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• It’s that time of year again - many congratulations to all of

those involved on LIGO and VIRGO

• Spare a thought for the C in CKM, who didn’t win the Nobel

prize in 2008 along with K & M

• Today’s talk is dedicated to Cabibbo, and to everyone else

who hasn’t won a Nobel prize!

“I’ve already got the prize. The prize is the pleasure of

finding the thing out...” - R. P. Feynman
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The CKM matrix and the weak force

VCKM =



Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb




• Connects u- and d- type quarks via the weak force

• Each element related to a transition probability, |Vij |2

• 3× 3 unitary matrix is parameterised by three rotation angles
and one complex phase

• Phase changes sign under the CP operator

• In SM, this phase is the single source of quark sector CP

violation
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The Unitarity Triangle

• Unitary matrix:
∑
j
|Vij |2 =

∑
i
|Vij |2 = 1

• Any dot product of two columns is zero

• Take first and third columns:
• VudV ∗ub + VcdV

∗
cb + VtdV

∗
tb = 0

• Equation of a triangle in the complex plane!

• The Unitarity Triangle - 3 angles of similar size
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Is The Unitarity Triangle actually a triangle?

• The Unitarity Triangle is built assuming unitarity i.e. no
other flavour changing couplings apart from W±

• New Physics could violate unitarity

• Need to over-constrain all sides and angles with independent
measurements

• See if the various constraints agree

• Is unitarity valid?
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Is The Unitarity Triangle actually a triangle?

α = arg
[
− VtdV

∗
tb

VudV
∗
ub

]
β = arg

[
−VcdV

∗
cb

VtdV
∗
tb

]
γ = arg

[
−VudV

∗
ub

VcdV
∗
cb

]

• Global CKM fits performed using information from many
measurements
• Measuring β and γ is an important part of this process

• Let’s explore β first as an example
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CKM angle β

β = arg
[
−VcdV

∗
cb

VtdV ∗tb

]

• Contains couplings to the
top quark

• Interested in looking at

Vtb compared to Vtd
• How can we access this?

• Via a handy box diagram!

• This diagram is

responsible for B0/B̄0

oscillations

• Can measure β, knowing

K0 CP violation
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The B factories, B0 à J/ψ Ks and sin2β 

• Decays of                        and

• Interference between mixing and decay 

• Large CP violation observed by B factories in B0 à J/ψ Ks

20

B0
(s) ! fCP B0

(s) ! B̄0
(s) ! fCP
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TABLE II: Number of events Ntag in the signal region af-
ter tagging and vertexing requirements, signal purity P , and
results of fitting for CP asymmetries in the BCP sample and
in various subsamples, as well as in the Bflav and charged B
control samples. Errors are statistical only.

Sample Ntag P (%) sin2β
J/ψK0

S ,ψ(2S)K0
S,χc1K

0
S ,ηcK

0
S 1506 94 0.76 ± 0.07

J/ψK0
L (ηf = +1) 988 55 0.72 ± 0.16

J/ψK∗0(K∗0 → K0
Sπ

0) 147 81 0.22 ± 0.52
Full CP sample 2641 78 0.74 ± 0.07

J/ψK0
S , ψ(2S)K0

S , χc1K
0
S , ηcK

0
S only (ηf = −1)

J/ψK0
S (K0

S → π+π−) 974 97 0.82 ± 0.08
J/ψK0

S (K0
S → π0π0) 170 89 0.39 ± 0.24

ψ(2S)K0
S (K0

S → π+π−) 150 97 0.69 ± 0.24
χc1K

0
S 80 95 1.01 ± 0.40

ηcK
0
S 132 73 0.59 ± 0.32

Lepton category 220 98 0.79 ± 0.11
Kaon I category 400 93 0.78 ± 0.12
Kaon II category 444 93 0.73 ± 0.17
Inclusive category 442 92 0.45 ± 0.28

B0 tags 740 94 0.76 ± 0.10
B0 tags 766 93 0.75 ± 0.10

Bflav sample 25375 85 0.02 ± 0.02
B+ sample 22160 89 0.02 ± 0.02

B0 mesons. The observed amplitudes for the CP asym-
metry in the BCP sample and for flavor oscillation in the
Bflav sample are reduced by the same factor 1 − 2w due
to flavor mistags. Events are assigned signal and back-
ground probabilities based on the mES (all modes ex-
cept J/ψK∗0 and J/ψK0

L
) or ∆E (J/ψK0

L
) distributions.

The ∆t distributions for the signal are convolved with
a common resolution function, modeled by the sum of
three Gaussians [6]. Backgrounds are incorporated with
an empirical description of their ∆t spectrum, contain-
ing prompt and non-prompt components convolved with
a resolution function [6] distinct from that of the signal.

There are 34 free parameters in the fit: sin2β (1),
the average mistag fractions w and the differences ∆w
between B0 and B0 mistag fractions for each tagging
category (8), parameters for the signal ∆t resolution
(8), and parameters for background time dependence
(6), ∆t resolution (3), and mistag fractions (8). We fix
τB0 = 1.542 ps and ∆md = 0.489 ps−1 [11]. The de-
termination of the mistag fractions and ∆t resolution
function parameters for the signal is dominated by the
high-statistics Bflav sample. The measured mistag frac-
tions are listed in Table I. Background parameters are
determined from events with mES < 5.27 GeV/c2 (except
J/ψK0

L and J/ψK∗0). The largest correlation between
sin2β and any linear combination of the other free pa-
rameters is 0.13. We observe a bias of 0.014 ± 0.005 in
the fitted value of sin2β in simulated events. Part of this
bias (0.004) is due to a correlation between the mistag
fractions and the ∆t resolution not explicitly incorpo-

rated in the fit. Therefore we subtract 0.014 from the
fitted value of sin2β in data and include 0.010 in the
systematic error.

