5100 5200 5300 5400 5500

 ) 2 c
Ev

en
ts 

/ (
 1

0 
M

eV
/

50

100

150

−KD]
−π+π[→−B

LHCb

5100 5200 5300 5400 5500

0

0

0

+KD]
−π+π[→+B

LHCb

5100 5200 5300 5400 5500

500

1000

1500

2000

−πD]
−π+π[→−B

LHCb

] 2c) [MeV/±Dh(m
5100 5200 5300 5400 5500

0

0

0

0

+πD]
−π+π[→+B

LHCb

5100 5200 5300 5400 5500

 ) 2 c
Ev

en
ts 

/ (
 1

0 
M

eV
/

50

100

150

−KD]
−π+π[→−B

LHCb

5100 5200 5300 5400 5500

0

0

0

+KD]
−π+π[→+B

LHCb

5100 5200 5300 5400 5500

500

1000

1500

2000

−πD]
−π+π[→−B

LHCb

] 2c) [MeV/±Dh(m
5100 5200 5300 5400 5500

0

0

0

0

+πD]
−π+π[→+B

LHCb



10

2-body observables

�(B� ! [K

+
K

�
]

D

K

�
) + �(B+ ! [K

+
K

�
]

D

K

+
)

�(B� ! [K

�⇡+]

D

⇡�) + �(B+ ! [K

+⇡�]

D

⇡+)

= R

CP

�(B� ! [⇡+⇡�]

D

K

�
) + �(B+ ! [⇡+⇡�]

D

K

+
)

�(B� ! [K

�⇡+]

D

⇡�) + �(B+ ! [K

+⇡�]

D

⇡+)

= R

CP

�(B� ! [K

�⇡+]

D

K

�
) � �(B+ ! [K

+⇡�]

D

K

+
)

�(B� ! [K

�⇡+]

D

K

�
) + �(B+ ! [K

+⇡�]

D

K

+
)

= A

K⇡
K

�(B� ! [K

�
K

+
]

D

K

�
) � �(B+ ! [K

+
K

�
]

D

K

+
)

�(B� ! [K

�
K

+
]

D

K

�
) + �(B+ ! [K

+
K

�
]

D

K

+
)

= A

KK

K

�(B� ! [⇡�⇡+]

D

K

�
) � �(B+ ! [⇡+⇡�]

D

K

+
)

�(B� ! [⇡�⇡+]

D

K

�
) + �(B+ ! [⇡+⇡�]

D

K

+
)

= A

⇡⇡
K

�(B� ! [⇡�K

+
]

D

K

�
) + �(B+ ! [⇡+K

�
]

D

K

+
)

�(B� ! [K

�⇡+]

D

K

�
) + �(B+ ! [K

+⇡�]

D

K

+
)

= R

⇡K
ADS (K)

�(B� ! [⇡�K

+
]

D

K

�
) � �(B+ ! [⇡+K

�
]

D

K

+
)

�(B� ! [⇡�K

+
]

D

K

�
) + �(B+ ! [⇡+K

�
]

D

K

+
)

= A

⇡K
ADS (K)

4-body observables
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ū

B0

K⇤0

D0

b

¯d

u

¯d

W�

s

c̄

B0

K⇤0

D0

b

s̄

c

s̄

W� s

ū
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11 300 B±→ DK±, D→ K+π–π+π–

qADS:   B±→ Dh±, D→ π+K–π+π–
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qADS:   B±→ Dh±, D→ π+K–π+π–
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Expect a negative AADS, like the 2-body ADS mode, given knowledge of δD , arXiv:1602.07430
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qGLW:   B±→ Dh±, D→ π+π–π+π–
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Compared to 2-body GLW modes; interference expected to be diluted by ~0.5 , 

First analysis of this mode

arXiv:1504.05878
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B0→ DK*0, KS0h+h–
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• Two methods attempted using the 3.0fb–1 data 
• Model-dependent (uses an amplitude model to fit the Dalitz distribution) 
• Model-independent (counts events in bin across the Dalitz plane) 

• Both analyses extract a set of four “cartesian” observables

• Model-dependent analysis 
(MD) starts by extracting 
the signal (red) from an 
invariant mass fit, then 
fitting an amplitude model 
to the Dalitz distribution

or



17

B0→ DK*0, KS0π+π– amplitude analysis (MD)
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B0→ DK*0, KS0π+π– and KS0K+K– mass fits (MI)
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model-independent (MI)

Cartesian coordinates result, note: different scale

model-dependent (MD)
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B0→DCPK+π– , DCP→K+K– and DCP→π+π–

First use of a B0 amplitude analysis to target γ



21
For the K*0 region:
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• A world-leading measurement of γ is made from a combination of LHCb 
analysis, concluding with 

which improved the previous LHCb-only conclusion by 2°  

• Inline with B-factory conclusions from B→DK,  
• BaBar:  γ = (70±18)° 
• Belle:    γ = (73+13–15)° 

