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Reading material/credits
• Much thanks/credit goes to previous lectures in this summer school series, in 

particular those by T. Gershon and G. Wilkinson.

• Those interested in CP violation in B decays will find the following review helpful by T. Gershon and V. 
Gilgorov.

• My introduction to the Dalitz plot was inspired by this excellent lecture by M. Whitehead

• For those more interested in the anomalies, there is an extensive set of lectures (4hrs expt, 8hrs 
theory) at the PSI summer school (2018).


• Slightly out of date now but give a good build up to our latest results and much more theory than 
what I can go into here.

• Compared to previous years, I go over the B-factories and their results quite fast. Those 
interested in a more detailed view will find the ‘Physics at B-factories’ book interesting.

https://indico.cern.ch/event/353089/contributions/1762272/attachments/699490/960380/gershon-HCPSS-lecture1.pdf
https://indico.cern.ch/event/795313/contributions/3419539/attachments/1901429/3142864/flavour_lectures_CERNFNAL_2019_complete.pdf
https://arxiv.org/abs/1607.06746
https://indico.cern.ch/event/493388/contributions/2014081/attachments/1224500/1791860/mwhitehe_uksm.pdf
https://indico.psi.ch/event/5798/timetable/?view=standard
https://arxiv.org/abs/1406.6311
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What is flavour physics?

• Flavour denotes the different types of fermions.


• Electron has different flavour to muon.

4

• Flavour physics: Study different types of fermions and 
how they interact.

• Try to answer questions such as:


• How often does a beauty quark transition into an up quark?


• Does a charm meson behave similarly to its anti-particle?


• Are the charged leptons (electron, muon,tauon) simply heavier copies of each other?


• What are the mass eigenstates of the neutrinos?
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Why is flavour physics interesting: Naturalness
• What makes a theory “natural”?


• Small number of parameters.


• O(1) parameter values.


• No ‘fine tuning’ to describe data.


• Highly symmetric.

5

Chapter 2.

Theoretical overview

This chapter describes the theoretical motivation for studying electroweak penguin decays. The

successes and short-comings to the Standard Model(SM) are described, followed by the theoretical

framework used to predict the behaviour of electroweak penguin decays in the SM.

2.1. The Standard Model

The SM [7–13], describes the current understanding of electroweak and strong forces. The SM

Lagrangian can be split up into two pieces as

LSM = Lgauge + LHiggs, (2.1)

where Lgauge obeys the local gauge symmetry

SU(3)C ⌦ SU(2)L ⌦ U(1)Y . (2.2)

The group, SU(3)C , is obeyed by strong interactions (QCD) and the SU(2)L ⌦ U(1)Y group is

obeyed by electroweak interactions. The generators of each group, eight for QCD and four for the

electroweak force, correspond to gauge bosons which mediate the SM forces.

The gauge sector of the SM has only three free parameters, the strengths of the strong,

electromagnetic and weak interactions, which are all of O(1) in size (at least at high energies).

This situation is considered to be natural, which is a subjective term often used to describe how

4

• Gauge sector has 3 couplings. The couplings are O(1) in 
size. The sector is highly symmetric.
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• What makes a theory “unnatural”?


• Large number of parameters.


• Parameter values vary widely


• Tuning required to describe data.


• No obvious symmetry between different sectors.

• The Higgs sector has 15 parameters (with massless 
neutrinos). The values vary between O(106) in size.

Theoretical overview 5

di�cult it is to make a theory agree with experimental data. A theory which needs many free

parameters, with wildly varying sizes, is considered to be unnatural.

This simple, predictive and highly symmetric theory can be compared to the second part of the

SM Lagrangian in equation 2.1, LHiggs, responsible for the Higgs mechanism [10–13], defined as

LHiggs = �(Dµ�)
†(Dµ

�)� V (�†
�) + LY , (2.3)

where �(Dµ�)†(Dµ
�) is the kinetic term for a scalar particle, � a doublet of complex scalar fields
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where ⌫ is the vacuum expectation value and has been measured to be ⌫ = 246GeV [14]. One can

choose a unitary gauge, which is a particular direction of the minima,
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@ 0
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1

A , (2.6)

which breaks electroweak symmetry and gives mass to the W and Z bosons in a renormalisable

way. The Higgs boson, H, arises from fluctuations about this minimum. For flavour physics, it

is important to concentrate on the Yukawa term, LY in equation 2.3, as it is responsible for all

flavour violation in the SM.

The mass term for a fermion is not invariant under the SM group rotation. This problem can

also be bypassed with the Higgs field using Yukawa interactions. For quarks, Yukawa terms appear

in the Lagrangian as

The total Yukawa term, which generates mass terms for quarks and charged leptons

(but not to neutrinos), reads, after symmetry breaking,

LYuk =
v√
2

[
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, (2.25)

where “h.c.” stands for the hermitian conjugate of the whole expression. The Yukawa

couplings are grouped into three matrices Y !
ij , Y

d
ij and Y u

ij , which can contain non-diagonal

terms. In this section, all quark fields are expressed in the “flavour basis”, where the

coupling terms with the gauge bosons are diagonal. It is however possible to rotate the

quark and lepton fields to move to the “mass basis”, where all the Yukawa matrices are

diagonal. First in the case of the quarks, this can be done with two unitary matrices: Ud
ij

acting on dL, dR and Uu
ij acting on uL, uR such that Ud†Y dUd and Uu†Y uUu are diagonal.

When rotating the quark fields in the weak boson interaction expression Eq. 2.13, the

matrices cancel out in the interaction term with the Z and A, as these do not mix-up

up and down quarks. However, the coupling with the W now contains an extra factor

V = Uu†Ud† and becomes

e√
2 sin θW

[

W+
µ ui

Lγ
µV ijdjL +W−

µ diLγ
µ(V †)ijuj

L

]

. (2.26)

In the case of the leptons, because the Yukawa term giving mass to the neutrinos is absent,

both the neutrino and charged lepton fields can be rotated by a single matrix U !
ij such

that U !†Y !U ! is diagonal.

In summary, it is possible to find a basis in which both the mass term and gauge

interactions terms are diagonal for the three lepton families. This implies the conservation

of the separate lepton numbers discussed in Sec. 2.6. For the quarks, it is not possible to

diagonalise both the mass and interaction terms at the same time. When expressing the

Lagrangian in the mass basis, the couplings with the W bosons mix the different quark

flavours. The matrix V , that describes the mixing between the different flavours, is called

the CKM matrix. Its elements contain a single complex phase, which is the only source of

CP violation in the SM. The moduli of the CKM matrix elements are very close to 1 on

the diagonal and smaller off -iagonal, meaning that each up-type quark couples preferably

to the down-type quark in the same SU(2) doublet. The study of the CKM matrix and its

CP violating phase is one of the main aims of Flavour Physics.

29
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• What makes a theory “natural”?


• Small number of parameters.


• O(1) parameter values.


• No ‘fine tuning’ to describe data.


• Highly symmetric.
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• What makes a theory “unnatural”?


• Large number of parameters.


• Parameter values vary widely


• Tuning required to describe data.


• No obvious symmetry between different sectors.