The fit to the BCP and Bflav samples yields

sin2β = 0.741 ± 0.067 (stat) ± 0.034 (syst).

Figure 2 shows the ∆t distributions and asymmetries in
yields between B0 tags and B0 tags for the ηf = −1 and
ηf = +1 samples as a function of ∆t, overlaid with the
projection of the likelihood fit result.

En
tri

es
 / 

0.
6 

ps

B0 tags
B
− 0 tags

a)

R
aw

 A
sy

m
m

et
ry b)

En
tri

es
 / 

1 
ps

B0 tags
B
− 0 tags

c)

R
aw

 A
sy

m
m

et
ry d)

∆t (ps)

0

100

-0.5

0

0.5

0

100

-0.5

0

0.5

-5 0 5

FIG. 2: a) Number of ηf = −1 candidates (J/ψK0
S ,

ψ(2S)K0
S , χc1K

0
S , and ηcK

0
S) in the signal region with a B0

tag NB0 and with a B0 tag NB0 , and b) the raw asymme-
try (NB0 − NB0)/(NB0 + NB0) as functions of ∆t. The solid

(dashed) curves represent the fit projection in ∆t for B0 (B0)
tags. The shaded regions represent the background contribu-
tions. Figures c) and d) contain the corresponding informa-
tion for the ηf = +1 mode J/ψK0

L.

The dominant sources of systematic error are the un-
certainties in the level, composition, and CP asymme-
try of the background in the selected CP events (0.023),
the assumed parameterization of the ∆t resolution func-
tion (0.017), due in part to residual uncertainties in the
internal alignment of the vertex detector, and possible
differences between the Bflav and BCP mistag fractions
(0.012). The total systematic error is 0.034. Most sys-
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FIG. 2: a) Number of ηf = −1 candidates (J/ψK0
S ,

ψ(2S)K0
S , χc1K

0
S , and ηcK

0
S) in the signal region with a B0

tag NB0 and with a B0 tag NB0 , and b) the raw asymme-
try (NB0 − NB0)/(NB0 + NB0) as functions of ∆t. The solid

(dashed) curves represent the fit projection in ∆t for B0 (B0)
tags. The shaded regions represent the background contribu-
tions. Figures c) and d) contain the corresponding informa-
tion for the ηf = +1 mode J/ψK0

L.

The dominant sources of systematic error are the un-
certainties in the level, composition, and CP asymme-
try of the background in the selected CP events (0.023),
the assumed parameterization of the ∆t resolution func-
tion (0.017), due in part to residual uncertainties in the
internal alignment of the vertex detector, and possible
differences between the Bflav and BCP mistag fractions
(0.012). The total systematic error is 0.034. Most sys-

in j!j becomes the largest contribution to the systematic
error.

Several checks on the measurement are performed.
Table VI lists the results obtained by applying the same
analysis to various subsamples. All values are statistically
consistent with each other. Figure 8 shows the raw asym-
metries and the fit results for !cc"K0

S (top) and J= K0
L

(bottom). A fit to the non-CP eigenstate modes B0 !

D#$‘%" and J= K#0!K%#$", where no asymmetry is
expected, yields ‘‘sin2$1’’& 0:012' 0:013!stat".

V. SUMMARY

Using 152( 106 BB pairs collected at the !!4S" reso-
nance with the Belle detector at the KEKB asymmetric-
energy e%e$ collider, we have measured the CP-violation
parameters sin2$1 and j!j, B meson lifetimes and their
ratio, and the mixing parameter "md. These are basic
parameters of the standard model. The results are summa-
rized as follows:

sin2$1 & 0:728' 0:056!stat" ' 0:023!syst";
j!j & 1:007' 0:041!stat" ' 0:033!syst";
%B0 & )1:534' 0:008!stat" ' 0:010!syst"* ps;
%B% & )1:635' 0:011!stat" ' 0:011!syst"* ps;

%B%=%B0 & 1:066' 0:008!stat" ' 0:008!syst";
"md & )0:511' 0:005!stat" ' 0:006!syst"* ps$1:

All results are significant improvements in precision
from the previous measurements, and are in agreement
with the standard model expectations. The significance of
the observed deviation from unity in the lifetime ratio
exceeds 5 standard deviations for the first time by a single
measurement.
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TABLE VI. Numbers of candidate events, Nev, and values of
sin2$1, j!j for various subsamples (statistical errors only).

