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Outline
• The past (since ~2000) 

- the e+e– asymmetric B factories, and the Belle and Babar 
detectors 

- omitting the discovery of CP violation (1964), the CKM vs 
super-weak force, and the observation of direct CP violation in 
kaon decays (ε’/ε) 

• The recent past and the present 

- the contribution from LHCb 

• The planned future 

- Belle II (from 2019) and LHCb upgrade (2021) 

• The unplanned future
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The CKM matrix
• Rotation between mass and weak eigenstate parametrised by 

unitary 3! 3 matrix (CKM matrix) 

• VCKM is fully described with 3 real parameters and one 
complex phase !  CP violation if complex phase non-zero 

• Unitarity !  VCKMV†CKM = 1 !  visualise the CKM matrix 
with triangle relations 

- 6 triangles, among which 2 have sides of similar size

3

VCKM =
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12 12. CP violation in meson decays

masses, i.e., (u1, u2, u3) → (u, c, t) and (d1, d2, d3) → (d, s, b), the elements of VCKM are
written as follows:

VCKM =

⎛

⎝
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎞

⎠ . (12.47)

While a general 3 × 3 unitary matrix depends on three real angles and six phases, the
freedom to redefine the phases of the quark mass eigenstates can be used to remove five
of the phases, leaving a single physical phase, the Kobayashi-Maskawa phase, that is
responsible for all CP violation in meson decays in the Standard Model.

The fact that one can parametrize VCKM by three real and only one imaginary
physical parameters can be made manifest by choosing an explicit parametrization. The
Wolfenstein parametrization [26,27] is particularly useful:
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(12.48)

Here ! ≈ 0.23 (not to be confused with ! f ) plays the role of an expansion parameter,
and " represents the CP -violating phase. Terms of O(! 6) were neglected.

The unitarity of the CKM matrix, (V V   )ij = (V   V )ij = #ij , leads to twelve distinct
complex relations among the matrix elements. The six relations with i ̸= j can be
represented geometrically as triangles in the complex plane. Two of these,

VudV ∗
ub + VcdV

∗
cb + VtdV ∗

tb = 0
VtdV ∗

ud + VtsV ∗
us + VtbV ∗

ub = 0 ,

have terms of equal order, O(A! 3), and so have corresponding triangles whose interior
angles are all O(1) physical quantities that can, in principle, be independently measured.
The angles of the first triangle (see Fig. 12.1) are given by

$ ≡ %2 ≡ arg
(
−

VtdV ∗
tb

VudV ∗
ub

)
≃ arg

(
−1 − &− i"

&+ i"
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' ≡ %1 ≡ arg
(
−

VcdV
∗
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VtdV ∗
tb

)
≃ arg

(
1

1 − &− i"

)
,

( ≡ %3 ≡ arg
(
−

VudV ∗
ub

VcdV
∗
cb

)
≃ arg (&+ i" ) . (12.49)

The angles of the second triangle are equal to ($ , ' , ( ) up to corrections of O(! 2). The
notations ($ , ' , ( ) and (%1, %2, %3) are both in common usage but, for convenience, we
only use the first convention in the following.
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“The” unitarity triangle (UT)

• Normalise to VcdV*
cb !  one side real and of unit length 

• Angles are measured in CP asymmetries: 

- time-dependent asymmetries !  α, β, 2β+γ 

- charge asymmetries !  γ 

• Sides  are determined from decay rates or mixing frequencies 

- semileptonic decays !  Vub, Vcb  

- oscillation frequencies !  Vtd, Vts 
4

2 11. CKM quark-mixing matrix

Figure 11.1: Sketch of the unitarity triangle.

The CKM matrix elements are fundamental parameters of the SM, so their precise
determination is important. The unitarity of the CKM matrix imposes

∑
i VijV !

ik = ! jk
and

∑
j VijV !

kj = ! ik. The six vanishing combinations can be represented as triangles in
a complex plane, of which the ones obtained by taking scalar products of neighboring
rows or columns are nearly degenerate. The areas of all triangles are the same, half of
the Jarlskog invariant, J [7], which is a phase-convention-independent measure ofCP
violation, deÞned by Im

[
VijVklV !

il V
!
kj

]
= J

∑
m,n " ikm" jln.

The most commonly used unitarity triangle arises from

Vud V !
ub + Vcd V !

cb + Vtd V !
tb = 0 , (11.6)

by dividing each side by the best-known one,VcdV !
cb (see Fig. 1). Its vertices are exactly

(0, 0), (1, 0), and, due to the deÞnition in Eq. (11.4), (ø#, ø$). An important goal of
ßavor physics is to overconstrain the CKM elements, and many measurements can be
conveniently displayed and compared in the ø#, ø$ plane.

Processes dominated by loop contributions in the SM are sensitive to new physics, and
can be used to extract CKM elements only if the SM is assumed. In Sec. 11.2 and 11.3,
we describe such measurements assuming the SM, we give the global Þt results for the
CKM elements in Sec. 11.4, and discuss implications for new physics in Sec. 11.5.

11.2. Magnitudes of CKM elements

11.2.1. |Vud| :

The most precise determination of|Vud| comes from the study of superallowed 0+ ! 0+

nuclear beta decays, which are pure vector transitions. Taking the average of the twenty
most precise determinations [8] yields

|Vud| = 0 .97425± 0.00022. (11.7)

July 30, 2010 14:36

12 12. CP violation in meson decays

masses, i.e., (u1, u2, u3) → (u, c, t) and (d1, d2, d3) → (d, s, b), the elements of VCKM are
written as follows:

VCKM =

⎛

⎝
Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

⎞

⎠ . (12.47)

While a general 3 × 3 unitary matrix depends on three real angles and six phases, the
freedom to redefine the phases of the quark mass eigenstates can be used to remove five
of the phases, leaving a single physical phase, the Kobayashi-Maskawa phase, that is
responsible for all CP violation in meson decays in the Standard Model.

The fact that one can parametrize VCKM by three real and only one imaginary
physical parameters can be made manifest by choosing an explicit parametrization. The
Wolfenstein parametrization [26,27] is particularly useful:

VCKM =⎛

⎜⎜⎜⎝

1 !
1
2

! 2 !
1
8

! 4 ! A! 3(" ! i#)

! ! +
1
2
A2! 5[1 ! 2(" + i#)] 1 !

1
2

! 2 !
1
8

! 4(1 + 4A2) A! 2

A! 3[1 ! (1 !
1
2

! 2)(" + i#)] ! A! 2 +
1
2
A! 4[1 ! 2(" + i#)] 1 !

1
2
A2! 4

⎞

⎟⎟⎟⎠
.

(12.48)

Here ! ≈ 0.23 (not to be confused with ! f ) plays the role of an expansion parameter,
and " represents the CP -violating phase. Terms of O(! 6) were neglected.

The unitarity of the CKM matrix, (V V   )ij = (V   V )ij = #ij , leads to twelve distinct
complex relations among the matrix elements. The six relations with i ̸= j can be
represented geometrically as triangles in the complex plane. Two of these,

VudV ∗
ub + VcdV

∗
cb + VtdV ∗

tb = 0
VtdV ∗

ud + VtsV ∗
us + VtbV ∗

ub = 0 ,

have terms of equal order, O(A! 3), and so have corresponding triangles whose interior
angles are all O(1) physical quantities that can, in principle, be independently measured.
The angles of the first triangle (see Fig. 12.1) are given by

$ ≡ %2 ≡ arg
(
−

VtdV ∗
tb

VudV ∗
ub

)
≃ arg

(
−1 − &− i"

&+ i"

)
,

' ≡ %1 ≡ arg
(
−

VcdV
∗
cb

VtdV ∗
tb

)
≃ arg

(
1

1 − &− i"

)
,

( ≡ %3 ≡ arg
(
−

VudV ∗
ub

VcdV
∗
cb

)
≃ arg (&+ i" ) . (12.49)

The angles of the second triangle are equal to ($ , ' , ( ) up to corrections of O(! 2). The
notations ($ , ' , ( ) and (%1, %2, %3) are both in common usage but, for convenience, we
only use the first convention in the following.

July 30, 2010 14:36



F.Blanc,  CP violation and CKM, SHWEPPS 2016

Evolution of the constraints on UT
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• 2003: first constraints on the Unitarity Triangle !  CKM picture is correct 

• 2010: precision measurements from B factories 
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Evolution of the constraints on UT
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• 2010: precision measurements from B factories 
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Belle and Babar

• Asymmetric e+e– colliders at the Y(4S): KEK-B and PEP-II 

- B±,0 mesons produced at known energy !  kinematic constraints!
!  possibility for recoil B meson reconstruction 

- Lorentz boost → B flight distance ≈200-300µm !  need good vertexing!
!
!