Starring: The Standard Model

The Gauge sector

The Higgs 
hierarchy problem

The flavour sector

Why is flavour physics interesting: Naturalness
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Why is flavour physics interesting: Baryogenesis

7

• One of the big mysteries of the universe: Where did all the anti-matter go?

• Flavour physics has direct connection to this via CP violation.
Physics at LHCb - KT2 guest lecturePatrick Owen

CP violation

Matter
Anti-matter
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Why is flavour physics interesting: Reach for new physics

8

• The SM flavour sector is peculiar - which means its distinctive.


• New physics does not need to follow the same rules - testing the flavour structure of the SM is 
therefore very sensitive to new physics.


• It is also not bounded by the energy of the accelerator.

Energy frontier: Direct production of new particles

Mika Vesterinen

Two ways to find new physics at the LHC

Direct observation Indirect effects

Note that particles 
with MC2 > E can't be 
produced directly...

… but they can have 
an effect through 
quantum corrections

3

Looking for New Physics in 
b decays with LHCb

Frederic Teubert 
(CERN PH Department)

On behalf of the LHCb Collaboration

Thursday, August 26, 2010

b sb
s

s
b

1Frederic Teubert

Precision frontier: Measure the behaviour of SM 
particles and compare to theoretical predictions.

• Flavour physics is a particularly sensitive part of the precision frontier and complimentary to direct 
searches.
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Milestones in flavour physics
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1932: Discovery of the neutron and 
subsequent proposal of isospin symmetry

1932: Discovery of the positron

© 1947 Nature Publishing Group© 1947 Nature Publishing Group

1947: Discovery of the kaon

<latexit sha1_base64="cB0B6944/FVUbn0HybM+4l+VB30=">AAACB3icbVDLSgMxFM3UV62vUZeCBIsgCGVGRV0W3bisYB/QGUsmzbShmQfJHaEMs3Pjr7hxoYhbf8Gdf2OmnYW2Hgg5nHMvyTleLLgCy/o2SguLS8sr5dXK2vrG5pa5vdNSUSIpa9JIRLLjEcUED1kTOAjWiSUjgSdY2xtd5377gUnFo/AOxjFzAzIIuc8pAS31zH0HhgzIfXqcYQci7MR8yvPbynpm1apZE+B5Yhekigo0euaX049oErAQqCBKdW0rBjclEjgVLKs4iWIxoSMyYF1NQxIw5aaTHBk+1Eof+5HUJwQ8UX9vpCRQahx4ejIgMFSzXi7+53UT8C/dlIdxAiyk04f8RGAdOC8F97lkFMRYE0Il13/FdEgkoaCrq+gS7NnI86R1UrPPa6e3Z9X6VVFHGe2hA3SEbHSB6ugGNVATUfSIntErejOejBfj3fiYjpaMYmcX/YHx+QMwwZji</latexit>

✓+ ! ⇡+⇡0 <latexit sha1_base64="rOn8BRB2z7pprPBAgLiRSXmXbLk=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBItSFJVFRN0LRjcsK9gJtKJPppB06mYSZE6GEbnwVNy4UcetjuPNtnKZZaPWHgY//nMOZ8/ux4Boc58sqLCwuLa8UV0tr6xubW/b2TlNHiaKsQSMRqbZPNBNcsgZwEKwdK0ZCX7CWP7qZ1lsPTGkeyXsYx8wLyUDygFMCxurZe3V8hSvH7lEXeMh0hsZxe3bZqTqZ8F9wcyijXPWe/dntRzQJmQQqiNYd14nBS4kCTgWblLqJZjGhIzJgHYOSmG1emh0wwYfG6eMgUuZJwJn7cyIlodbj0DedIYGhnq9Nzf9qnQSCSy/lMk6ASTpbFCQCQ4SnaeA+V4yCGBsgVHHzV0yHRBEKJrOSCcGdP/kvNE+q7nn19O6sXLvO4yiifXSAKshFF6iGblEdNRBFE/SEXtCr9Wg9W2/W+6y1YOUzu+iXrI9vYD2TEA==</latexit>

P = (�1)⇥ (�1) = 1

<latexit sha1_base64="u6ru8T8GJH3zCffIffLcgJKgbDI=">AAACDXicbZC7SgNBFIbPeo3xtmppMxiFWCTsqqhNIGhjGcFcIFnC7GQ2GTJ7YWZWCEtewMZXsbFQxNbezrdxstkiJv4w8PGfczhzfjfiTCrL+jGWlldW19ZzG/nNre2dXXNvvyHDWBBaJyEPRcvFknIW0LpiitNWJCj2XU6b7vB2Um8+UiFZGDyoUUQdH/cD5jGClba65nENVVCxZJ92FPOpTBHNcgWV7K5ZsMpWKrQIdgYFyFTrmt+dXkhinwaKcCxl27Yi5SRYKEY4Hec7saQRJkPcp22NAdbrnCS9ZoxOtNNDXij0CxRK3dmJBPtSjnxXd/pYDeR8bWL+V2vHyrt2EhZEsaIBmS7yYo5UiCbRoB4TlCg+0oCJYPqviAywwETpAPM6BHv+5EVonJXty/L5/UWhepPFkYNDOIIi2HAFVbiDGtSBwBO8wBu8G8/Gq/FhfE5bl4xs5gD+yPj6BR+Llyw=</latexit>

P = (�1)⇥ (�1)⇥ (�1) = �1

1954: Tau-theta problem emerges

<latexit sha1_base64="EgIwCZziXuGGldGt7B0mq5Muw7Y=">AAACDXicbVDLSsNAFJ34rPUVdelmsAqCUBIVdVl047KCfUATy2Q6aYdOJmHmRiihP+DGX3HjQhG37t35N07bINp6YLiHc+7lzj1BIrgGx/my5uYXFpeWCyvF1bX1jU17a7uu41RRVqOxiFUzIJoJLlkNOAjWTBQjUSBYI+hfjfzGPVOax/IWBgnzI9KVPOSUgJHa9r4HJL3LjobYgxh7CZ/wUXV+atsuOWVnDDxL3JyUUI5q2/70OjFNIyaBCqJ1y3US8DOigFPBhkUv1SwhtE+6rGWoJBHTfja+ZogPjNLBYazMk4DH6u+JjERaD6LAdEYEenraG4n/ea0Uwgs/4zJJgUk6WRSmApvDR9HgDleMghgYQqji5q+Y9ogiFEyARROCO33yLKkfl92z8snNaalymcdRQLtoDx0iF52jCrpGVVRDFD2gJ/SCXq1H69l6s94nrXNWPrOD/sD6+AZzRJst</latexit>

⌧+ ! ⇡+⇡0⇡0

1957: Parity violation observed in 
muon decays.

1936: Discovery of the muon

~1964: Development of quark 
model & Cabibbo matrix.