Sample Nev sin2$1 j!j
J= K0

S!#%#$" 1997 0:67' 0:08 0:98' 0:06
J= K0

S!#0#0" 288 0:72' 0:20 1:18' 0:27
 !2S"K0

S 308 0:89' 0:20 0:94' 0:14
&c1K0

S 101 1:54' 0:49 0:76' 0:22
'cK0

S 217 1:32' 0:28 1:10' 0:30

All with (f & $1 2911 0:73' 0:06 0:99' 0:05

J= K0
L 2332 0:77' 0:13 1:04' 0:08

J= K#0!K0
S#

0" 174 0:10' 0:45 1:11' 0:33

ftag & B0 (q & %1) 2717 0:72' 0:09 0:89' 0:09
ftag & B0 (q & $1) 2700 0:74' 0:08 1:17' 0:11

0< r + 0:5 2985 0:95' 0:26 1:18' 0:22
0:5< r + 0:75 1224 0:68' 0:11 1:11' 0:09
0:75< r + 1 1208 0:73' 0:07 0:95' 0:05

Data set I (78 fb $ 1) 3013 0:72' 0:07 0:95' 0:05
Data set II (62 fb $ 1) 2404 0:74' 0:09 1:09' 0:07

All 5417 0:728' 0:056 1:007' 0:041
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FIG. 8 (color online). Raw asymmetries for !cc"K0
S ((f & $1)

(top) and J= K0
L ((f & %1) (bottom). The curves are the results

of the global unbinned maximum-likelihood fit.
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ū, c̄, t̄

d

s̄

c

c̄

W+

Vcb

Vcs

B̄0

J/ 

Ks

Figure 5: B0 ! J/ Ks with mixing.

b

s̄

c

s̄

Vcb

Vcs

W�
c̄

s

B̄0
s

�

J/ 

Figure 6: B0
s ! J/ � without mixing.

2
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sin2β : amplitude of the 
oscillation, multiplied by tagging 
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CKM angle β

• If Vtd 6= V ∗td:
• Γ(B0 → fCP ) 6= Γ(B̄0 → fCP )

• Example: fCP = J/ψK0
s

• Shows up as CP violation in mixing

• Well studied by the B factories and LHCb - time dependent
CP violation
• Amplitude of oscillation is sin (2β) (diluted by tagging)

[arXiv:0902.1708, arXiv:1201.4643, LHCb-PAPER-2015-004, LHCb-PAPER-2017-029]
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as in our previous analyses [7, 12].
We determine the following likelihood for the i-th

event:

Pi = (1−fol)
∑

k

fk

∫
[Pk(∆t′)Rk(∆ti − ∆t′)] d(∆t′)

+folPol(∆ti), (2)

where the index k labels each signal or background com-
ponent. The fraction fk depends on the r region and
is calculated on an event-by-event basis as a function
of ∆E and Mbc for the CP -odd modes and p∗

B for the
CP -even mode. The term Pol(∆t) is a broad Gaussian
function that represents an outlier component fol, which
has a fractional normalization of order 0.5% [17]. The
only free parameters in the fits are Sf and Af , which
are determined by maximizing the likelihood function
L =

∏
i Pi(∆ti; Sf , Af ). This likelihood is maximized

for each fCP mode individually, as well as for all modes
combined taking into account their CP -eigenstate val-
ues; the results are shown in Table II. Figure 2 shows the
∆t distributions and asymmetries for good tag quality
(r > 0.5) events. We define the background-subtracted
asymmetry in each ∆t bin by (N+ − N−)/(N+ + N−),
where N+(N−) is the signal yield with q = +1(−1).

TABLE II: CP violation parameters for each B0 → fCP mode
and from the simultaneous fit for all modes together. The first
and second errors are statistical and systematic uncertainties,
respectively.

Decay mode sin 2φ1 ≡ −ξfSf Af

J/ψK0
S +0.670 ± 0.029 ± 0.013 −0.015 ± 0.021+0.045

−0.023

ψ(2S)K0
S +0.738 ± 0.079 ± 0.036 +0.104 ± 0.055+0.047

−0.027

χc1K
0
S +0.640 ± 0.117 ± 0.040 −0.017 ± 0.083+0.046

−0.026

J/ψK0
L +0.642 ± 0.047 ± 0.021 +0.019 ± 0.026+0.017

−0.041

All modes +0.667 ± 0.023 ± 0.012 +0.006 ± 0.016 ± 0.012

Uncertainties originating from the vertex reconstruc-
tion algorithm are a significant part of the systematic
error for both sin 2φ1 and Af . These uncertainties are
reduced by almost a factor of two compared to the previ-
ous analysis [7] by using h for the vertex-reconstruction
goodness-of-fit parameter, as described above. In partic-
ular, the effect of the vertex quality cut is estimated by
changing the requirement to either h < 25 or h < 100; the
systematic error due to the IP constraint in the vertex re-
construction is estimated by varying the IP profile size in
the plane perpendicular to the z-axis; the effect of the cri-
terion for the selection of tracks used in the ftag vertex is
estimated by changing the requirement on the distance of
closest approach with respect to the reconstructed vertex
by ±100 µm from the nominal maximum value of 500 µm.
Systematic errors due to imperfect SVD alignment are es-
timated from MC samples that have artificial misalign-
ment effects. Small biases in the ∆z measurement are
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FIG. 2: (color online) The background-subtracted ∆t distri-
bution (top) for q = +1 (red) and q = −1 (blue) events and
asymmetry (bottom) for good tag quality (r > 0.5) events
for all CP -odd modes combined (left) and the CP -even mode
(right).

TABLE III: Systematic errors in Sf and Af in each fCP mode
and for the sum of all modes.