- excellent particle ID and calorimetry 

- efficient flavour tagging: 30.1% (Belle) and 33.1% (Babar)
7

19

Table 2.1.1. Beam energies, corresponding Lorentz factor, and beam crossing angle of theB Factories for the nominal ! (4S)
running.

B Factory e! beam energy e+ beam energy Lorentz factor crossing angle
E! (GeV) E+ (GeV) "# $ (mrad)

PEP-II 9.0 3.1 0.56 0
KEKB 8.0 3.5 0.425 22

– Precise measurements of photon energy and position,
from 20 MeV to 8 GeV in order to reconstruct ⇡0

mesons or radiative decays.
– Highly e! cient particle identiÞcation for electrons and

muons, as well as a⇡/K separation over a wide range
of momenta Ð from! 0.6 GeV/c to ! 4 GeV/c.

– A fast and reliable trigger, and online data acquisition
system able to acquire good quality data, to process
the data live, and Þnally to store it pending o" ine
reconstruction

– A high radiation tolerance and the capability to oper-
ate e! ciently in the presence of high-background lev-
els.

Both detectors have the same structure with a cylindri-
cal symmetry around the beam axis. They are of compact
design with their size being a trade-o# between the need
for a large tracking system and the need to minimize the
volume of the calorimeter, by far the most expensive sin-
gle component of the detector. The forward and backward
acceptances are constrained by the beamline geometry. Al-
though the BABAR and Belle collaborations made di#erent
technological choices for their detector components, they
have similar subdetectors, each with well-deÞned func-
tions. Going from the inside to the outside of theBABAR
and Belle detectors, one Þnds successively:

– A charged particle tracking system, made of two com-
ponents.
– A silicon detector, known as the SVT (ÔSilicon Ver-

tex TrackerÕ) inBABAR, and the SVD (ÔSilicon Ver-
tex DetectorÕ) in Belle, made of double-sided strip
layers to measure charged particle tracks just out-
side the beam pipe. This detector is used to recon-
struct vertices (both primary and secondary), mea-
sures the momentum of low-energy charged parti-
cles which do not reach the outer detectors due to
the strong longitudinal magnetic Þeld and provide
inputs (angles and positions) to the second tracking
detector, a drift chamber, which lies just beyond its
outer radius Ð see below for details.

– A drift chamber, known in BABAR as DCH (ÔDrift
CHamberÕ) and in Belle as the CDC (ÔCentral Drift
ChamberÕ), which measures the momentum and
the energy loss (dE/dx) of the charged particles
which cross its sensitive volume. The latter infor-
mation is useful for particle identiÞcation (PID).

– A solenoid cryostat located between the electromag-
netic calorimeter and the instrumented ßux return Ð
these two detectors are described below. The cryostat

is needed by the superconducting solenoid that pro-
vides a 1.5 T longitudinal magnetic Þeld in which both
tracking devices are embedded.

– PID detectors designed to distinguish the numerous
pions from the rarer kaons from a momentum of about
500 MeV/c to the kinematic limit of 4.5 GeV/c.
– BABAR is using a novel device called DIRC (Adam,

2005) Ð ÔDetector of Internally Reßected Cherenkov
lightÕ Ð which covers the barrel region.

– Belle has two types of PID detectors: Aerogel Che-
renkov Counters (ÔACCÕ) covering both the bar-
rel and the forward regions; additional Time-Of-
Flight (ÔTOFÕ) counters in the barrel region with
a ! 100 ps resolution which makes them e! cient in
separating charged particles up to 1.2 GeV/c, as
the particle ßight path from the IP to the TOF
counters is about 1.2 m.

– The BABAR (EMC) and Belle (ECL) calorimeters;
these are highly-segmented arrays of thallium-doped
cesium iodide Ð in short CsI(Tl) Ð crystals assembled
in a projective geometry. The BABAR EMC consists of
a barrel and a forward end cap while the Belle ECL in-
cludes a barrel, a forward end cap and a backward end
cap. Both calorimeters cover about 90% of the total
solid angle. In addition to the ECL, Belle developed a
special extreme forward calorimeter (the EFC), made
of radiation-hard BGO (Bismuth Germanate Oxide or
Bi4Ge3O12) crystals. Mounted on the Þnal quadrupoles
close to the beam pipe, it provided information on the
instantaneous luminosity and the machine background
which helped optimize KEKB operation.

– An instrumented ßux return, designed to identify
muons and to detect neutral hadrons (primarily K0

L

and neutrons), and divided into three regions: central
barrel, forward and backward end caps. TheBABAR
IFR (ÔInstrumented Flux ReturnÕ) consists of alterna-
tive layers of glass-electrode-resistive plate chambers
(RPCÕs) and steel of the magnet ßux return. Origi-
nally, there were 19 RPC layers in the barrel and 18 in
the end caps. Second-generation RPCs were installed
in the forward end cap in 2002 while RPCs were re-
placed by Limited Streamer Tubes (LSTs) in the barrel
in the period 2004-2006. BelleK0

L and Muon detec-
tion system (KLM) was designed designed similarly
and employed alternating layers of RPCÕs (15 in the
barrel and 14 in the end caps) and 4.7 cm-thick iron
plates.

– A two-level trigger with a hardware Level-1 (L1) fol-
lowed by a software Level-3 (L3). The L1 trigger com-
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Measurements of sin2β in b→(cc)s
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Figure 17.6.5. Distributions of mES or ! E for (a) B0 !
(cøc)K0

S , (b) B0 ! J/! K0
L , (c) B0 ! J/! K ! 0 , and (d) B0

decays to ßavor-speciÞc Þnal states for the samples used in the
BABAR measurement (Aubert, 2009z) of " 1. The shaded regions
represent the estimated background, and the solid lines are the
projections of the Þts to the data.

analysis. Figure 17.6.6 shows themES and p⇤B distribu-
tions for the Belle analysis.

Vertex reconstruction and B meson ßavor tagging al-
gorithms (described in Chapters 6 and 8) are applied to
the selected signal candidates. Time-dependentCP asym-
metry parameters are extracted from Þts to the distribu-
tions of proper decay time di↵erence between signal and
tagged B mesons as described in Chapter 10.BABAR ex-
tracts the time-dependent asymmetry parameters (S and
C) from a simultaneous Þt to both the BCP and Bflav

(see Section 10.2) samples with 69 additional free param-
eters, where tagging and resolution parameters are trans-
parently propagated into the CP analysis as part of the
Þnal statistical error. Belle takes a multi-step approach:
the Þnal Þt includes onlyS and C as free parameters, and
all the Þt model parameters, which include signal frac-
tions, ßavor tagging performance parameters, and proper
time di↵erence resolution function parameters are Þxed
to the values determined from separate Þts to theBflav

and BCP samples. E↵ects arising from the uncertainties
of these parameters are included in the Þnal result as sys-
tematic errors.

The results of the time-dependentCP asymmetry mea-
surements are summarized in Table 17.6.1 for each decay
mode, and for the combined set of modes. As described
in Section 17.6.8, the time-dependent full angular analy-
sis of the B0 ! J/! K⇤0 decay can provide a value for
cos 2" 1 in addition to sin 2" 1. The angular information
presented in the table has been averaged over, resulting
in a dilution of the measured CP asymmetry by a fac-

* (GeV/c)
B

p
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

co
un

ts
 / 

50
 M

eV
/c

0

1000

2000

3000

4000

5000

Figure 17.6.6. Distributions of mES (= Mbc ) for B0 !
(cøc)K0

S (top) and p!
B for B0 ! J/! K0

L (bottom) obtained with
the samples used for the Belle measurement (Adachi, 2012c)
of " 1. The shaded regions in the bottom plot represent the
estimated background components: (from top to bottom) real
J/! and real K0

L (yellow), real J/! and fake K0
L (green), and

fake J/! (blue).

tor of 1 " 2R?, where R? is the fraction of the CP -odd
component. BABAR uses the previously measured value
0.233± 0.010± 0.005 (Aubert, 2007x). Systematic errors
on the time-dependent asymmetry parameters are sum-
marized in Table 17.6.2. The dominant sources forS are
due to the uncertainties in vertex reconstruction and �t
resolutions, ßavor tagging, and background in theJ/! K0

L

mode. The systematic error onC is dominated by tag-
side interference. For this source, Belle takes into account
a cancellation betweenCP -even andCP -odd states, while
BABAR does not. Chapter 15 discusses the main sources of
systematic uncertainty on time-dependentCP asymmetry
parameter measurements in detail.