1964: Discovery of CPV

1970: GIM mechanism 
proposed to explain KL—>µµ

~1973: Kobayashi and 
Maskawa predict three 

generations to explain CPV2000: Precision 
measurements of the Z line 
shape point towards three 

generations of fermions

June 16, 2015 15:44 60 Years of CERN Experiments and Discoveries – 9.75in x 6.5in b2114-ch04 page 93

The Measurement of the Number of Light Neutrino Species at LEP 93

Fig. 1. Measurement of the hadron production cross-section as a function of the LEP centre-of-
mass energy around the Z-boson resonance. Combined results from the four LEP experiments are
presented. Curves represent the predictions for two, three and four neutrino species. To further
convey the high sensitivity of the measurement, uncertainties are magnified tenfold.14

3. Experimental Measurement

The LEP accelerator and the LEP detectors were unprecedented in their size and
complexity. This Section gives a succinct description of how the challenges of high-
precision Z-boson detection guided detector design. After recalling the data sample,
the measurements of the key observables leading to Nν are presented, together with
the final result, and crucial uncertainties are discussed.

3.1. Detection of Z-boson decays

The design of the four LEP experiments15–18 was optimised to detect Z-boson decays
with high efficiency, within the available budgetary, technological and physical
constraints. Teams of several hundred scientists, technicians and engineers designed,
prototyped, built and assembled sophisticated apparatuses with dimensions exceed-
ing 10metres in diameter and length, and weighting several thousand tons. While
the basic design principles of the detectors were similar, the choices of particular
technologies in some sub-detectors were markedly different and would eventually
contribute to reduce combined systematical uncertainties.

Figure 2 presents a cut-away three-dimensional view of the four detectors.
All are radially and forward–backward symmetric. The common part of the
design is the succession of sub-detectors, moving outwards from the beam axis:
tracking chambers, surrounded by calorimeters and bending magnets, with muon
spectrometers as the outmost layer. The exception is the L3 detector where the
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2001: Neutrino oscillations confirmed

2012: Higgs discovery: 
Responsible for SM 

flavour violation.

Subjectively chosen!

~1987: B meson oscillations imply much 
heavier top mass than expectedVolume 192, number  1,2 

0.25GeV2/c  ~ 

60 

40 

2O 

0 , a*m , 
-20  - 1 0  0 10 

el2RECOiL [GeV~/c" ] 

M~ecoi] = [Ebeam- (ED* 
D*--- , I )°n - ,  I ) ° ~ K + n - ,  

Fig. 1. Recoil mass 
+E~.)]2--(FD.  +#~+)2 with 
K°n+g , K + n - n  ° ,K+n  n + n -  and one lepton ( ~ + , e  +) with 
momentum p > 1.0 GeV/c. 

B ° mesons are either reconstructed in the hadronic 
decay modes [ 11 ]. 

Bo__,D*- n + 

__,D*- re+ ~ o 

PHYSICS LETTERS 13 25 June 1987 

.9..." K~ o Y / ..,,~, 

i oK 

Fig, 2. Completely reconstructed event consisting of the decay "l" 
(4S) ~B°B ° . 

observation of  B°-13 ° mixing. The two B ° mesons 
(B ° and B ° ) decay in the following way: 

~ D * - n + n + ~  - ' 0 ~-- + Bl --~DI Ill V 1  

or in the channel 

B°-- ,D*- ~+ v ,  

with ~+ being an e ÷ or It+. The partial reconstruc- 
tion o f  the decay B°--,D*-~+v is possible because B ° 
mesons produced in "14 (4S) decays are nearly at rest. 
The neutrino is unobserved, but can be inferred if 

MRecoil, is  the recoil mass against the D*-~  + system, 2 
2 consistent with zero, MR~o~, is defined by 

MRecoi 1 2  = [Ebeam -- (ED*-  +E~+ ) ]2  --  (ffD*- "F-p~+ )2 

By requiring the D * -  to have momentum less than 
2.45 GeV/c and the lepton to have momentum above 
1.0 GeV/c, we obtain the recoil mass spectrum shown 

2 in fig. 1. The prominent  peak at MRecoil = 0  corre- 
sponds to a B ° signal on a low background. The posi- 
tion and shape o f  the signal is well described by the 
Monte Carlo prediction for Y (4S)--,B°B ° followed 
by the semi-leptonic decay B ° ~ D * - £ + v .  

In the sample of  events with a single reconstructed 
B °, we can attempt to reconstruct the second B °, now 
with a less restrictive choice o f  possible decay chan- 
nels. By this means, we have succeeded in com- 
pletely reconstructing a decay 1" (4S) ~B°B °, the first 

D * -  -~ n i- 130 

13°--*K~- n i- , 

and 

0 *-- + B2--,D2 Ix2 v2 

D * -  --,n o D -  

D -  -~Kf ~f~i- • 

The event is shown in fig. 2 and its kinematical 
quantities are listed in table 1. The masses of  the 
intermediate states agree well with the table values 
[ 12]. Both D * -  mesons contain positive kaons o f  
momenta  p ( K t ) = 0 . 5 4 8  GeV/c and p (K2)=0 .807  
GeV/c which are uniquely identified by the meas- 
urements of  specific ionisation loss (dE/dx)  and of  
time-of-flight. The two positive muons are the fastest 

247 

2001: CPV discovered in B meson 
decays, confirming KM mechanism.

75

2001 - dawn of modern flavour physics

[BaBar, PRL 86 (2001) 2515] [Belle, PRL 86 (2001) 2509]

We can date the start of modern flavour physics to the 2001 measurements of the 
CP-violating asymmetry in B0→J/ψK0 decays that give unitarity triangle angle β.  

These studies, when improved with larger samples, confirmed the CKM paradigm 
as the dominant mechanism of CP violation in nature  (→ 2008 Nobel Prize),
and also opened up a rich and wide spectrum of complementary measurements.

2008
Nobel
Prize

J/ψKS

J/ψKL

J/ψKS + 
CP-flipped J/ψKL

1930

2021

202X: Observation of lepton 
universality violation?


Discovery of CP violation in 
neutrinos?
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Flavour physics is a humongous topic

10

• History of flavour physics resembles the history of particle physics - the topic is huge.


• I will therefore descope things for these lectures and concentrate on modern flavour physics at 
a hadron collider.


• This is dominated mostly by heavy flavour physics: The study of beauty/charm quarks.


• Lecture content overview: 

• Some background, motivation and common experimental aspects.


• Measurements of the CKM matrix and CP violation.


• Some interesting flavour puzzles.


• The flavour anomalies.
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Setting the scene

11

• Heavy flavour physics in the 2000s was dominated by the B factories, BaBar and Belle.


• With a combined dataset of around 1B B-meson pairs, the KM CPV mechanism successfully verified, 
leading to the Nobel prize for Koboyashi and Moskawa in 2008.

B-factories 

28 

•  e+e- colliders with center-of-mass energy tuned just above 
Y(4S) resonance peak  
–  mass Y(4S) = 10579.4 ± 1.2 MeV 
–  BR (Y(4S)àBB) > 96% 
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Table 3.2.1. Summary of the luminosity integrated by BABAR and Belle, broken down by CM energy.