• But ~1σ above expectation (with Constrained Minimal Flavour Violation) for 
sin 2β=0.691±0.017 and new lattice determinations of hadronic matrix elements 
in B mixing (Fermilab-MILC arXiv:1602.03560) 
• UUT(CMFV):  γ = (62.7±2.1)°   (Blanke/Buras arXiv:1602.0402) 

• Large collaborative effort in this area: 
• update to Bs→DsK expected soon 
• new (for LHCb) B→D(*)X(*) modes are in development 
• on-going investigating of B±→Dπ± for γ
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BACKUP
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(Blanke/Buras arXiv:1602.0402)

(Fermilab-MILC arXiv:1602.03560)

UUT(CMFV):  γ = (62.7±2.1)°
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GLW   D→ K+K–  
π+π– . 

The ancillary “hadronic parameters” are the amplitude magnitude ratio and the CP-
conserving part of the phase, 

GLW analysis uses CP eigenstate D decays, equally accessible to the D0 and D0
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ū

u

ū
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ADS   D→ π–K+. 
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The rates equations can be generalised to non-CP eigenstate D decays. So-called ADS modes 
may have large asymmetry due to the interplay of suppressed and favoured B and D decays.
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ū

Bs D+s

K�

b

s̄

u

s̄

W� c

s̄

Bs K�

D+s

1

29

b

ū
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ū

B0

K⇤0

D0

b

¯d

u

¯d

W�

s

c̄

B0

K⇤0

D0

b

s̄

c

s̄

W� s

ū
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qGLW   D→ π+π– π+π–  

K+K–π0    .   
π+π–π0      . 

qADS   D→ π–K+π+π–  

π–K+π0    .  

“quasi” ADS/GLW analysis are applicable for 3- or 4-body D decays and are effective if 
external measurements of the D-decay parameters are available 

• for qADS analyses, 

• for qGLW analyses, κD=(2F+ –1) where, 

• for classic ADS and GLW analyses, κD=1
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tags, D ! K0
S,L⇡

+⇡� tags and other tags, respectively. In Sect. 7 combi-
nations of the individual sets of results are performed for each signal mode;
for D ! ⇡+⇡�⇡0 and D ! K+K�⇡0 these combinations include the results
from Ref. [1]. Section 8 gives the conclusions.

2. Measuring the CP content of a self-conjugate D-meson decay
and the consequences for the � determination with B⌥ ! DK⌥

Let the amplitude of a D0 meson decaying to a self-conjugate final state
f be written as A(D0 ! f(x)) ⌘ a

x

ei✓x , where x indicates a particular
point in the decay phase space and ✓

x

is a CP -conserving strong phase. The
amplitude is normalised such that

Z

x2D
|A(D0 ! f(x))|2 dx = B(f), (1)

where B(f) is the branching fraction of the D0 decay and D indicates the
entire phase space. The D0 decay amplitude at x̄ is denoted a

x̄

ei✓x̄ , where x̄
indicates the point in phase space reached by applying a CP transformation
to the final-state system at x. CP violation in the charm system is neglected,
which implies that the D0 decay amplitude at x̄ is equal to the D0 amplitude
at x. It is useful to define the strong phase di↵erence �✓
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.
It is possible to express the CP -even fraction in terms of the decay am-

plitudes introduced above. Let the CP eigenstates be |D
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Note also that the following relation is always true in the absence of CP
violation: Z
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3

  D→ KS K–π+ 

KS π–K+
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GGSZ   D→ KS π+π– . 

KS K+K–

GGSZ analysis uses multi-body self-conjugate final states and looks for asymmetries 
in the D-decay Dalitz plot from b-quark decays vs. that from b-quark decays 

illustrative plots from flavour-
tagged D→ KS π+π– decays
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• Use multivariate background rejection algorithms to minimise combinatorial background 

• The LHCb RICH system is extensively exploited to minimise backgrounds from other D-decays 
and crucially, to separate the kinematically similar B→DK and B→Dπ decays 

• The LHCb vertex detector is vital for topologically distinguishing the B and D decay vertex. This 
is vital to control charmless physics backgrounds 

• KS
0 are reconstructed either in decays inside the vertex detector or further downstream leading to a 

significant boost in event yield 

• Signals are measured using fits to invariant mass spectra 

• The high-precision momentum measurement from the tracking system, plus the use of decay-
tree refits leads to a invariant mass resolution of B candidates of around 15 MeV/c2

Common themes of B→DX analyses



32



33

GLW:   B±→ Dh±, D→ K+K–,  π+π–

1160 B±→ DK±, D→ π+π–3800 B±→ DK±, D→ K+K–
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Dalitz-GLWmodel-dependent (MD)
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