The �t distributions and asymmetries obtained from
the data for all modes combined are shown in Fig. 17.6.7.
The values of C obtained are consistent with zero in ac-
cordance with SM expectations, and hence" #f S gives
essentially sin 2" 1. The average of the two experiments

Babar

308

Table 17.6.2. Summary of systematic errors on the time-
dependent CP asymmetry parameters measured in B0 decays
to charmonium + K0 for all modes combined.

BABAR Belle
Source S C S C

Vertex and ! t 0.007 0.003 0.010 0.007
Flavor tagging 0.006 0.002 0.004 0.003
J/! K0

L background 0.006 0.001 0.004 0.002
Other signal/background 0.005 0.003 0.002 0.001
Physics parameters 0.003 0.001 0.001 0.000
Tag-side interference 0.001 0.014 0.001 0.008
Possible Þt bias 0.002 0.003 0.004 0.005

Total 0.012 0.016 0.012 0.012

(Amhis et al., 2012) gives

sin 2! 1 = 0.677± 0.020 and C = 0.006± 0.017. (17.6.5)

This corresponds to ! 1 = (21.30 ± 0.78)� (up to the four-
fold ambiguity mentioned above). An accuracy of 3% on
sin 2! 1 (0.8� on ! 1) is achieved.

The evolution of the measured value of sin 2! 1 can be
seen in Fig. 17.6.8. Central values for the initial measure-
ments from both experiments were slightly lower than the
current world average. A significant milestone in the mea-
surement of sin 2! 1 was achieved in the summer of 2001
when both BABAR and Belle observed CP violation in B 0

meson decay.74 The data samples used for these measure-
ments each consists of about 30 ! 106 B B pairs. Since
that time, improved measurements have proved to be sta-
ble, and the results reported by BABAR and Belle have
remained consistent with each other.

17.6.4 ! 1 from b ! cc̄d decays

17.6.4.1 B 0 " J/ " # 0

The decay B 0 " J/ " # 0 is a b " ccd transition into
a CP -even final state. The final state has contributions
from both a color- and Cabibbo-suppressed tree ampli-
tude, and penguin amplitudes with di! erent weak phases.
In the absence of penguin contributions one can measure
the Unitarity Triangle angle ! 1 using this decay. If there
are significant penguin contributions, the measured value
of ! 1, called the “e! ective phase” ! e!

1 , may di! er from
that obtained from the tree-dominated B " J/ " K 0 de-
cays. There are two motivations for such a measurement;
firstly it is possible to constrain theoretical uncertainties in
B " J/ " K 0 decays using B 0 " J/ " # 0 (Ciuchini, Pierini,
and Silvestrini, 2005), and secondly one may be able to
probe, or constrain, possible new physics contributions to
b " ccd transitions manifesting via loop diagrams.
74 A commonly accepted deÞnition of ÒobservationÓ is a result

with a statistical signiÞcance of at least Þve standard devia-
tions if the uncertainties are treated as Gaussian.
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Figure 17.6.8. History of the sin 2 " 1 measurements with b!
cøcs decays, ordered by the dates they appeared in public. Refer-
ences: (a) (Aubert, 2000), (b) (Aihara, 2000a), (c) (Abashian,
2001), (d) (Aubert, 2001a), (e) (Aubert, 2001e), (f) (Abe,
2001g), (g) (Aubert, 2002g), (h) (Abe, 2002b), (i) (Abe, 2005c),
(j) (Aubert, 2005i), (k) (Abe, 2005j), (l) (Aubert, 2006j),
(m) (Chen, 2007a), (n) (Aubert, 2009z), (o) (Adachi, 2012c).

Unlike b " ccsdecays, which are experimentally clean,
one has to consider significant background contributions
when trying to extract information from B 0 " J/ " # 0 sig-
nal events. These background contributions include events
from B decays to J/ " $ 0, J/ " K 0

S , J/ " K ⇤0, J/ " K ⇤± , and
J/ " $ ± final states as well as smaller contributions from
other B decays to final states including a J/ " . The afore-
mentioned backgrounds populate the negative " E region
(peak # $ 0.2 GeV) and have a tail in the signal region
around %E # 0 (see Fig. 17.6.9). Since these modes are
well measured, the B Factories have relied on existing
branching fraction measurements from the Particle Data
Group (Yao et al., 2006) in order to fix the normalization
of background contributions while extracting signal yields
and CP asymmetry parameters. The normalization of the
combinatorial background is allowed to vary in the fit.

Both experiments perform an unbinned maximum like-
lihood fit to data using discriminating variables: mES, " E ,
and " t. In order to suppress background from light-quark
continuum events, BABAR also includes a Fisher discrim-
inant as one of the discriminating variables in their fit
to data. This is computed using three variables: L 0, L 2
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the B Factories is not systematically limited and may be
improved upon by the next generation of experiments.

17.6.2 Transitions and formalism

The Unitarity Triangle angle �1 = � is deÞned as

�1 ⌘ � ⌘ arg[�(VcdV ⇤
cb)/ (Vtd V ⇤

tb )]. (17.6.1)

It describes CP violation in the interference between de-
cays with and without B 0-B 0 mixing and is best measured
in B 0 ! J/ ( (2S))K 0

S transitions, which have CP-odd
Þnal states (ignoring the small CP violation in K 0-K 0

mixing). As discussed in Section 10.1,�B = 2 transitions
in the SM are produced by quark box diagramsObox in-
cluding QCD radiative corrections for �md.

The most precise technique for measuring�1 usesB 0

decays to CP eigenstates with quark transitions of the
type b! cøcs (Fig. 17.6.1). Since the Þnal statef is ac-
cessible to bothB 0 and B 0, the amplitudes for B 0 ! f
(direct decay) and B 0 ! B 0 ! f (decay preceded by
neutral meson oscillation) will interfere. As described in
Section 10.2,70 the resulting time-dependentCP asymme-
try is given as

A(! t) = S sin(! md! t) � C cos(! md! t), (17.6.2)

where S = 2Im �/ (1 + |�|2), C = (1 � |�|2)/ (1 + |�|2),
and � = ( q/p)(Af /A f ). In the SM, q/p = Vtd V ⇤

tb /V ⇤
td Vtb

to a good approximation. For the Þnal state f = J/ K 0
S ,

the B decay is dominated by a treeb ! cøcs (or its CP
conjugate) amplitude71 followed by K 0-K 0 mixing.72 The
result is � = ⌘f

Vtd V !
tb

Vtb V !
td

Vcb V !
cd

Vcd V !
cb

, which leads to C = 0 and
S = �⌘f sin 2�1, where ⌘f = ⌘J/  K 0

S
= �1 is the CP

eigenvalue.B 0 ! J/ K 0
L has ⌘f = ⌘J/  K 0

L
= +1 and has

the opposite sign forS. The same magnitude is expected
for the CP-even and -odd modes up to a small correction
for CP violation in K 0-K 0 oscillations.

To understand the penguin amplitude contributions,
one can group tree (T) and penguin (Pq) amplitudes ac-
cording to their CKM factors, remove the Vtb V ⇤

ts term us-
ing the unitarity condition

!

q=u,c,t

VqbV ⇤
qs = 0 , (17.6.3)

and express theb! cøcs decay amplitude as

Acc̄s = VcbV ⇤
cs(T + Pc�Pt ) + VubV ⇤

us (Pu �Pt ), (17.6.4)

where the superscripts indicate the quark in the loop. The
second term has a di" erent phase but the magnitude is
suppressed by|VubV ⇤

us /V cbV ⇤
cs| ⇠ O(�2

Cabibbo). Therefore,
the e" ect of the penguin amplitude on�1 is expected to
be very small.

70 See in particular Eqs (10.2.2, 10.2.4, 10.2.4, and 10.1.10).
71 B decay amplitude ratio provides a factor ! f

Vcb V !
cs

V !
cb Vcs

.
72 K 0-K 0 mixing provides a factor V !

cd Vcs /V cd V !
cs .

Within the SM the level of CP violation in decay
(|Af / øAf̄ | 6= 1) is expected to be inaccessible to exist-
ing experiments, and new physics (NP) beyond the SM
is unlikely to generate large e" ects due to the dominance
of the tree amplitude in decay. However, NP could modify
the time-dependentCP asymmetry across di" erent modes
by a" ecting the phase inq/p and lead to inconsistencies
between�1 and other observables that determine the Uni-
tarity Triangle.

b c
c

s

b s
c

c
Figure 17.6.1. Tree and penguin diagrams of b ! ccs.