Experiment Resonance On-resonance O↵-resonance
Luminosity (fb�1) Luminosity (fb�1)

BABAR ⌥ (4S) 424.2 43.9
⌥ (3S) 28.0 2.6
⌥ (2S) 13.6 1.4

Scan > ⌥ (4S) n/a ⇠4
Belle ⌥ (5S) 121.4 1.7

⌥ (4S) - SVD1 140.0 15.6
⌥ (4S) - SVD2 571.0 73.8

⌥ (3S) 2.9 0.2
⌥ (2S) 24.9 1.7
⌥ (1S) 5.7 1.8

Scan > ⌥ (4S) n/a 27.6
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Figure 3.2.2. Evolution of the di↵erent BABAR datasets with
time. The top plot shows the luminosity integrated during
the ⌥ (4S) running periods, on-resonance (blue curve) and
o↵-resonance (red curve) operation. The bottom plot focuses
on the last BABAR running period (Run 7) which lasted less
than four months and during which three di↵erent data tak-
ing phases occurred: ⌥ (3S) (red curve shows the on-resonance
dataset; the purple one the o↵-resonance), ⌥ (2S) (blue curve
for the on-resonance data, black for the o↵-resonance) and fi-
nally a scan between the ⌥ (4S) energy and 11.2 GeV (green
curve).

3.2.2 Major hardware/online upgrades which modified
the quality of BABAR data

This section summarizes the upgrades to the BABAR de-
tector and also describes the ‘trickle injection’ mode which
allowed PEP-II to keep the luminosity (and hence the de-
tector data taking conditions) stable during most of the
run. In the following, the ‘forward’ and ‘backward’ sides of
the detector are defined relative to the high energy beam.

Detector upgrades

Over the years, the main BABAR activities during the shut-
downs between Runs were related to the Instrumented
Flux Return (IFR). Indeed, from the very beginning of the
data taking, the resistive plate chambers (RPCs) showed
severe aging all around the detector. Attempts were made
to slow down the performance degradation but it became
clear soon enough that the whole system needed an up-
grade involving the replacement of most of the muon cham-
bers. This project was completed with the following se-
quence:

– 12 forward RPCs were replaced between Run 1 and
Run 2.

– The remaining forward RPCs were replaced between
Runs 2 and 3. Brass was installed in the forward IFR
to increase the total absorber thickness.

– The first two Limited Streamer Tube (LST) sextants
were installed between Runs 4 and 5 and the last four
between Runs 5 and 6.

Another important area of detector-related work was
background mitigation and system upgrades, to cope with
the instantaneous luminosity increase over the years –
PEP-II exceeded its design luminosity goal by a factor
four. These issues were addressed in various ways:

– Addition of shielding in various places around the de-
tector (inside the PEP-II tunnel entrance on the back-
ward side, in front of the IFR end-cap, etc.).

– Replacement of the Detector of Internally Reflected
Cherenkov light (DIRC) and Drift Chamber (DCH)
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The first Belle non-⌥ (4S) data was taken at the energy
of ⌥ (5S) resonance for 3 days in 2005. During the following
year in the last week of February, ⌥ (3S) resonance data
was taken to enable the search for invisible particles from
decays of the ⌥ (1S) resonance. The last ⌥ (4S) resonance
data was taken in June 2008. After that, ⌥ (1S) (second
half of June 2008), ⌥ (2S) (December 2008 and November
2009) and ⌥ (5S) resonance data were taken, and energy
scans between the ⌥ (4S) and ⌥ (6S) were carried out in
the last two years of operation. The ⌥ (1S) The CM en-
ergy change was rather smoothly performed, keeping the
same ratio of the beam energies in the KEKB rings. Dur-
ing that time, the magnetic fields of the Belle solenoid
and super-conducting final focusing magnet were kept at
the same values. The luminosity decreased at lower CM
energies for reasons which have not been well understood.
The beam background did not change by a large amount
when running at di↵erent energies. The same was true for
the trigger rates, where the increase of the cross-section
at lower energy resonances was canceled by a lower lumi-
nosity. Looser trigger requirements were adopted for two
charged track events in the case of the ⌥ (3S) data taking
to achieve the physics goals of the ⌥ (3S) programme.

3.2.1 Integrated luminosity vs. time; luminosity
counting

The integrated luminosity collected by Belle for each CM
energy is listed in Table 3.2.1 and is calculated using
Bhabha events, where the final state electrons are de-
tected in the barrel part of the detector, and after re-
moving runs deemed to be unusable for physics studies
(so-called bad runs) because of detector-related issues.
The Belle integrated luminosity as a function of time is
shown in Fig 3.2.1. As well as the luminosity measure-
ment, the counting of recorded ⌥ (nS) events is done using
the method described in Section 3.6.2. The yields obtained
are presented in Table 3.2.2.
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Figure 3.2.1. Evolution of the Belle integrated luminosity. A
detailed breakdown of datasets is given in Table 3.2.1.

The systematic error on the luminosity measurement
is about 1.4% and the statistical error is usually small
compared to the systematic error. The latter is dominated
by the uncertainty of the Monte Carlo generator used to
calculate the cross-section for Bhabha events. The ⌥ (4S)
dataset is split into two periods, named SVD1 and SVD2,
which correspond to di↵erent configurations of the Silicon
Vertex Detector, as explained in the following section. All
other resonance and scan data were taken in the SVD2
configuration.

Lees (2013i) describes the methods used to measure
the BABAR time-integrated luminosities at the ⌥ (2S),
⌥ (3S), and ⌥ (4S) resonances, as well as in the contin-
uum regions below each of these resonances. For each
running period at fixed energy, the luminosity was com-
puted o✏ine, using Bhabha (e+e� ! e+e�) and di-
muon ( e+e� ! µ+µ�) events for Runs 1-6 and only
Bhabha events for Run 7 – due to uncertainties in the
large ⌥ ! µ+µ� background. No detailed analysis could
be performed for the final scan data because of the short
duration of the running at each scan point (only about
5 pb�1). Therefore, the corresponding luminosity is only
an estimation taken from (Aubert, 2009x). The systematic
error on the luminosity measurement is about 0.5% for the
data collected at the ⌥ (4S) and 0.6% (0.7%) for data col-
lected at the ⌥ (3S) (⌥ (2S)). Table 3.2.1 and Fig. 3.2.2
show the luminosity integrated by BABAR, broken down
by CM energy.

In addition to measuring the luminosity, the number
of ⌥ particles in the di↵erent datasets is also computed
using a common method referred to as ‘B-counting’ for
the ⌥ (4S) running. This number is found by counting
the hadronic events in the on-resonance dataset and sub-
tracting the contribution coming from the continuum, es-
timated using o↵-resonance data and properly scaled to
the peak energy – see Section 3.6.2 for details. The final
results are shown in Table 3.2.2.

Table 3.2.2. Number of ⌥ particles in the di↵erent BABAR and
Belle datasets

Experiment Resonance ⌥ number

BABAR ⌥ (4S) (471.0± 2.8)⇥ 106

⌥ (3S) (121.3± 1.2)⇥ 106

⌥ (2S) (98.3± 0.9)⇥ 106

Belle ⌥ (5S) (7.1± 1.3)⇥ 106

⌥ (4S) - SVD1 (152± 1)⇥ 106

⌥ (4S) - SVD2 (620± 9)⇥ 106

⌥ (3S) (11± 0.3)⇥ 106

⌥ (2S) (158± 4)⇥ 106

⌥ (1S) (102± 2)⇥ 106

• At the same time, the HERA-B experiment aimed to use B mesons produced in 
hadron collisions.


• The HERA-B experiment produced many important publications but could not 
compete with the B factories in flavour physics.