J/ψK0
S ψ(2S)K0

S χc1K
0
S J/ψK0

L All

Vertexing Sf ±0.008 ±0.031 ±0.025 ±0.011 ±0.007

Af ±0.022 ±0.026 ±0.021 ±0.015 ±0.007

∆t Sf ±0.007 ±0.007 ±0.005 ±0.007 ±0.007

resolution Af ±0.004 ±0.003 ±0.004 ±0.003 ±0.001

Tag-side Sf ±0.002 ±0.002 ±0.002 ±0.001 ±0.001

interference Af
+0.038
−0.000

+0.038
−0.000

+0.038
−0.000

+0.000
−0.037 ±0.008

Flavor Sf ±0.003 ±0.003 ±0.004 ±0.003 ±0.004

tagging Af ±0.003 ±0.003 ±0.003 ±0.003 ±0.003

Possible Sf ±0.004 ±0.004 ±0.004 ±0.004 ±0.004

fit bias Af ±0.005 ±0.005 ±0.005 ±0.005 ±0.005

Signal Sf ±0.004 ±0.016 < 0.001 ±0.016 ±0.004

fraction Af ±0.002 ±0.006 < 0.001 ±0.006 ±0.002

Background Sf < 0.001 ±0.002 ±0.030 ±0.002 ±0.001

∆t PDFs Af < 0.001 < 0.001 ±0.014 < 0.001 < 0.001

Physics Sf ±0.001 ±0.001 ±0.001 ±0.001 ±0.001

parameters Af < 0.001 < 0.001 ±0.001 < 0.001 < 0.001

Total Sf ±0.013 ±0.036 ±0.040 ±0.021 ±0.012

Af
+0.045
−0.023

+0.047
−0.027

+0.046
−0.026

+0.017
−0.041 ±0.012

observed in e+e− → µ+µ− and other control samples: to
account for these, a special correction function is applied
and the variation with respect to the nominal results is
included as a systematic error. We also vary the |∆t|
range by ±30 ps to estimate the systematic uncertainty
due to the |∆t| fit range. The vertex resolution function
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What about γ?

γ = arg
[
−VudV

∗
ub

VcdV ∗cb

]

�

↵

�

����
V ⇤

ubVud

V ⇤
cbVcd

����

����
V ⇤

tbVtd

V ⇤
cbVcd

����

0 1 ⇢̄

⌘̄

• No top quark in the definition of γ

• This time, we don’t need a box diagram

• Can measure purely with tree level decays

• Look for direct CP violation by comparing Vub and Vcb

• How do we do that?
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Measuring γ with B− → DK− decays

• Ideal laboratory is B− → DK−

• D = D0 or D̄0 decaying to the same final state

• There are two competing diagrams
• Each of them has an amplitude A

• One diagram is suppressed by a factor rB

• The diagrams have a relative phase θ

γ at LHCb with B± à DK± decays
• Central LHCb physics objective  :   degree level precision in γ
• Appears as weak phase between  b à u  and  b à c  transitions

• Measure γ at tree level with                         decays  (                       )
• Interference between                  and                   gives γ sensitivity
• Charged B decay – only direct CP violation possible

14

B± ! DK± D = D0, D̄0

D0 ! X D̄0 ! X

1.6 Extracting the Angle γ from B± → D0K± 15
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c̄

uVub ∼ e−iγ
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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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arises in the f ′ → f scattering and is dominated by the strong interaction.
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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),
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Measuring γ with B− → DK− decays

• θ contains two parts
• δB which covers QCD - strong phase

• Other part is the weak phase - let’s suggestively call it γ

• Weak phase γ in B− → DK− decays is the same as the CKM

angle γ within 10−4

• B− → DK− decays are a theoretically super-clean probe of γ
• Non-tree SM diagrams contribute ≤ O(10−7)

[arXiv:1412.1446, arXiv:1308.5663]
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From amplitudes to decay rates - the GLW method

• Two possible B− → DK− paths: add ’em up then square!

Γ ∝ |1 + rBe
iθ|2 = 1 + r2

B + 2rB cos (θ)

• γ is the CP violating phase ⇒ changes sign under charge
conjugation

• Different decay rates for B+ and B−

• This is the GLW method

Γ(B− → DK−) ∝ 1 + r2B + 2 rB cos (δB −γ)

Γ(B+ → DK+) ∝ 1 + r2B + 2 rB cos (δB +γ)
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The ADS method

• ADS method: choose a D decay with amplitude ratio (rD)
and phase (δD)

• Pick one where rD ∼ rB
• For B− → DK−, rB ∼ 0.1

• Nice choice is D → Kπ, rD ∼ 0.06

• Bigger interference effect ⇒ larger B+/B− differences

Γ(B− → DK−) ∝ r2
D + r2

B + 2 rD rB cos (δB + δD −γ)

Γ(B+ → DK+) ∝ r2
D + r2

B + 2 rD rB cos (δB + δD +γ)

12



The ADS method

• Measure rates of B+ and B− decays separately and build

asymmetries

A =
Γ(B− → [π−K+]DK

−) − Γ(B+ → [π+K−]DK
+)

Γ(B− → [π−K+]DK−) + Γ(B+ → [π+K−]DK+)

• Also interested in rate of suppressed decays compared to their

doubly-favoured counterparts, B± → [K±π∓]DK
±

R =
Γ(B− → [π−K+]DK

−) + Γ(B+ → [π+K−]DK
+)

Γ(B− → [π+K−]DK−) + Γ(B+ → [π−K+]DK+)

• Both A and R contain information about γ

13



B± → [π±K∓]DK
± (Run 1: 3 fb −1) [LHCb-PAPER-2016-003]

• B± → DK± CP violation significance - 8σ

• First observation of CP violation in a single B± → Dh±

decay (h = π,K)
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Constraining γ across many final states

• No single method can tell us everything e.g. ADS doesn’t give

a single γ solution

• Real power comes from combining lots of D modes

• LHCb made great strides with B± → DK± on several fronts
in Run 1:

• GLW: D → KK, ππ, ππππ, KKπ0, πππ0

• ADS: D → πK, πKππ, πKπ0

• GGSZ: D → K0
sππ, K

0
sKK

• GLS: D → K0
sKπ

• Is there anything else out there?
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More data! The Run 2 era is well underway

• LHCb collected 2 fb−1 in 2015-2016
• Just crossed 1 fb−1 in 2017

• Luminosity levelling to achieve desired performance

• Increased statistics not just coming from extra fb−1:
• Improved software HLT performance

• Increased B production cross-section at
√
s = 13 TeV

16



New modes! B± → DK∗± (5 fb−1) [LHCb-PAPER-2017-030]

• Add a star to the K - select K∗± → K0
sπ
±

• Challenging final state

• Two extra tracks compared to B± → DK±, D → hh

• K0
s → ππ: efficiency ∼ 10%

• Select within K∗(892) window

• Interesting feature - no background from misidentified
Dπ-type decays

• Measure only B± → DK∗± across various 2- and 4-body D

final states

• Follow the same formalism as B± → DK± - rates and

asymmetries

17



B± → DK∗± (5 fb−1) [LHCb-PAPER-2017-030]
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B± → DK∗± (5 fb−1) [LHCb-PAPER-2017-030]

• 12 CP observables used to determine the fundamental

parameters rDK
∗

B , δDK
∗

B , γ

• This mode will become valuable for constraining γ in future,

as more data and D modes are added
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B± → D∗0K± with D → KK, ππ (GLW)

• Theoretically similar to B± → DK±, with interesting
extra features

• Two γ-sensitive sub-decays: D∗0 → Dπ0 and D∗0 → Dγ

• π0 and γ variants have 180◦ δD difference - opposite CP

[Phys. Rev. D 70, 091503(R)]

• Gives us access to a CP -odd mode at LHCb

• Measure both B± → (D∗0 → Dπ0)K± and

B± → (D∗0 → Dγ)K± decays to determine rD
∗K

B , δD
∗K

B , γ

• Same formalism as B± → DK± - measure rates and

asymmetries
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Experimental challenge

• Soft neutral reconstruction is difficult at LHCb, and has
limited efficiency [LHCb-DP-2014-002]

• ε(π0) ∼ 4%

• ε(γ) ∼ 20%

• Expect lower statistics than in B± → DK± case
• Is there anything we can do to get around this limitation?

B�

PV

D

K+
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K�

B�

PV

D

K+
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K�

D⇤

⇡0/�
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Partial reconstruction approach

• Don’t consider the soft neutral at all!
• Partially reconstruct and select identically to B± → DK±

• No statistics loss due to ε(π0) or ε(γ)

• BDT trained on combinatorial background in data and
B± → DK± signal MC
• Efficiencies very similar for B± → DK± and B± → D∗0K±

• All signal modes end up in the same event sample
• Differentiate between them based on their m(DK)
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The m(DK) distribution

• Fit variable is m(DK) ⇒ uniquely related to angular
properties of D∗0 decay daughters
• Different mass and spin of π0 and γ - different m(DK)

• Parabolic distributions:

double peak for B± → (D∗0 → Dπ0)K±

single wide peak for B± → (D∗0 → Dγ)K±
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Figure 6: Dependence of the visible reconstructed invariant mass with respect to the helicity
angle ✓ (and its cosine).
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Figure 7: (left) Reconstructible visible mass distribution for B+ ! D⇤0⇡+ (with D⇤0 ! D0⇡0)
decays without detector acceptance. The edge point of the distribution are a = 5012.8MeV/c2

and b = 5113.5 MeV/c2. A radiative tail is also visible on the left part of the distribution. (right)
Zoomed plot in the region of interest with a parabolic fit superimposed.

1.3.2 Distribution and Convolution with resolution function75

The parabolic shape must be convolved with a proper resolution function. Let us choose a
single Gaussian as a start. The function to convolve can be written as:

f(x) =

⇢
(x � a+b

2
)2 a < x < b

0 elsewhere
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Figure 15: (left) Reconstructible visible mass distribution for B+ ! D⇤0⇡+ (with D⇤0 ! D0�)
decays without detector acceptance. The edge point of the distribution are a = 4905.6MeV/c2

and b = 5226.7 MeV/c2. A radiative tail is also visible on the left part of the distribution. (right)
Zoomed plot in the region of interest with a parabolic fit superimposed.
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Figure 16: HILLdini(t) PDF for di↵erent values of the parameter ⇠ (1.0, 0.8, 0.6, 0.4). ⇠ = 1.0
corresponds to the symmetric case (red).

• B+ ! D⇤0⇡+ (with D⇤0 ! D0�)125

• B0 ! D⇤�⇡+ (with D⇤� ! D0⇡�)126

• B0 ! D0⇢0 (with ⇢0 ! ⇡+⇡�)127

The yields of the di↵erent components can be constrained according to the BF of the128

single modes, which are well known (e.g. the ratio of the two D⇤ ! D0�, D0⇡0 submodes129

can be used as a constraint). This fit is only a very preliminary example, so no further130

detail are given.131
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Detector resolution effects

• Detector isn’t perfect - convolve parabolas with a double
Gaussian resolution function
• Modelled on the B± → DK± peak resolution

• Distinctive distributions for D∗0 → Dπ0 and D∗0 → Dγ

• Both sit lower in mass than the B± → DK± peak (red region)