In b ! cøcd (Fig. 17.6.2) decays, the di" erence be-
tween the CKM phase of the tree diagram and that of
b ! cøcs is negligible. This allows the measurements of
sin 2�1 through decays toCP eigenstates ofb! cøcd (such
as B 0 ! J/ ⇡0 and D+D�) in the same way asb! cøcs.
Unlike b ! cøcs, however, the CKM factors of the pen-
guin diagrams here are of the same order (O(�3

Cabibbo)) as
the tree diagram. The possible contribution of theb! cøcd
penguin diagrams, which have a di" erent CKM phase, can
alter the measured value of sin 2�1. Any such deviation
would be due to the e" ect of penguin contributions or due
to NP.

b c
c

d

b d
c

c
Figure 17.6.2. Tree and penguin diagrams of b ! ccd.

The b! cøud transition (Fig. 17.6.3) proceeds through
a tree diagram, and has no penguin contribution. It can
again be used to probe sin 2�1 if the Þnal state is accessible
to both B 0 and B 0 (e.g., in the case of intermediateD 0

and D 0 decays to the same Þnal state). However, in this
case, the processb ! uøcd also contributes. The relative
CKM factor of these two tree diagrams, VubV ⇤

cd/V cbV ⇤
ud ,

has a large phase and the magnitude is approximately
0.02. Therefore, the deviation from theb! cøcs value for
sin 2�1 obtained in these decays is expected to be small.

b c
u

d

b u
c

d
Figure 17.6.3. Tree diagrams of b ! cūd and b ! uc̄d.

dominant diagramme

“penguin” pollution!
(suppressed: ~λ2)
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Figure 17.6.7. Flavor-tagged �t distributions (a,c) and raw CP asymmetries (b,d) for the BABAR (left, (Aubert, 2009z)) and
Belle (right, (Adachi, 2012c)) measurements of sin 2�1 . The top two plots show the B ! (cc̄)K0

S (⌘f = " 1) samples, and the
bottom two show the B ! J/ K0

L (⌘f = +1) sample. The shaded regions for BABAR represent the fitted background, while the
Belle distributions are background subtracted. The two experiments adopt the opposite color code in �t distribution plots.
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Figure 17.6.9. Distributions of �E for B0 ! J/ ⇡0 samples
used in the Belle measurement (Lee, 2008) of �1 . The super-
imposed curves show the signal (solid line), B ! J/ X back-
ground (dot-dashed line), combinatorial background (dashed
line) and the sum of all the contributions (thick solid line).

(Eq. (9.4.1)), and cos! H , where ! H is the angle between
the positively charged lepton and the B candidate mo-
menta in the J/" rest frame. In contrast, Belle achieves
continuum background rejection by applying a cut on the
ratio of zeroth to second Fox-Wolfram moments,R2 < 0.4.
Details on these background suppression techniques can
be found in Chapter 9.

The most recent results obtained byBABAR (Aubert,
2008i) and Belle (Lee, 2008) use 465! 106 and 535 ! 106

BB pairs, respectively, and are summarized in Table 17.6.3.
BABAR ÞndsCP violation with 4 .0# signiÞcance, and Belle
Þnds 2.4# signiÞcance. Both results, and their average, are
consistent with the value ofS measured inb " ccs decays.
The obtained value of C is consistent with zero.

Table 17.6.3. The time-dependent CP asymmetry parameters
" ⌘f S and C for the decay B0 ! J/ ⇡0 . The first quoted
uncertainty is statistical, and the second is systematic. The
averages are obtained by HFAG (Amhis et al., 2012).

Experiment " ⌘f S C
BABAR 1.23 ± 0.21 ± 0.04 " 0.20 ± 0.19 ± 0.03
Belle 0.65 ± 0.21 ± 0.05 " 0.08 ± 0.16 ± 0.05
Average 0.93 ± 0.15 " 0.10 ± 0.13

17.6.4.2B0 " D( ! )± D( ! ) "

The decay B0 " D( ! )± D( ! ) " is dominated by a color-
favored tree-diagram in the SM. When neglecting the pen-
guin (loop) diagram, the mixing induced CP asymmetry
of B0 " D( ! )± D( ! ) " is also determined by sin 2$1. The

Babar Belle

B→(cc)KS B→(cc)KS

B→J/ΨKLB→J/ΨKL

“Golden channel”

background
background 
subtracted

“The physics of the B factories” 
arXiv:1406.6311
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Measurement of sin2α
• Time-dependent analysis of B0 mesons (mixing !  Vtd !  2β) 

decaying predominantly via b→u transitions (Vub !  γ) 

- B0→π+π– : isospin analysis to disentangle!
tree (Vub) and loop (Vtd) contributions!
[Gronau and London, PRL 65 (1990) 3381]  

- B0→π+π–π0  : time-dependent Dalitz analysis 

- B0→ρ+ρ– : isospin analysis (idem B0→π+π–)
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using SU (3) for B ! !! and K ! ! decays is discussed in
Section 17.7.6.

As a further development one constrains" 2 using Þ-
nal states including vector and axial-vectors particles, in
particular using B ! a1(1260)# decays, where one can
determine the impact of penguin contributions with the
aid of SU (3) ßavor symmetry. This theoretical approach
is discussed in Section 17.7.1.3. Time-dependent measure-
ments of B ! a1(1260)# and the complementary studies
of B ! K1# decays are used to control penguin pollution
as discussed in Section 17.7.5.

In contrast to the initial expectations of the B Facto-
ries where it was anticipated that ## Þnal states would
provide a measurement of" 2 and !# would be used to
resolve ambiguities, ÔrealityÕ told a di! erent story. Mea-
surements ofB ! !! decays dominate the determination
of the angle " 2 and B ! a1(1260)# decays provide addi-
tional precision on the overall measurement of this angle.
The study of !# Þnal states provides additional discrim-
ination: the power to resolve some of the discrete ambi-
guities, as originally expected. TheB Factories have been
able to make an accurate measurement of" 2, using B de-
cays to ##, !# , !! , and a1# Þnal states, as discussed in
Section 17.7.7.

17.7.1 Introduction

The angle " 2 can be inferred from time-dependentCP
asymmetries in charmlessb ! u transitions. Feynman di-
agrams describing these decays, such asB0 ! ## and
B0 ! !! , are shown in Fig. 17.7.1. Interference between
the leading tree amplitude and the amplitude of B0 " B0

mixing (Fig. 10.1.1) provides access to the observable" 2.
As explained above, if the tree amplitude was the only
decay amplitude (as is the case forB0 ! J/$ K0

S ), the S
parameter in B0 ! #+ #" would be equal to sin 2" 2 and
C zero (see Eq. 16.6.8). However, the penguin contribu-
tions to charmlessB decays cannot be ignored. In general
S measures sin 2" e!

2 instead sin 2" 2, where " e!
2 is related

to " 2 up to a shift " " 2 resulting from penguin ampli-
tudes with a di! erent weak phase to that of the leading
order tree contribution, i.e. " " 2 = " e!

2 " " 2. We have to
understand how to control the penguin contributions and
determine the di! erence between" e!

2 and " 2.
In the following, we discuss four complementary tech-

niques to extract the angle " 2 from time-dependent CP
asymmetry measurements inB ! 2#, 3# and 4# decays.

– Isospin analysis inB ! ## and B ! !! ;
– Dalitz analysis in B ! !# ;
– SU (3) analysis of B ! a1(1260)#(K);
– SU (3) constraints in charmlessB decays to two vector

meson Þnal states.

The analysis methodology outlined in the remainder
of this chapter in terms of the study of four body Þnal
states relies on the quasi-two-body approximation (see
Section 17.4.3), which is su# cient for work at the B Fac-
tories. However, it should be borne in mind that in the
future one will want to probe the impact of NP in 4 #

(a) T (b) C

(c) P

Figure 17.7.1. Feynman diagrams contributing to the charm-
lessB decaysB0 ! !! or B0 ! "" : (a) external tree ( T ), (b)
internal (or color suppressed) tree (C), and (c) gluonic penguin
(P ). Nearby quarks are implied to be grouped into mesons.

and 2#KK Þnal states to search for possible non-leading
sources ofCP violation. Amplitude analyses, introduced
in Section 13, will be required for such searches and fu-
ture super ßavor factory will have to adopt a more general
approach for such analyses.

The combined accuracy on" 2 obtained by the B Fac-
tories is discussed in Section 17.7.7. Some time-integrated
measurements are required to constrain penguin contribu-
tions in various decays; those are discussed in Section 17.4.