• This led to the possibility that precision flavour physics was very difficult at a hadron 
machine.

[1406.6311]

https://arxiv.org/abs/1406.6311
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A Challenge to Lepton Universality in B Meson Decays — 3/10

Figure 2. Belle (a) and LHCb (b) single event displays illustrating the reconstruction of semileptonic B meson decays: Trajectories
of charged particles are shown as colored solid lines, energy deposits in the calorimeters are depicted by red bars. The Belle display is
an end view perpendicular to the beam axis with the silicon detector in the center (small orange circle) and the device measuring the
particle velocity (dark purple polygon). This is a ° (4S)! B

+
B
� event, with B

� ! D
0t�n̄t , D

0 ! K
�p+ and t� ! e

�nt n̄e, and the
B
+ decaying to five charged particles (white solid lines) and two photons. The trajectories of undetected neutrinos are marked as

dashed yellow lines. The LHCb display is a side view with the proton beams indicated as a white horizontal line with the interaction
point far to the left, followed by the dipole magnet (white trapezoid) and the Cherenkov detector (red lines). The area close to the
interaction point is enlarged above, showing the tracks of the charged particles produced in the pp interaction, the B

0 path (dotted
orange line), and its decay B̄0 ! D

⇤+t�n̄t with D
⇤+ ! D

0p+ and D
0 ! K

�p+, plus the µ� from the decay of a very short-lived t�.

typically produced at small angles to the beam and with high
momenta, features that determined the design of the LHCb detec-
tor [25, 26], a single arm forward spectrometer, covering the polar
angle range of 3�23 degrees. The high momentum and relatively
long B hadron lifetime result in decay distances of several cm.
Very precise measurements of the pp interaction point, combined
with the detection of charged particle trajectories from B decays
which do not intersect this point, are the very effective, primary
method to separate B decays from background.

All three experiments rely on several layers of finely seg-
mented silicon strip detectors to locate the beam-beam interaction
point and decay vertices of long-lived particles. A combination
of silicon strip detectors and multiple layers of gaseous detec-
tors measure the trajectories of charged particles, and determine
their momenta from the deflection in a magnetic field. Examples
of reconstructed signal events recorded by the LHCb and Belle
experiments are shown in Figure 2.

For a given momentum, charged particles of different masses,
primarily pions and kaons, are identified by their different ve-
locities. All three experiments make use of devices which sense
Cherenkov radiation, emitted by particles with velocities that ex-
ceed the speed of light in a chosen radiator material. For lower
velocity particles, Belle complements this with time-of-flight
measurements. BABAR and Belle also measure the velocity-
dependent energy loss due to ionization in the tracking detectors.
Arrays of cesium iodide crystals measure the energy of photons

and identify electrons in BABAR and Belle. Muons are identified
as particles penetrating a stack of steel absorbers interleaved with
large area gaseous detectors.

Measurements of B
� ! t�nt decays

The decays B
� ! t�nt with two or three neutrinos in the final

state have only been observed by BABAR and Belle. These
two experiments exploit the BB pair production at the ° (4S)
resonance via the process e

+
e
� !° (4S)! BB. These BB pairs

can be tagged by the reconstruction of a hadronic or semileptonic
decay of one of the two B mesons, referred to as Btag. If this
decay is correctly reconstructed, all remaining particles in the
event originate from the other B decay.

BABAR and Belle have independently developed two sets of
algorithms to tag BB events. The hadronic tag algorithms [27, 28]
search for the best match between one of more than a thousand
possible decay chains and a subset of all detected particles in
the event. The efficiency for finding a correctly matched Btag is
unfortunately quite small, 0.3%. The benefit of reconstructing
all final state particles is that the total energy, Emiss, and vector
momentum, ~pmiss, of all undetected particles of the other B decay
can be inferred from energy and momentum conservation. The
invariant mass squared of all undetected particles, m

2
miss =E

2
miss�

~p2
miss, is used to distinguish events with one neutrino (m2

miss ⇡ 0)
from events with multiple neutrinos or other missing particles
(m2

miss > 0).

B factory concept is to produce Y(4S) mesons on resonance. They then almost always decay to two 
B meson pairs, and nothing else.

This leads to a very clean environment in which to 
suppress backgrounds and constrain kinematics.

Physics at LHCb - KT2 guest lecturePatrick Owen 10

Beauty quark production at LHCb 

2.2 Beauty production at LHCb

The pp interactions are mediated by strong interactions. There are long-distance and
short distance contributions to the cross section. The long distance interaction is a
non-perturbative interaction where the protons see each other as point like particles
without structure. The scattering is known as ”soft”, as the transferred momentum is
low, the outcoming particles are therefore produced at small polar angles with respect to
the beam axis. This process is not relevant for b-hadron production. In short distance
interactions the interacting particles are the partons of the incoming protons. In this
case interaction is described by the perturbative QCD followed by a non perturbative
hadronization to colourless hadrons. The transferred momentum is large, therefore the
outcoming particles are produced with relatively large transverse momentum with respect
to the beam axis. For leading-order (LO) contributions, the dominant processes are
quark-antiquark annihilation (qq ! bb) and gluon-gluon fusion (gg ! bb), commonly
referred to as pair creation. The corresponding Feynman diagrams are shown in Fig. 2.2.
In the next-to-leading order (NLO), gluon-splitting and flavour-excitation come into play,
see Fig. 2.3. The contribution of the leading-order processes with respect to the total
b-cross section decreases with increasing energy. At the CM energy of 7 TeV and 14 TeV,
in a pp collider, the dominating process is flavour-excitation. The di↵erent contribution as
implemented in the event generator Pythia 6.4 are shown in Fig. 2.4. The cross section
of bb̄ pairs production increase almost linearly from 7 to 14 TeV.

Figure 2.2: Feynman diagrams for leading order for bb̄ production in p-p collisions. (a) and (b)
show gluon-gluon fusion processes while (c) shows quark-antiquark annihilation processes.

Pairs of bb̄ quark are often created with large boost and therefore tend to fly along
the axis of one incoming proton. Furthermore there is a strong correlation between the b
and the b̄ which causes them both to end up in the forward or backward direction. This
played an important role in the design of the LHCb experiment.

The bb̄ cross section has been measured in the forward region at the LHCb experiment in
the pseudorapidity interval 2 < ⌘ < 5 to be (72.0±0.3±6.8)µb and (154.3 ± 1.5 ± 14.3) µb
[26] for 7 and 13 TeV, where ⌘ = �ln(tag( ✓

2
)) ⇠ �1

2
ln( |p|+pL

|p|�pL
).

Quarks do not exist as unconfined object and can only be observed as bound states
in the form of mesons or baryons. At some point the individual quarks must fragment
into colourless bound objects. These fractions are di�cult to predict theoretically as the
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• Beauty quarks mainly produced by gluon-
gluon fusion. 

• They almost always come in pairs. 

• At peak luminosity, around 30K pairs are 
produced each second.

• They are produced in the ‘forward’ 
region, i.e. along the beam line.
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• This is what defines the LHCb shape as a 
cone along the beam direction.

p

p

• In hadron collisions things are more complicated: 


• Many particles are produced in each collision.


• b-hadrons carry a different fraction of momentum from 
the collision for each event.