• In previous 3 fb−1 B± → DK± analysis, these decays were

background > 5000 MeV/c2
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Figure 2: B± ! D⇤0⇡± simulation (with D⇤0 ! D0⇡0).
Left: true 4-momentum combination only. Right: full detector simulation. The chosen decay
model is in agreement with the correct spin assignment of the intermediate resonances: Vector
! Scalar-Scalar for D⇤0 ! D0⇡0 (1� ! 0�0�).
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model is in agreement with the correct spin assignment of the intermediate resonances: Vector
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Fits to B± → D∗0K± simulation

• Custom RooFit PDFs authored to model the distributions
• Parabolic function convolved with a double Gaussian

• Shape parameters determined from fits to selected signal MC

• Mission: measure B± → DK±, B± → (D∗0 → Dπ0)K±

and B± → (D∗0 → Dγ)K± in a single fit after common

DK± candidate selection
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Figure 10: Analytical PDF fits to B± → (D∗0 → D0π0)K± (left) and B± → (D∗0 → D0γ)K±

(right) simulated decays.
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Life is never that simple...

• In reality, there are more B decays than our B± → DK± and
B± → D∗0K± friends!

• Several other partially reconstructed decays sit in the same

invariant mass region as the signals

• Extensive simulation studies performed to understand the

m(DK) distributions of each background

Fully reco. signal Partially reco. signal Partially reco. bkg.

B± → DK± B± → (D∗0 → Dπ0)K± B0 → (D∗− → Dπ−)K+

B± → (D∗0 → Dγ)K± B± → DK±π0

B̄0
s → DK±π∓

B → (D∗ → DX)K±Y
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Background shapes
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m(Dh±) fit, D → K±π∓ (5 fb−1) [LHCb-PAPER-2017-021]

• Favoured mode data helps us understand the signal and

background contributions
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Crosscheck results (5 fb−1) [LHCb-PAPER-2017-021]

• Fit measures several branching fractions

• All agree with current world averages (< 1.3σ)

• Validation of the partial reconstruction method

Observable This result World average

B(B±→D∗0K±)
B(B±→D∗0π±) (7.93± 0.57)% (8.11± 0.77)%

B(B± → D∗0π±) (4.66± 0.27)× 10−3 (5.18± 0.26)× 10−3

B(D∗0 → D0π0) 0.636± 0.015 0.647± 0.009
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Making a γ-sensitive measurement

• What we really want to measure is CP violation!

• γ causes a difference in B+ and B− decay rates

• Split data by B charge and measure charge asymmetries

• Correct all raw asymmetries for B± production asymmetry and

additional detection asymmetry effects

• Also interested in relative rates

• Rate of B± → D∗0K± compared to B± → D∗0π±

• Rates of CP mode decays (D → KK,ππ) compared to

favoured mode (D → Kπ)
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m(Dh±) fit, D → K±π∓ (5 fb−1) [LHCb-PAPER-2017-021]
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CP observables (CP = KK, ππ)

• Measure π0 and γ asymmetries in favoured and CP modes
• 4 observables - Aπ

0

Kπ, AγKπ, Aπ
0

CP , AγCP

• Measure rates of B± → D∗0([CP ]Dπ
0)K± and

B± → D∗0([CP ]Dγ)K± compared to favoured mode
counterparts
• 2 observables - Rπ

0

CP , RγCP

• Strong phase difference of 180◦ between π0 and γ sub-decays:

effectively measuring R±CP and A±CP

Rπ
0

CP ≡ R+
CP = 1 + r2B + 2 rB cos (δB) cos (γ)

RγCP ≡ R−CP = 1 + r2B − 2 rB cos (δB) cos (γ)

Aπ
0

CP ≡ A+
CP = + 2 rB sin (δB) sin (γ)/R+

CP

AγCP ≡ A−CP = − 2 rB sin (δB) sin (γ)/R−CP
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m(Dh±) fit, D → K+K− (5 fb−1) [LHCb-PAPER-2017-021]
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m(Dh±) fit, D → K+K− (5 fb−1) [LHCb-PAPER-2017-021]
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m(Dh±) fit, D → K+K− (5 fb−1) [LHCb-PAPER-2017-021]
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m(Dh±) fit, D → π+π− (5 fb−1) [LHCb-PAPER-2017-021]
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m(Dh±) fit, D → π+π− (5 fb−1) [LHCb-PAPER-2017-021]
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m(Dh±) fit, D → π+π− (5 fb−1) [LHCb-PAPER-2017-021]
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CP observable results (5 fb−1) [LHCb-PAPER-2017-021]

• B± → D∗0h± modes measured for the first time at LHCb and
using a brand new technique!
• Currently GLW modes are included - ADS under investigation

• Fully reconstructed B± → D0h± results are measured with

the same fit

B± → D∗0K± results [LHCb-PAPER-2017-021]

A
Kπ,γ
K

= +0.001 ± 0.021 (stat) ± 0.007 (syst)

A
Kπ,π0

K
= +0.006 ± 0.012 (stat) ± 0.004 (syst)

A
CP,γ
K

= +0.276 ± 0.094 (stat) ± 0.047 (syst)

A
CP,π0

K
= −0.151 ± 0.033 (stat) ± 0.011 (syst)

R
CP,γ

= 0.902 ± 0.087 (stat) ± 0.112 (syst)

R
CP,π0

= 1.138 ± 0.029 (stat) ± 0.016 (syst)
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B± → DK± results (5 fb−1) [LHCb-PAPER-2017-021]