17.7.1.1 Isospin analysis ofB ! ## and B ! !!

The CP asymmetry in B0 ! #+ #" depends on" 2. How-
ever (unlike B0 ! J/$ K0

S ), because of the two contribut-
ing amplitudes (tree and penguin, see Section 16.6) in
the SM one expects directCP violation to be manifest
in B0 ! #+ #" , hence:

%(B ! #+ #" ) " %(B ! #+ #" )

%(B ! #+ #" ) + %(B ! #+ #" )
(17.7.1)

= C cos" md" t " S sin" md" t

with

C =
1 " |&|2

1 + |&|2
,

S =
2 Im&

1 + |&|2
, (17.7.2)

where & = ( q/p)A/A as noted in Chapter 10, and from
Chapter 16 we recall that

0 # C2 + S2 # 1. (17.7.3)
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Measurement of sin2α
• Time-dependent analysis of B0 mesons (mixing !  Vtd !  2β) 

decaying predominantly via b→u transitions (Vub !  γ) 

- B0→π+π– : isospin analysis to disentangle!
tree (Vub) and loop (Vtd) contributions!
[Gronau and London, PRL 65 (1990) 3381]  

- B0→π+π–π0  : time-dependent Dalitz analysis 

- B0→ρ+ρ– : isospin analysis (idem B0→π+π–)
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A hadron machine is a B factory → LHCb

11

e+eÐ "  Y(4S) " bb pp "  bbX (!s = 14TeV)

cross section 1 nb 500 μb
!  high statistics

bb rate ~10Hz ~500 kHz

Flavour content
B+B–(50%), 
B0B0(50%)

B+(40%), B0(40%), Bs(10%), 
Bc(<1%), b-baryons (10%)

!  access to all flavours!
(allows to measure φs)

boost ~0.5 large !  good time resolution
B production vertex not reconstructed reconstructed

B0ÑB 0 mixing coherent incoherent !  tagging dilution
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Analysis conditions at LHCb

• Flavour tagging: Same (SS) and Opposite (OS) Side taggers 

- few percent effective tagging power, compensated by large statistics 

• Excellent proper time resolution: 44 fs 

- resolve fast B0
s oscillations 

• PID: K/π (/p/µ/e) separation 

• Photon reconstruction: 

- not as effective as Belle and Babar
12
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Measurement of φs

• Time-dependent CP asymmetry in B0s → J/ψφ !
!
!
!
!
!
!
!
!

• φs predicted to be small!
!

• Sensitive to New Physics contributions in Bs–Bs mixing 

• Analysis involves time-dependent and angular analysis, to 
disentangle CP-even and CP-odd contributions

13
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Measurement of φs (results)

• Measurements from CDF, 
D0, ATLAS, CMS, and 
LHCb 

• Average compatible with 
SM prediction
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Measurement of UT angle γ
• Least constrained UT parameters 

• Theoretically clean [δγ/γ < O(10–7)], from interference 
between b→c and b→u tree-level amplitudes 

• Experimentally, measure branching fractions for B→D0K 

- Final state [f]D may be: 

- CP eigenstate: (e.g. K+K–, π+π–) → rD = 1           [GLW method] 

- charge specific: favoured D0→K–π+ & suppressed D0→K+π– !
→ rD "  0.05                                                          [ADS method] 

• Other methods: Dalitz analysis, ≥3-body D0 decays

15

10

2-body observables

! (B! " [K+K! ]DK! ) + ! (B+ " [K+K! ]DK+)
! (B! " [K! ! +]D! ! ) + ! (B+ " [K+! ! ]D! +)

= RCP

! (B! " [! +! ! ]DK! ) + ! (B+ " [! +! ! ]DK+)
! (B! " [K! ! +]D! ! ) + ! (B+ " [K+! ! ]D! +)

= RCP

! (B! " [K! ! +]DK! ) ! ! (B+ " [K+! ! ]DK+)
! (B! " [K! ! +]DK! ) + ! (B+ " [K+! ! ]DK+)

= AK!
K

! (B! " [K! K+]DK! ) ! ! (B+ " [K+K! ]DK+)
! (B! " [K! K+]DK! ) + ! (B+ " [K+K! ]DK+)

= AKK
K

! (B! " [! ! ! +]DK! ) ! ! (B+ " [! +! ! ]DK+)
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4-body observables
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ADS(K)
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γ measurements

• Significant improvement on!
the determination of the!
angle γ with the LHCb data 

• Several complementary!
approaches !  ~different!
systematics 

• After Run2: can expect ±4º
16
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Figure 3: Invariant mass distributions of selected B ± → [! +! ! ]D h± candidates, separated by
charge. The dashed black line represents the residual contribution from charmless decays. This
component is present in the D final states considered, but is most visible in this case. See the
caption of Fig. 1 for other definitions.
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Figure 4: Invariant mass distributions of selected B ± → [K +K ! ]D h± candidates, separated by
charge. The dashed cyan line represents partially reconstructed " 0

b → [p+K ! ! +]! +
c

h! decays,
where the pion is missed and the proton is misidentified as a kaon. See the caption of Fig. 1 for
other definitions.
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LHCb-CONF-2016-001

! = (70.9+7 .1
! 8.5)

"

LHCb-PAPER-2016-003

LHCb combination of 
16 decay channels:
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Direct CP violation in Β±→h±h+h–

• Measure charge asymmetries in regions of phase space 

• Observe large asymmetries!
(due to final state rescattering?)!
in low mass regions: positive for!
pions and negative for kaons

17
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Figure 2: Dalitz plot distributions of (a) B± ! K± K+ K ! , (b) B± ! K± ! + ! ! , (c)
B± ! ! ± ! + ! ! and (d) B± ! ! ± K+ K ! candidates. The visible gaps correspond to the exclu-
sion of theJ/" (in the B± ! K± ! + ! ! decay) andD0 (all plots, except for the B± ! ! ± K+ K !

decay) mesons from the samples.

The results for the integratedCP asymmetries are

ACP (B ± ! K ± ! + ! ! ) = +0 .025± 0.004± 0.004± 0.007,

ACP (B ± ! K ± K + K ! ) = �0.036± 0.004± 0.002± 0.007,

ACP (B ± ! ! ± ! + ! ! ) = +0 .058± 0.008± 0.009± 0.007,

ACP (B ± ! ! ± K + K ! ) = �0.123± 0.017± 0.012± 0.007,

where the Þrst uncertainty is statistical, the second systematic, and the third is due to
the limited knowledge of theCP asymmetry of theB ± ! J/ " K ± reference mode [30].
The signiÞcances of the inclusive charge asymmetries, calculated by dividing the central
values by the sum in quadrature of the uncertainties, are 2.8 standard deviations (#) for
B ± ! K ± ! + ! ! decays, 4.3# for B ± ! K ± K + K ! decays, 4.2# for B ± ! ! ± ! + ! ! decays
and 5.6# for B ± ! ! ± K + K ! decays.

7 CP asymmetry in the phase space

The Dalitz plots distributions in the signal region for the four channels are shown in
Fig. 2. For the B ± ! K ± K + K ! and B ± ! ! ± ! + ! ! decays, folded Dalitz plots are used.

9

(2.8! )

(4.3! )

(4.2! )

(5.6! )

(stat)   (syst)  (norm)

LHCb, PRD 90 (2014) 112004
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Vub with Λb decays (and Vcb)
• The magnitude of Vub is measured!

in semileptonic decays (same for Vcb) 

• Two approaches: 

- exclusive decays (needs form factor;!
reasonably easy experimentally)!
!

- inclusive decays (clean theoretically; difficult experimentally)!
!
!
!
[numbers from CKMFitter; dominated by Babar and Belle]!

• Poor agreement between the exclusive and inclusive results

18

How to measure |Vub| (exclusively)
¥ Semi-leptonic decays can be used to make precise 

measurements of  |Vub| 

!

!

!

¥ Factorise electroweak and strong parts of the decay:

5

Context and Motivation
Current Bs ! K µ ! line

! b ! pµ ! Line
Conclusion

Current Status of|Vub|

! Semi-Leptonic B Decays:
Inclusive (øB ! Xul ø! l ) Exclusive (øB0 ! " + l ø! l )

X u

l

øvl

Vub

W!

øB

b u

øB0 ! +
ød

b u

W!

l

ø" l

Vub

|Vub| = (4 .41 ± 0.15+0 .15
" 0.17) " 10" 3 |Vub| = (3 .23 ± 0.31) " 10" 3

! Leptonic B decays (B+ ! ! + " ! ):

B +

øb

u

Vub

! +

" !

W+

William Sutcli ! e ! b ! pµ ! 3/ 16

Having a ground state hadron, 
such as a pion, is useful to 

control theoretical uncertainties.

QCD part encompassed by form-
factor.

|Vub|inclusive = (4 .45± 0.18(exp.) ± 0.31(theory)) ! 10�3

|Vub|exclusive = (3 .72± 0.09(exp.) ± 0.22(theory)) ! 10! 3
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The decay          

¥ The decay                   is the 
baryonic version of                . 

¥ Cleaner at LHCb as protons 
are rarer than kaons/pions. 