• Is it possible to compete in such an environment?
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• In 2006, CDF published the first measurement of the Bs oscillation frequency.


• This exploited the diverse production of different b-hadron species at a high energy hadron collider.
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FIG. 1: (Upper) The measured amplitude values and un-

certainties versus the B0
s -B

0

s oscillation frequency ∆ms. At
17.3 ps−1, the amplitude is consistent with one and inconsis-
tent with zero at 3.7 standard deviations. Shown in light gray
and dark gray are the 95% one-sided confidence level bands
for statistical uncertainties only and including systematic un-
certainties, respectively.
(Lower) The logarithm of the ratio of likelihoods for am-
plitude equal to zero and amplitude equal to one, Λ =
log[LA=0/LA=1(∆ms)], versus the oscillation frequency. The
deepest minimum is ∆ms = 17.3 ps−1, where Λ = −6.75.
The dashed horizontal line indicates the value of Λ that cor-
responds to a probability of 1% in the case of randomly tagged
data.
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• Bs oscillations are very fast due to the CKM elements involved in the mixing diagram.

• Result needed flavour tagging, proving it can be done in a complicated hadronic environment.


• In general, CDF/D0 were pioneers in showing how flavour physics can be done a hadron collider 
and giving confidence that a successful programme at the LHC was likely.
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• The key behind the success of heavy flavour is the large bb cross-section at high energies.


• Bb cross-section at 13TeV is 500 µb - how many bb is that produced a second?

There are also ⌘-dependent systematic uncertainties in the cross-section that arise from
the trigger e�ciency, the event selection, the hadron identification and the corrections for
the low pT region with low e�ciencies. When added in quadrature with the ⌘-independent
uncertainties, the total errors range from (8.5–11.0)% at 7 TeV to (8.7–9.7)% at 13 TeV.
There is some cancellation in the ratio giving a range of (5.6–7.3)%.

In conclusion, new results for the bb production cross-section at 7 TeV are in good
agreement with the original ⌘-dependent cross-section measurement previously reported [4],
and are in agreement with the theoretical prediction (FONLL) [34]. The 13 TeV results
are slightly higher in magnitude than the theory, and generally agree with the shape and
magnitude measured using inclusive b ! J/ X decays [35]. The cross-section ratio of 13
TeV to 7 TeV is 2.00± 0.02± 0.26 and agrees with the theoretical prediction of 111+0.21

�0.15µb.
Using multiplicative factors derived from PYTHIA 8 simulations of 4.1 at 7 TeV and 3.9
at 13 TeV [32,33] we extrapolate to bb cross-sections over the full ⌘ range of ⇡295 µb at
7 TeV and ⇡560 µb at 13 TeV.
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An interesting feature of the bb cross-section is that it peaks at large |η|.


This was one of the key motivations in the design of the LHCb experiment. 0
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Peak luminosity L ~ 1034 cm2s-1. 

Nbb = L x σ ~ 5M/s

• Meaning you get around B factory dataset produced every 5 mins
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The LHCb experiment is the LHC’s dedicated flavour physics experiment, located at point 8.

• What are the main design choices which make it suited for flavour physics?


• Hadron PID capabilities to distinguish pions, kaons and protons with the RICH detectors.


• Excellent track momentum resolution, leading a ~20 MeV B mass resolution.


• Large and flexible trigger bandwidth dedicated towards beauty/charm physics.


• Excellent vertexing capabilities

Physics at LHCb - KT2 guest lecturePatrick Owen 9

LHCb

• The LHCb detector is designed to measure beauty and charm quark decays. 

• Precise tracker (Velo,TT,T-stations,magnet) to measure particle momentum. 

• Ring Imaging CHerenkov (RICH) detectors for particle identification. 

• Calorimeter and muon system to identify electrons, photons and muons.

Physics at LHCb - KT2 guest lecturePatrick Owen

The Large Hadron Collider

4
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b reconstruction

• Require a displaced vertex from the primary 
pp collision.

• Reconstruct every object produced by the 
fragmentation process.

• Require a displaced vertex from the primary 
pp collision.

• Reconstruct the decay mode you are interested in.

• Template fit usually needed to extract signal. • Signal will peak at the known B mass. Can fit 
with analytical shapes (e.g. Gaussian).

B reconstruction

Taken from this EPS talk

Sometimes need both in the same analysis!

Patrick Owen KTII Guest Lectures24

Part-Reco Background − I

Simone Bifani 19

› Partially-reconstructed backgrounds arise from decays involving higher
K resonances with one or more decay products in addition to a Kp pair
that are not reconstructed
› Large variety of decays, most abundant due to B→K1(1270)ee and

B→K2
*(1430)ee

CERN Seminar

Bremsstrahlung issues
• Easier to confuse signal with ‘partially reconstructed’ 

background.

JHEP 08 (2017) 055Muons Electrons

Measuring RK

⌘ RK is extracted as a parameter from an unbinned maximum likelihood fit to
m(K+µ+µ�) and m(K+e+e�) distributions in B+

! K+`+`� and
B+

! J/ (`+`�)K+ decays
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Figure 2: Candidate invariant mass distributions. Distribution of the invariant mass
m(J/ )(K

+`+`�) for candidates with (left) electron and (right) muon pairs in the final state for the
(top) nonresonant B+

! K+`+`� signal channels and (bottom) resonant B+
! J/ (! `+`�)K+

decays. The fit projection is superimposed. In the resonant-mode distributions, some fit
components are too small to be visible.

events (see Methods) and data-taking periods are taken into account in these constraints.164

The combined statistical and systematic uncertainty is then determined by scanning the165
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• Beauty quarks decay via the weak force.

17

• The W and Z bosons are over 10 times heavier than the initial decaying b-hadron, but still mediate the decay.


• Measuring beauty quark decays can tell us about new high mass particles.


• Such particles can change the rate, angular distribution and CP violation of beauty decays.


• This is the underlying mechanism of heavy flavour physics: Make measurements of the behaviour of beauty/
charm hadron decays and compare to the SM predictions.
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New physics with B decays
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3

Equal 
amount of 
matter and 
antimatter 
created

Today: 
almost no 
antimatter 
in the 

universe
So where did all the antimatter go?

Why does antimatter matter?
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Sakharov conditions
• Proposed in 1967 by A. Sakharov.
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• Three necessary conditions for domination of matter over anti-matter from symmetric initial state.


• Baryon number violation


• C and & CP violation


• Thermal inequilibrium.


• Very little anti-matter observed in the universe.


• ΔNB/N𝛾 = (N(baryon) - N(antibaryon))/N𝛾 ~ 10-10 observed in the universe.


• Can calculate the ΔNB/N𝛾 produced by the SM using the area of the CKM matrix and the quark 
masses.


• Get only ΔNB/N𝛾(SM) ~ 10-19 
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Must find new sources of CP violation!
• CP violation woefully inadequate to explain the matter anti-matter asymmetry observed in the 

universe.

20

• Where might we find new sources of CPV?


• Quark sector: discrepancies with CKM predictions.


• Lepton sector: CP violation in neutrino oscillations.


• Gauge sector, other generic new physics models: Flavour physics observables generally sensitive 
to extensions of the Standard Model which could fix this.