• Important not to forget the B± → DK± GLW updates!
• World-best measurements supersede those in 3 fb−1 analysis

• Consistent picture between previous results and this update

• Improved precision as expected from increased statistics

• Statistical precision approaching level of systematics in some

observables - future work to drive down systematics

B± → DK± results [LHCb-PAPER-2017-021]

A
Kπ
K = −0.019 ± 0.005 (stat) ± 0.002 (syst)

A
KK
K = +0.126 ± 0.014 (stat) ± 0.002 (syst)

A
ππ
K = +0.115 ± 0.025 (stat) ± 0.007 (syst)

R
KK

= 0.988 ± 0.015 (stat) ± 0.011 (syst)

R
ππ

= 0.992 ± 0.027 (stat) ± 0.015 (syst)
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Determining γ, rD
∗K

B and δD
∗K

B (5 fb−1) [LHCb-PAPER-2017-021]

• 6 partially reconstructed GLW CP observables used to
constrain the fundamentals
• Determine profile likelihood contours for rD

∗K
B , δD

∗K
B and γ

• rD∗KB and δD
∗K

B align with HFLAV GGSZ averages [arXiv:1612.07233]

• γ within 1σ of 2016 LHCb combination [LHCb-PAPER-2016-032]

• Will further improve precision with addition of ADS modes
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LHCb γ combination [LHCb-CONF-2017-004]

• Perform a statistical combination using observables from
several LHCb analyses

• Many hadronic parameters, but critically γ is common to all

• Previous combination based entirely on Run 1 measurements

[LHCb-PAPER-2016-032]

• An update has been performed, which includes the following:

• B± → DK± GLW (5 fb−1) 3 fb−1 → 5 fb−1

• B± → D∗0K± GLW (5 fb−1) NEW

• B± → DK∗± ADS/GLW (5 fb−1) NEW

• Time-dependent B0
s → D−s K

+ (3 fb−1) 1 fb−1 → 3 fb−1
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Updated combination results [LHCb-CONF-2017-004]

• Profile likelihood contours have shrunk after updating B± → DK±

GLW and adding new information
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Measuring γ [LHCb-CONF-2017-004]

• New combination supersedes previous - most precise

measurement of γ from a single experiment

• Uncertainty reduced by ∼ 1.7◦ relative to previous

combination

γ = (76.8+5.1
−5.7)◦
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• Current HLFAV average (inc. BaBar and Belle): γ = (76.2+4.7
−5.0)◦
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Outlook for γ at the end of Run 2

• LHCb has more to say on γ before Run 2 wraps up

• Several key measurements are underway, to name a few:

• B± → DK± ADS UPDATE

• B± → DK± GGSZ UPDATE

• B0 → DK∗0 ADS/GLW UPDATE

• B± → DK∗± GGSZ NEW

• B± → D∗0K± ADS NEW

• Increased statistical power of Run 1 + Run 2 dataset will
improve γ precision even further

• Plenty to stay tuned for in the coming months!
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What does it all mean?

• Main idea: compare γ measured in tree level decays with the

value inferred from indirect global fits

• Loop processes, which give β, ∆ms & ∆md, are NP sensitive

• Indirect γ precision ∼ 2◦ - limited by QCD theory uncertainty
in B0/B̄0

[MILC]

• We must strive to push tree level γ below this

• Does the Unitarity Triangle close?
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Comparison with world averages γ

Latest LHCb combination (direct) γ = (76.8+5.1
−5.7)◦

HFLAV 2017 world average (direct) γ = (76.2+4.7
−5.0)◦

CKMfitter 2016 world average (indirect) γ = (65.3+1.0
−2.5)◦

• Can’t say anything definitive with current precision, but...

• LHCb combination is ∼ 2σ higher than indirect world average

• Strongly motivates the continued pursuit of γ with trees

• LHCb is in a strong position to improve γ precision further

• Will high central value of tree level γ persist?
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Another kid on the block

• Belle II due to start taking data next year

• Aiming for 50 ab−1 by 2025

• Expecting ∼ 2◦ single experiment precision on γ by the

end of running [I. Komarov, EPS 2017, Venice]

• Belle II has some advantages to help it compete with the
power of LHCb statistics:

• Higher sensitivity to neutrals (π0, γ): CP -odd D → K0
sπ

0

• Full event interpretation: semi-leptonic modes (|Vub|)

• LHCb will retain the advantage of superior statistics in fully

charged modes: D → KK,ππ, πK e.t.c.
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Belle II and LHCb upgrade γ sensitivity

• Assuming 10 fb−1 BESIII dataset to provide input
on GGSZ ci & si
• Belle II expect 3◦ precision from B± → DK± GGSZ alone

• Combining with all other D modes gives 1.6◦

• LHCb will work hard to compete well into the upgrade era
• 1.5◦ by end of Run 3 (∼ 22 fb−1, 2024) [arXiv:1709.10308]

• < 1◦ by end of Run 4 (∼ 50 fb−1, 2029) [arXiv:1709.10308]

• ∼ 0.4◦ in Phase II upgrade (∼ 300 fb−1, 2034) [CERN-LHCC-2017-003]
!3(!) from B→D(*)K(*)

15

 
Belle II and LHCb will be in tight 
competition in !3 sensitivity:


• Due to Belle II unbiased trigger it 
will be better in Dalitz plot 
analysis and sensitivity to the 
neutrals will allow to include 
more D modes 