¥ ! b baryons not produced at 
BaBar or Belle experiments 
but at the LHC produced half 
as often as B mesons.

18

¥ Signature in detector: displaced muon-proton vertex.
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Figure 4: Dependence off
⇤

0
b
/fd on the (a) pT and (b) ! of the beauty hadron. To obtain this

Þgure, the ratio of e! ciency-corrected event yields is scaled to the absolute value off
⇤

0
b
/fd from

the semileptonic analysis [7]. The error bars include the statistical and systematic uncertainties
associated with the hadronic measurement. The dashed red lines indicate the uncertainty on the
scale off

⇤

0
b
/fd from the semileptonic analysis.

The ⌘ dependence is described by the linear function

f

⇤

0
b
/fd(⌘) = a

0 + b

0 ! (⌘ " ⌘) , (6)

with

a

0 = 0 .387± 0.013+0 .028
�0.030,

b

0 = 0 .067± 0.005+0 .012
�0.009,

where the Þrst uncertainty is the combined statistical and the second is the combined
systematic from the hadronic and semileptonic measurements. The dependences off

⇤

0
b
/fd

on the pT and ⌘ of the b hadron are shown in Fig. 4.
The absolute value forB(⇤0

b # ⇤

+
c ⇡

�) is obtained by substituting the results forS and
B(B0 # D

+
⇡

�) = (2 .68± 0.13) ! 10�3 [10] into Eq. (2). The value forB(⇤+
c # pK

�
⇡

+ )
is also used in the determination off

⇤

0
b
/fd using semileptonic decays and therefore cancels

in the Þnal result. The branching fraction for⇤0
b # ⇤

+
c ⇡

� is measured to be

B(⇤0
b # ⇤

+
c ⇡

�) =
⇣

4.30± 0.03 +0 .12
�0.11 ± 0.26± 0.21

⌘
! 10�3

,

where the Þrst uncertainty is statistical, the second is systematic, the third is from
the previousLHCb measurement off

⇤

0
b
/fd, and the fourth is due to the knowledge of

B(B0 # D

+
⇡

�). This value is in agreement with the current world average [10]. It
also agrees within 2.4 standard deviations with the recentLHCb measurement using
⇤

0
b # ⇤

+
c (# pK

0
S )⇡� decays [29], taking into account the correlated uncertainty from the
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B ! ⇡`⌫

⇤0
b ! pµ⌫

⇤0
b ! pµ⌫

µ!

øνµ

W !

b uVub

u

d

p! b

Precise determination of |Vub| 
using the decay ! b

0->pµ"

Patrick Owen, 
on behalf of the LHCb collaboration

24/03/15

CERN LHC seminar 

LHCb-PAPER-2015-013, in preparation 
arXiv:1405.6842

• The ratio of the magnitude of Vub and Vcb is measured with 
semileptonic Λb decays 

• Measure the relative decay rates 

Vub/Vcb using Λb decays

19

LHCb, Nature Physics 11 (2015) 743

In the Standard Model (SM) of particle physics,
the decay of one quark to another by the emis-
sion of a virtual W boson is described by the 3! 3
unitary Cabibbo-Kobayashi-Maskawa (CKM)
matrix [1, 2]. This matrix arises from the cou-
pling of the quarks to the Higgs boson. While
the SM does not predict the values of the four
free parameters of the CKM matrix, the mea-
surements of these parameters in di! erent pro-
cesses should be consistent with each other. If
they are not, it is a sign of physics beyond the
SM. In global Þts combining all available mea-
surements [3, 4], the sensitivity of the overall
consistency check is limited by the precision in
the measurements of the magnitude and phase
of the matrix elementVub, which describes the
transition of a b quark to a u quark.

The magnitude of Vub can be measured
via the semileptonic quark-level transition
b " u! ! " ! . Semileptonic decays are used to
minimise the uncertainties arising from the in-
teraction of the strong force, described by quan-
tum chromodynamics (QCD), between the Þnal-
state quarks. For the measurement of the mag-
nitude of Vub, as opposed to measurements of
the phase, all decays of theb quark, and the
equivalent b quark, can be considered together.
There are two complementary methods to per-
form the measurement. From an experimental
point of view, the simplest is to measure the
branching fraction (probability to decay to a
given Þnal state) of a speciÞc (exclusive) decay.
An example is the decay of aB 0 (bd) meson
to the Þnal state #+ ! ! " , where the inßuence
of the strong interaction on the decay, encom-
passed by aB 0 " #+ form factor, is predicted
by non-perturbative techniques such as lattice
QCD (LQCD) [5] or QCD sum rules [6]. The
world average from Ref. [7] for this method, us-
ing the decaysB 0 " #+ ! ! " and B ! " #0! ! " ,
is |Vub| = (3 .28 ± 0.29) ! 10! 3, where the
most precise experimental inputs come from the
BaBar [8,9] and Belle [10,11] experiments. The

uncertainty is dominated by the LQCD calcula-
tions, which have recently been updated [12,13]
and result in larger values ofVub than the average
given in Ref. [7]. The alternative method is to
measure the di! erential decay rate in an inclusive
way over all possibleB meson decays contain-
ing the b " u! ! " quark level transition. This
results in |Vub| = (4 .41± 0.15+0 .15

! 0.17) ! 10! 3 [14],
where the Þrst uncertainty arises from the ex-
perimental measurement and the second from
theoretical calculations. The discrepancy be-
tween the exclusive and inclusive|Vub| determi-
nations is approximately three standard devi-
ations and has been a long-standing puzzle in
ßavour physics. Several explanations have been
proposed, such as the presence of a right-handed
(vector plus axial-vector) coupling as an exten-
sion of the SM beyond the left-handed (vector
minus axial-vector) W coupling [15Ð18]. A simi-
lar discrepancy also exists between exclusive and
inclusive measurements of|Vcb| (the coupling of
the b quark to the c quark) [14].

This article describes a measurement of the
ratio of branching fractions of the $ 0

b (bud)
baryon into the p! ! " and $ +

c ! ! " Þnal states.
This is performed using proton-proton collision
data from the LHCb detector, corresponding to
2.0fb! 1 of integrated luminosity collected at a
centre-of-mass energy of 8TeV. The b " u tran-
sition, $ 0

b " pµ! " µ , has not been considered be-
fore as$ 0

b baryons are not produced at ane+ e!

B -factory; however, at the LHC, they consti-
tute around 20% of theb-hadrons produced [19].
These measurements together with recent LQCD
calculations [20] allow for the determination of
|Vub|2/ |Vcb|2 according to

|Vub|2

|Vcb|2
=

B($ 0
b " pµ! " µ)

B($ 0
b " $ +

c µ! " µ)
RFF (1)

whereB denotes the branching fraction andRFF

is a ratio of the relevant form factors, calcu-
lated using LQCD. This is then converted into a
measurement of|Vub| using the existing measure-

1

RFF = ratio of!
form factors

! 0
b ! pµ! " µ and ! 0

b ! (! +
c ! pK ! #+ )µ! " µ

candidates. The ratio of e! ciencies is 3.52± 0.20,
with the sources of the uncertainty described be-
low.

Systematic uncertainties associated with the
measurement are summarised in Table 1. The
largest uncertainty originates from the ! +

c !
pK ! #+ branching fraction, which is taken from
Ref. [35]. This is followed by the uncertainty
on the trigger response, which is due to the
statistical uncertainty of the calibration sam-
ple. Other contributions come from the track-
ing e! ciency, which is due to possible di" er-
ences between the data and simulation in the
probability of interactions with the material
of the detector for the kaon and pion in the
! 0

b ! (! +
c ! pK ! #+ )µ! " µ decay. Another sys-

tematic uncertainty is assigned due to the lim-
ited knowledge of the momentum distribution
for the ! +

c ! pK ! #+ decay products. Uncer-
tainties related to the background composition
are included in the statistical uncertainty for
the signal yield through the use of nuisance pa-
rameters in the fit. The exception to this is the
uncertainty on the ! 0

b ! N " µ! " µ mass shapes
due to the limited knowledge of the form factors
and widths of each state, which is estimated by
generating pseudoexperiments and assessing the
impact on the signal yield.

Smaller uncertainties are assigned for the
following e" ects: the uncertainty in the ! 0

b life-
time; di" erences in data and simulation in the
isolation BDT response; di" erences in the rel-
ative e! ciency and q2 migration due to form
factor uncertainties for both signal and normali-
sation channels; corrections to the ! 0

b kinematic
properties; the disagreement in the q2 migra-
tion between data and simulation; and the finite
size of the PID calibration samples. The to-
tal fractional systematic uncertainty is +7 .8

! 8.2%,
where the individual uncertainties are added in
quadrature. The small impact of the form factor
uncertainties means that the measured ratio of

Table 1: Summary of systematic uncertainties.
The table shows the relative systematic uncertainty
on the ratio of the ! 0

b ! pµ! " µ and ! 0
b ! ! +

c µ! " µ

branching fractions broken into its individual con-
tributions. The total is obtained by adding them in
quadrature. Uncertainties on the background levels
are not listed here as they are incorporated into the
Þts.