• For the next part, I will take about how we search for CPV by checking the unitarity of the CKM matrix.
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Reminder: Origin of the CKM matrix

• SM Lagrangian can be split into two parts:

Chapter 2.

Theoretical overview

This chapter describes the theoretical motivation for studying electroweak penguin decays. The

successes and short-comings to the Standard Model(SM) are described, followed by the theoretical

framework used to predict the behaviour of electroweak penguin decays in the SM.

2.1. The Standard Model

The SM [7–13], describes the current understanding of electroweak and strong forces. The SM

Lagrangian can be split up into two pieces as

LSM = Lgauge + LHiggs, (2.1)

where Lgauge obeys the local gauge symmetry

SU(3)C ⌦ SU(2)L ⌦ U(1)Y . (2.2)

The group, SU(3)C , is obeyed by strong interactions (QCD) and the SU(2)L ⌦ U(1)Y group is

obeyed by electroweak interactions. The generators of each group, eight for QCD and four for the

electroweak force, correspond to gauge bosons which mediate the SM forces.

The gauge sector of the SM has only three free parameters, the strengths of the strong,

electromagnetic and weak interactions, which are all of O(1) in size (at least at high energies).

This situation is considered to be natural, which is a subjective term often used to describe how

4

• Describes interactions of the gauge bosons.


• This part of the Lagrangian is highly flavour symmetric: No difference between different 
fermion flavours.

• Gauge sector:
<latexit sha1_base64="MYJjUa3uUpNMoBxKTDuNjeeFBiE="></latexit>
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di�cult it is to make a theory agree with experimental data. A theory which needs many free

parameters, with wildly varying sizes, is considered to be unnatural.

This simple, predictive and highly symmetric theory can be compared to the second part of the

SM Lagrangian in equation 2.1, LHiggs, responsible for the Higgs mechanism [10–13], defined as

LHiggs = �(Dµ�)
†(Dµ

�)� V (�†
�) + LY , (2.3)

where �(Dµ�)†(Dµ
�) is the kinetic term for a scalar particle, � a doublet of complex scalar fields

and

V (�†
�) = �(�†

�)2 � µ
2
�
†
�+

µ
4

4�
, (2.4)

which, for µ2
> 0, defines the Higgs potential with a non-zero minimum at

|�| =

r
µ2

2�
=

1
p
2
⌫, (2.5)

where ⌫ is the vacuum expectation value and has been measured to be ⌫ = 246GeV [14]. One can

choose a unitary gauge, which is a particular direction of the minima,

� =
1
p
2

0

@ 0

⌫

1

A , (2.6)

which breaks electroweak symmetry and gives mass to the W and Z bosons in a renormalisable

way. The Higgs boson, H, arises from fluctuations about this minimum. For flavour physics, it

is important to concentrate on the Yukawa term, LY in equation 2.3, as it is responsible for all

flavour violation in the SM.

The mass term for a fermion is not invariant under the SM group rotation. This problem can

also be bypassed with the Higgs field using Yukawa interactions. For quarks, Yukawa terms appear

in the Lagrangian as

• The term      gives mass to the fermions via Yukawa interactions. It is this term which 
breaks the flavour degeneracy of the gauge sector.

• Non-trivial flavour structure introduced with the Higgs term.



Patrick Owen - HCPSS2021

Reminder: Origin of the CKM matrix
• The Yukawa term in the SM can be written as

• The quark fields in this case are written in terms of the flavour basis - diagonal couplings to gauge bosons.

The total Yukawa term, which generates mass terms for quarks and charged leptons

(but not to neutrinos), reads, after symmetry breaking,

LYuk =
v√
2

[

−Y !
ije

i
Le

j
R − Y d

ijd
i
Ld

j
R − Y u

iju
i
Lu

j
R + h.c.

]

, (2.25)

where “h.c.” stands for the hermitian conjugate of the whole expression. The Yukawa

couplings are grouped into three matrices Y !
ij , Y

d
ij and Y u

ij , which can contain non-diagonal

terms. In this section, all quark fields are expressed in the “flavour basis”, where the

coupling terms with the gauge bosons are diagonal. It is however possible to rotate the

quark and lepton fields to move to the “mass basis”, where all the Yukawa matrices are

diagonal. First in the case of the quarks, this can be done with two unitary matrices: Ud
ij

acting on dL, dR and Uu
ij acting on uL, uR such that Ud†Y dUd and Uu†Y uUu are diagonal.

When rotating the quark fields in the weak boson interaction expression Eq. 2.13, the

matrices cancel out in the interaction term with the Z and A, as these do not mix-up

up and down quarks. However, the coupling with the W now contains an extra factor

V = Uu†Ud† and becomes

e√
2 sin θW

[

W+
µ ui

Lγ
µV ijdjL +W−

µ diLγ
µ(V †)ijuj

L

]

. (2.26)

In the case of the leptons, because the Yukawa term giving mass to the neutrinos is absent,

both the neutrino and charged lepton fields can be rotated by a single matrix U !
ij such

that U !†Y !U ! is diagonal.

In summary, it is possible to find a basis in which both the mass term and gauge

interactions terms are diagonal for the three lepton families. This implies the conservation

of the separate lepton numbers discussed in Sec. 2.6. For the quarks, it is not possible to

diagonalise both the mass and interaction terms at the same time. When expressing the

Lagrangian in the mass basis, the couplings with the W bosons mix the different quark

flavours. The matrix V , that describes the mixing between the different flavours, is called

the CKM matrix. Its elements contain a single complex phase, which is the only source of

CP violation in the SM. The moduli of the CKM matrix elements are very close to 1 on

the diagonal and smaller off -iagonal, meaning that each up-type quark couples preferably

to the down-type quark in the same SU(2) doublet. The study of the CKM matrix and its

CP violating phase is one of the main aims of Flavour Physics.
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• In order to move to the mass basis: rotate quark fields.

The total Yukawa term, which generates mass terms for quarks and charged leptons

(but not to neutrinos), reads, after symmetry breaking,

LYuk =
v√
2

[

−Y !
ije

i
Le

j
R − Y d

ijd
i
Ld

j
R − Y u

iju
i
Lu

j
R + h.c.

]

, (2.25)

where “h.c.” stands for the hermitian conjugate of the whole expression. The Yukawa

couplings are grouped into three matrices Y !
ij , Y

d
ij and Y u

ij , which can contain non-diagonal

terms. In this section, all quark fields are expressed in the “flavour basis”, where the

coupling terms with the gauge bosons are diagonal. It is however possible to rotate the

quark and lepton fields to move to the “mass basis”, where all the Yukawa matrices are

diagonal. First in the case of the quarks, this can be done with two unitary matrices: Ud
ij

acting on dL, dR and Uu
ij acting on uL, uR such that Ud†Y dUd and Uu†Y uUu are diagonal.

When rotating the quark fields in the weak boson interaction expression Eq. 2.13, the

matrices cancel out in the interaction term with the Z and A, as these do not mix-up

up and down quarks. However, the coupling with the W now contains an extra factor

V = Uu†Ud† and becomes

e√
2 sin θW

[

W+
µ ui

Lγ
µV ijdjL +W−

µ diLγ
µ(V †)ijuj

L

]

. (2.26)

In the case of the leptons, because the Yukawa term giving mass to the neutrinos is absent,

both the neutrino and charged lepton fields can be rotated by a single matrix U !
ij such

that U !†Y !U ! is diagonal.