• LHCb will clearly have more 
precise results in fully-charged 
final states

D modes Expected leading 
sensitivity

CP-even KK, !!
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Summary

• γ is a cornerstone of the Standard Model

• Measured precisely using tree level B decays with negligible

theoretical uncertainty

• LHCb keeps making world-best measurements of γ across a
range of interesting modes

• New techniques like B± → D∗0K± partial reconstruction help

squeeze the most out of the data

• Many updates to come as we approach the end of Run 2

• Entering an exciting phase in CKM precision measurements!
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Time-dependent B0
s → D−s K

+ (3 fb−1) [LHCb-CONF-2016-015]

• Time-dependent CP asymmetries - measure interference

between mixing and decay
• γ sensitive measurement

• Assume no NP and no penguin pollution

• Plug in φs = −0.010± 0.039 rad [LHCb-PAPER-2014-059]

• Flavour-tagged analysis measures CP parameters from fit to decay

time distribution
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The CP parameters obtained for the
decay-time sFit to B0

s ! D⌥
s K± sample.

CP parameter Value

Cf 0.735 ± 0.143 ± 0.048
A��

f 0.395 ± 0.277 ± 0.122
A��

f
0.314 ± 0.274 ± 0.107

Sf �0.518 ± 0.202 ± 0.073
Sf �0.496 ± 0.197 ± 0.071

The systematics are obtained using

a large scale pseudoexperiments

a large statistics simulation samples

data fit

A.Dziurda (CERN) The CKM angle � from B0
s ! D⌥

s K± CKM, 01.12.2016 16 / 24
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Time-dependent B0
s → D−s K

+ (3 fb−1) [LHCb-CONF-2016-015]
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• Input: φs = −0.010± 0.039 rad [LHCb-PAPER-2014-059]

• 3.6σ evidence of CP violation in B0
s → D∓s K

±

• 2.2σ compatibility with LHCb time-integrated γ combination
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GGSZ modes

• LHCb has a suite of completed 3 fb−1 GGSZ analyses:
• B± → D0K± with D0 → K0

sπ
+π−,K0

sK
+K− [JHEP 10 (2014) 097]

• MD B0 → D0K∗0 with D0 → K0
sπ

+π− [JHEP 08 (2016) 137]

• MI B0 → D0K∗0 with D0 → K0
sπ

+π−,K0
sK

+K−

[JHEP 06 (2016) 131]

• B± → D0K± update is active using Run 1 + Run 2 data

J
H
E
P
0
8
(
2
0
1
6
)
1
3
7

m(DK*) (MeV)
5000 5200 5400 5600 5800

C
an

d
id

at
es

 /
 [

1
8
 M

eV
]

0

20

40

60

80

100
LHCb 0 DK*→

0
B

0*K D→
0
sB

Combinatorial

0 D*K*→
0

B

0*K D*→
0
sB

0
ρ D→

0
B

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.

functions, with the fraction of the longitudinal polarisation in the B0
s → D∗K∗0 decays

unknown and accounted for with a free parameter in the fit. Each of the two functions de-

scribing the different helicity states is a weighted sum of non-parametric functions obtained

from simulated B0
s → D∗(D0γ)K∗0 and B0

s → D∗(D0π0)K∗0 decays, taking into account

the known D∗0→ D0π0 and D∗0→ D0γ branching fractions [48] and the appropriate effi-

ciencies. The PDF for B0→ D∗K∗0 decays is obtained from that for B0
s → D∗K∗0 decays,

by applying a shift corresponding to the known B0-B0
s mass difference. In the nominal fit,

the polarisation fraction is assumed to be the same for B0 → D∗K∗0 and B0
s → D∗K∗0

decays. The effect of this assumption is taken into account in the systematic uncertainties.

The B0→ Dρ0 component is also described with a non-parametric function obtained from

the simulation, using a data-driven calibration to describe the pion-kaon misidentification

efficiency. This component has a very low yield and, to improve the stability of the fit, a

Gaussian constraint is applied, requiring the ratio of yields of B0→ Dρ0 and B0
s → DK∗0

to be consistent with its expected value.

The fitted distribution is shown in figure 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
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δB0 solution corresponding to 0 < γ < 180◦ is highlighted; the other maximum is due to the
(δB0 , γ) → (δB0 + π, γ + π) ambiguity.
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Figure 9. Two-dimensional confidence level curves in the (γ, rB0) plane, obtained using the profile-
likelihood method.
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Figure 10. Two-dimensional confidence level curves in the (γ, δB0) plane, obtained using the
profile-likelihood method.

giving the values

γ =
(
80+21

−22

)◦
,

rB0 = 0.39± 0.13,

δB0 =
(
197+24

−20

)◦
.

Here, rB0 and δB0 are defined for 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 greater than 0.4.

These results are consistent with, and have lower total uncertainties than those reported

in ref. [28], where a model independent analysis method is used. The two results are based

on the same data set and cannot be combined. The consistency shows that at the current

level of statistical precision the assumptions used to obtain the present result are justified.
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Summer 2017 HFLAV averages - B± → DCPK
±
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Summer 2017 HFLAV averages - B± → D∗CPK
±
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Systematic uncertainties

• Analysis measures ratios of very similar final states - large

degree of systematic uncertainty cancellation

• Some residual effects remain:

• Fixed shape parameters from MC fits

• Use of MC to determine efficiencies

• Fixed background yields using PDG branching fractions

• Data-driven method to measure particle ID efficiencies

• All systematics relate to use of fixed parameters in the fit

• Run the fit many times and vary their values ⇒ variation in

observable results assigned as systematics
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