Source Relative uncertainty (%)

B(! +
c ! pK + #! ) +4 .7

! 5.3

Trigger 3.2
Tracking 3.0
! +

c selection e! ciency 3.0
! 0

b ! N " µ! " µ shapes 2.3
! 0

b lifetime 1.5
Isolation 1.4
Form factor 1.0
! 0

b kinematics 0.5
q2 migration 0.4
PID 0.2

Total +7 .8
! 8.2

branching fractions can safely be considered in-
dependent of the theoretical input at the current
level of precision.

From the ratio of yields and their determined
e! ciencies, the ratio of branching fractions of
! 0

b ! pµ! " µ to ! 0
b ! ! +

c µ! " µ in the selected q2

regions is

B(! 0
b ! pµ! " µ)q2> 15 GeV/c 2

B(! 0
b ! ! +

c µ! " µ)q2> 7 GeV/c 2
=

(1.00 ± 0.04 ± 0.08) " 10! 2 ,

where the first uncertainty is statistical and
the second is systematic. Using Eq. 1 with
RFF = 0.68 ± 0.07, computed in Ref. [20] for
the restricted q2 regions, the measurement

|Vub|
|Vcb|

= 0.083 ± 0.004 ± 0.004 ,

is obtained. The first uncertainty arises from
the experimental measurement and the second is
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Figure 2: Illustrating the method used to re-
duce the number of selected events from the
q2 region where lattice QCD has high uncer-
tainties. The e! ciency of simulated! 0

b ! pµ! " µ

candidates as a function ofq2. For the case where
one q2 solution is required to be above 15GeV2/c 4

(marked by the vertical line), there is still signiÞcant
e! ciency for signal below this value, whereas, when
both solutions have this requirement, only a small
amount of signal below 15 GeV2/c 4 is selected.

dates for the two decays are shown in Fig. 3. The
signal yields are determined from separate! 2

Þts to the mcorr distributions of the " 0
b ! pµ! #µ

and " 0
b ! (" +

c ! pK ! $+ )µ! #µ candidates. The
shapes of the signal and background components
are modelled using simulation, where the un-
certainties coming from the Þnite size of the
simulated samples are propagated in the Þts.
The yields of all background components are
allowed to vary within uncertainties obtained as
described below.

For the Þt to the mcorr distribution of the
" 0

b ! pµ! #µ candidates, many sources of back-
ground are accounted for. The largest of
these is the cross-feed from" 0

b ! " +
c µ! #µ

decays, where the" +
c decays into a pro-

ton and other particles that are not recon-
structed. The amount of background arising
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Figure 3: Corrected mass Þt used for de-
termining signal yields. Fits are made to
(top) ! 0

b ! pµ! " µ and (bottom) ! 0
b ! (! +

c !
pK ! #+ )µ! " µ candidates. The statistical uncer-
tainties arising from the Þnite size of the simulation
samples used to model the mass shapes are indi-
cated by open boxes while the data are represented
by the black points. The statistical uncertainty on
the data points is smaller than the marker size used.
The di" erent signal and background components
appear in the same order in the Þts and the legends.
There are no data above the nominal! 0

b mass due
to the removal of unphysical q2 solutions.

from these decay modes is estimated by fully
reconstructing two " +

c decays in the data. The
background where the additional particles in-
clude charged particles originating directly from

4

due to the uncertainty in the LQCD prediction.
Finally, using the world average|Vcb| = (39.5 ±
0.8) ! 10! 3 measured using exclusive decays [14],
|Vub| is measured as

|Vub| = (3 .27± 0.15± 0.16± 0.06) ! 10! 3 ,

where the Þrst uncertainty is due to the exper-
imental measurement, the second arises from
the uncertainty in the LQCD prediction and
the third from the normalisation to |Vcb|. As
the measurement of|Vub|/ |Vcb| already depends
on LQCD calculations of the form factors it
makes sense to normalise to the|Vcb| exclusive
world average and not include the inclusive|Vcb|
measurements. The experimental uncertainty is
dominated by systematic e! ects, most of which
will be improved with additional data by a reduc-
tion of the statistical uncertainty of the control
samples.

The measured ratio of branching frac-
tions can be extrapolated to the full q2 re-
gion using |Vcb| and the form factor pre-
dictions [20], resulting in a measurement of
B(! 0

b " pµ! " µ) = (4 .1 ± 1.0) ! 10! 4, where the
uncertainty is dominated by knowledge of the
form factors at low q2.

The determination of |Vub| from the mea-
sured ratio of branching fractions depends on
the size of a possible right-handed coupling [36].
This can clearly be seen in Fig. 4, which shows
the experimental constraints on the left-handed
coupling, |V L

ub| and the fractional right-handed
coupling added to the SM,#R, for di! erent mea-
surements. TheLHCb result presented here is
compared to the world averages of the inclusive
and exclusive measurements. Unlike the case for
the pion in B 0 " $+ %! " and B ! " $0%! " de-
cays, the spin of the proton is non-zero, allowing
an axial-vector current, which gives a di! erent
sensitivity to #R. The overlap of the bands from
the previous measurements suggested a signiÞ-
cant right-handed coupling but the inclusion of
the LHCb |Vub| measurement does not support

R!
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Figure 4: Experimental constraints on the
left-handed coupling, |V L

ub | and the fractional
right-handed coupling, ! R . While the overlap
of the 68% conÞdence level bands for the inclu-
sive [14] and exclusive [7] world averages of past
measurements suggested a right handed coupling
of signiÞcant magnitude, the inclusion of theLHCb
|Vub| measurement does not support this.

that.
In summary, a measurement of the ratio of

|Vub| to |Vcb| is performed using the exclusive
decay modes! 0

b " pµ! " µ and ! 0
b " ! +

c µ! " µ .
Using a previously measured value of|Vcb|, |Vub|
is determined precisely. The|Vub| measurement
is in agreement with the exclusively measured
world average from Ref. [7], but disagrees with
the inclusive measurement [14] at a signiÞcance
level of 3.5 standard deviations. The measure-
ment will have a signiÞcant impact on the global
Þts to the parameters of the CKM matrix.
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Figure 2: Illustrating the method used to re-
duce the number of selected events from the
q2 region where lattice QCD has high uncer-
tainties. The e! ciency of simulated! 0

b ! pµ! " µ

candidates as a function ofq2. For the case where
one q2 solution is required to be above 15GeV2/c 4

(marked by the vertical line), there is still signiÞcant
e! ciency for signal below this value, whereas, when
both solutions have this requirement, only a small
amount of signal below 15 GeV2/c 4 is selected.

dates for the two decays are shown in Fig. 3. The
signal yields are determined from separate! 2

Þts to the mcorr distributions of the " 0
b ! pµ! #µ

and " 0
b ! (" +

c ! pK ! $+ )µ! #µ candidates. The
shapes of the signal and background components
are modelled using simulation, where the un-
certainties coming from the Þnite size of the
simulated samples are propagated in the Þts.
The yields of all background components are
allowed to vary within uncertainties obtained as
described below.

For the Þt to the mcorr distribution of the
" 0

b ! pµ! #µ candidates, many sources of back-
ground are accounted for. The largest of
these is the cross-feed from" 0

b ! " +
c µ! #µ

decays, where the" +
c decays into a pro-

ton and other particles that are not recon-
structed. The amount of background arising
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Figure 3: Corrected mass Þt used for de-
termining signal yields. Fits are made to
(top) ! 0

b ! pµ! " µ and (bottom) ! 0
b ! (! +

c !
pK ! #+ )µ! " µ candidates. The statistical uncer-
tainties arising from the Þnite size of the simulation
samples used to model the mass shapes are indi-
cated by open boxes while the data are represented
by the black points. The statistical uncertainty on
the data points is smaller than the marker size used.
The di" erent signal and background components
appear in the same order in the Þts and the legends.
There are no data above the nominal! 0

b mass due
to the removal of unphysical q2 solutions.

from these decay modes is estimated by fully
reconstructing two " +

c decays in the data. The
background where the additional particles in-
clude charged particles originating directly from
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CP violation in the charm sector

• AΓ depends on both direct and indirect CP asymmetries 

• AΓ ≤ 10–3 in the Standard Model; up to 10–2 in BSM 

• N 

• No indirect CP asymmetry!
at the per-mil level!

• Other studies include multi-body decay modes, Dalitz analyses
20

h = Κ, π

A! (K + K ! ) = ( ! 0.134± 0.077± +0 .026
! 0.034)%

A! (! + ! ! ) = ( ! 0.092± 0.145± +0 .025
! 0.033)%

JHEP 04 (2015) 043

2.34M signal events

A! (t) !
!( D 0 " h+ h! , t) # !( øD 0 " h+ h! , t)
!( D 0 " h+ h! , t) + !( øD 0 " h+ h! , t)
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What about kaon physics?
• CKM matrix can be constrained with rare kaon decays 

• K+ channel under study at NA62 (previous studies at BNL-E787, and 
BNL-E949) 

- expect ~100 signal by 2017 

• K0 channel studied at KOTO (J-PARC)!
!
!
!
!
!
!
!

21

branching fraction (SM) CKM constraint

K+ → π+νν (0.9±0.1)! 10–10 effective measure of |Vtd|

K0 → π0νν (0.31±0.02)! 10–10 measure of UT parameter η
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KOTO: 
1 signal event seen 
0.18±0.15 expected 

background
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Assume 10% uncertainty on 
both measurements
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Belle II and the LHCb upgrade

22
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Projections for LHCb

23

Statistical Systematic Total
reducible irreducible

SJ/ψK0 (492 fb−1) 0.031 0.012 0.036
(sin 2! 1) (5 ab−1) 0.010 0.004 0.012 0.016

(50 ab−1) 0.003 0.001 0.012
AJ/ψK0 (492 fb−1) 0.021 0.006 0.025

(5 ab−1) 0.007 0.002 0.013 0.015
(50 ab−1) 0.002 0.001 0.013

Table 5.14: Expected errors in time-dependent CP asymmetry measurements with the B 0 →
J/ " K 0 decay at 492 fb−1, 5 ab−1 and 50 ab−1.

will be a possibility to reduce these “irreducible” errors from dedicated studies. Table 5.14 lists
the expected errors at 492 fb−1, 5 ab−1 and 50 ab−1.

The total error for SJ/ψK0 , #tot(SJ/ψK0), is obtained from

#tot(SJ/ψK0
S
) =

√
0.0312 × 0.492/ Lint + 0.0122 × 0.492/ Lint + 0.0122, (5.44)

where Lint is the integrated luminosity in the unit of ab−1. We obtain #tot(SJ/ψK0) = 0.016 at
Lint = 5 ab−1 and 0.012 at Lint = 50 ab−1. As will be shown in Sect. 6.2.2, the precise measure-
ment of the sin 2! 1 with the 50 ab−1 of data will remain the most constraining measurement in
the combined fit to the unitary triangle.

144

Projections for sin2β 
at Belle II

Table 16: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the current sensitivity is compared to
that which will be achieved by LHCb before the upgrade, and that which will be achieved with 50fb! 1 by the upgraded experiment.
Systematic uncertainties are expected to be non-negligible for the most precisely measured quantities. Note that the current
sensitivities do not include new results presented at ICHEP 2012 or CKM2012.

Type Observable Current LHCb Upgrade Theory
precision 2018 (50 fb! 1) uncertainty

B 0
s mixing 2! s (B 0

s ! J/ " # ) 0.10 [138] 0.025 0.008 " 0.003
2! s (B 0

s ! J/ " f 0(980)) 0.17 [214] 0.045 0.014 " 0.01
as

sl 6.4 # 10! 3 [43] 0.6 # 10! 3 0.2 # 10! 3 0.03# 10! 3

Gluonic 2! e!
s (B 0

s ! ##) Ð 0.17 0.03 0.02
penguins 2! e!

s (B 0
s ! K " 0 øK " 0) Ð 0.13 0.02 < 0.02

2! e! (B 0 ! #K 0
S) 0.17 [43] 0.30 0.05 0.02

Right-handed 2! e!
s (B 0

s ! #$) Ð 0.09 0.02 < 0.01
currents %e! (B 0

s ! #$)/ %B 0
s

Ð 5 % 1 % 0.2 %
Electroweak S3(B 0 ! K " 0µ+ µ! ; 1 < q2 < 6 GeV2/c 4) 0.08 [67] 0.025 0.008 0.02

penguins s0 AFB (B 0 ! K " 0µ+ µ! ) 25 % [67] 6 % 2 % 7 %
AI(Kµ + µ! ; 1 < q2 < 6 GeV2/c 4) 0.25 [76] 0.08 0.025 " 0.02

B(B + ! &+ µ+ µ! )/ B(B + ! K + µ+ µ! ) 25 % [85] 8 % 2.5 % " 10 %
Higgs B(B 0

s ! µ+ µ! ) 1.5 # 10! 9 [13] 0.5 # 10! 9 0.15# 10! 9 0.3 # 10! 9

penguins B(B 0 ! µ+ µ! )/ B(B 0
s ! µ+ µ! ) Ð " 100 % " 35 % " 5 %

Unitarity $ (B ! D (" )K (" ) ) " 10Ð12# [244,258] 4# 0.9# negligible
triangle $ (B 0

s ! DsK ) Ð 11# 2.0# negligible
angles ! (B 0 ! J/ " K 0

S ) 0.8# [43] 0.6# 0.2# negligible
Charm A" 2.3 # 10! 3 [43] 0.40# 10! 3 0.07# 10! 3 Ð

CP violation ! A CP 2.1 # 10! 3 [18] 0.65# 10! 3 0.12# 10! 3 Ð

122

Table 16: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the current sensitivity is compared to
that which will be achieved by LHCb before the upgrade, and that which will be achieved with 50fb! 1 by the upgraded experiment.
Systematic uncertainties are expected to be non-negligible for the most precisely measured quantities. Note that the current
sensitivities do not include new results presented at ICHEP 2012 or CKM2012.

Type Observable Current LHCb Upgrade Theory
precision 2018 (50 fb! 1) uncertainty

B 0
s mixing 2! s (B 0

s ! J/ " # ) 0.10 [138] 0.025 0.008 " 0.003
2! s (B 0

s ! J/ " f 0(980)) 0.17 [214] 0.045 0.014 " 0.01
as

sl 6.4 # 10! 3 [43] 0.6 # 10! 3 0.2 # 10! 3 0.03# 10! 3

Gluonic 2! e!
s (B 0

s ! ##) Ð 0.17 0.03 0.02
penguins 2! e!

s (B 0
s ! K " 0 øK " 0) Ð 0.13 0.02 < 0.02

2! e! (B 0 ! #K 0
S) 0.17 [43] 0.30 0.05 0.02

Right-handed 2! e!
s (B 0

s ! #$) Ð 0.09 0.02 < 0.01
currents %e! (B 0

s ! #$)/ %B 0
s

Ð 5 % 1 % 0.2 %
Electroweak S3(B 0 ! K " 0µ+ µ! ; 1 < q2 < 6 GeV2/c 4) 0.08 [67] 0.025 0.008 0.02

penguins s0 AFB (B 0 ! K " 0µ+ µ! ) 25 % [67] 6 % 2 % 7 %
AI(Kµ + µ! ; 1 < q2 < 6 GeV2/c 4) 0.25 [76] 0.08 0.025 " 0.02

B(B + ! &+ µ+ µ! )/ B(B + ! K + µ+ µ! ) 25 % [85] 8 % 2.5 % " 10 %
Higgs B(B 0

s ! µ+ µ! ) 1.5 # 10! 9 [13] 0.5 # 10! 9 0.15# 10! 9 0.3 # 10! 9

penguins B(B 0 ! µ+ µ! )/ B(B 0
s ! µ+ µ! ) Ð " 100 % " 35 % " 5 %

Unitarity $ (B ! D (" )K (" ) ) " 10Ð12# [244,258] 4# 0.9# negligible
triangle $ (B 0

s ! DsK ) Ð 11# 2.0# negligible
angles ! (B 0 ! J/ " K 0

S ) 0.8# [43] 0.6# 0.2# negligible
Charm A" 2.3 # 10! 3 [43] 0.40# 10! 3 0.07# 10! 3 Ð

CP violation ! A CP 2.1 # 10! 3 [18] 0.65# 10! 3 0.12# 10! 3 Ð

122

EPJ C73 (2013)2373

50 ab–1 (Belle II) + 50 fb–1 (LHCb)
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Long term options (>2030?)
• Tests of CKM physics 

- further improve precision 

- need more statistics 

- add decay modes!
!  improve neutral detection efficiency for modes with γ, π0  

- in case deviations have been observed, may need optimised 
detector to study specific process(es) 

• Other CP violation searches 

- strong CP 

- CP violation in the lepton sector 

- what about Dark Matter?
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