In summary, it is possible to find a basis in which both the mass term and gauge

interactions terms are diagonal for the three lepton families. This implies the conservation

of the separate lepton numbers discussed in Sec. 2.6. For the quarks, it is not possible to

diagonalise both the mass and interaction terms at the same time. When expressing the

Lagrangian in the mass basis, the couplings with the W bosons mix the different quark

flavours. The matrix V , that describes the mixing between the different flavours, is called

the CKM matrix. Its elements contain a single complex phase, which is the only source of

CP violation in the SM. The moduli of the CKM matrix elements are very close to 1 on

the diagonal and smaller off -iagonal, meaning that each up-type quark couples preferably

to the down-type quark in the same SU(2) doublet. The study of the CKM matrix and its

CP violating phase is one of the main aims of Flavour Physics.

29

The total Yukawa term, which generates mass terms for quarks and charged leptons

(but not to neutrinos), reads, after symmetry breaking,

LYuk =
v√
2

[

−Y !
ije

i
Le

j
R − Y d

ijd
i
Ld

j
R − Y u

iju
i
Lu

j
R + h.c.

]

, (2.25)

where “h.c.” stands for the hermitian conjugate of the whole expression. The Yukawa

couplings are grouped into three matrices Y !
ij , Y

d
ij and Y u

ij , which can contain non-diagonal

terms. In this section, all quark fields are expressed in the “flavour basis”, where the

coupling terms with the gauge bosons are diagonal. It is however possible to rotate the

quark and lepton fields to move to the “mass basis”, where all the Yukawa matrices are

diagonal. First in the case of the quarks, this can be done with two unitary matrices: Ud
ij

acting on dL, dR and Uu
ij acting on uL, uR such that Ud†Y dUd and Uu†Y uUu are diagonal.

When rotating the quark fields in the weak boson interaction expression Eq. 2.13, the

matrices cancel out in the interaction term with the Z and A, as these do not mix-up

up and down quarks. However, the coupling with the W now contains an extra factor

V = Uu†Ud† and becomes

e√
2 sin θW

[

W+
µ ui

Lγ
µV ijdjL +W−

µ diLγ
µ(V †)ijuj

L

]

. (2.26)

In the case of the leptons, because the Yukawa term giving mass to the neutrinos is absent,

both the neutrino and charged lepton fields can be rotated by a single matrix U !
ij such

that U !†Y !U ! is diagonal.

In summary, it is possible to find a basis in which both the mass term and gauge

interactions terms are diagonal for the three lepton families. This implies the conservation

of the separate lepton numbers discussed in Sec. 2.6. For the quarks, it is not possible to

diagonalise both the mass and interaction terms at the same time. When expressing the

Lagrangian in the mass basis, the couplings with the W bosons mix the different quark

flavours. The matrix V , that describes the mixing between the different flavours, is called

the CKM matrix. Its elements contain a single complex phase, which is the only source of

CP violation in the SM. The moduli of the CKM matrix elements are very close to 1 on

the diagonal and smaller off -iagonal, meaning that each up-type quark couples preferably

to the down-type quark in the same SU(2) doublet. The study of the CKM matrix and its

CP violating phase is one of the main aims of Flavour Physics.
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Unitary transformations diagonalise Yukawa matrices.

• This impacts the gauge sector:

the relations
(

Z

A

)

=

(

cos θW − sin θW

sin θW cos θW

)(

W 3

B

)

,

W± =
1

2
(W 1 ±W 2).

(2.11)

The weak mixing angle θW also relates the couplings g and g′ to the electromagnetic

coupling ge,

ge = gw sin θW = g′ cos θW . (2.12)

The interaction terms between the quarks and the bosons then read
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(2.13)

The interaction terms between the bosons and the leptons look similar,

LI
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ge√
2 sin θW
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i
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(2.14)

where the charged currents, leading to the neutron decay, appear on the first line, the

electric current appears on the second line, and an extra neutral current appears on the

third and fourth lines.

2.3 Higgs mechanism and origin of mass

The Z and W bosons, as well as quarks and charged leptons, are massive. In the GWS

theory presented here, neutrinos are considered massless. Although it is known today that

neutrinos have a small mass [11], this has a negligible influence on the physics discussed

26

The total Yukawa term, which generates mass terms for quarks and charged leptons

(but not to neutrinos), reads, after symmetry breaking,

LYuk =
v√
2

[

−Y !
ije

i
Le

j
R − Y d

ijd
i
Ld

j
R − Y u

iju
i
Lu

j
R + h.c.

]

, (2.25)

where “h.c.” stands for the hermitian conjugate of the whole expression. The Yukawa

couplings are grouped into three matrices Y !
ij , Y

d
ij and Y u

ij , which can contain non-diagonal

terms. In this section, all quark fields are expressed in the “flavour basis”, where the

coupling terms with the gauge bosons are diagonal. It is however possible to rotate the

quark and lepton fields to move to the “mass basis”, where all the Yukawa matrices are

diagonal. First in the case of the quarks, this can be done with two unitary matrices: Ud
ij

acting on dL, dR and Uu
ij acting on uL, uR such that Ud†Y dUd and Uu†Y uUu are diagonal.

When rotating the quark fields in the weak boson interaction expression Eq. 2.13, the

matrices cancel out in the interaction term with the Z and A, as these do not mix-up

up and down quarks. However, the coupling with the W now contains an extra factor

V = Uu†Ud† and becomes

e√
2 sin θW

[

W+
µ ui

Lγ
µV ijdjL +W−

µ diLγ
µ(V †)ijuj

L

]

. (2.26)

In the case of the leptons, because the Yukawa term giving mass to the neutrinos is absent,

both the neutrino and charged lepton fields can be rotated by a single matrix U !
ij such

that U !†Y !U ! is diagonal.

In summary, it is possible to find a basis in which both the mass term and gauge

interactions terms are diagonal for the three lepton families. This implies the conservation

of the separate lepton numbers discussed in Sec. 2.6. For the quarks, it is not possible to

diagonalise both the mass and interaction terms at the same time. When expressing the

Lagrangian in the mass basis, the couplings with the W bosons mix the different quark

flavours. The matrix V , that describes the mixing between the different flavours, is called

the CKM matrix. Its elements contain a single complex phase, which is the only source of

CP violation in the SM. The moduli of the CKM matrix elements are very close to 1 on

the diagonal and smaller off -iagonal, meaning that each up-type quark couples preferably

to the down-type quark in the same SU(2) doublet. The study of the CKM matrix and its

CP violating phase is one of the main aims of Flavour Physics.
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After rotation

• Now have non-trivial couplings between different 
quark flavours according to Vij.
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When rotating the quark fields in the weak boson interaction expression Eq. 2.13, the

matrices cancel out in the interaction term with the Z and A, as these do not mix-up

up and down quarks. However, the coupling with the W now contains an extra factor
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In the case of the leptons, because the Yukawa term giving mass to the neutrinos is absent,

both the neutrino and charged lepton fields can be rotated by a single matrix U !
ij such

that U !†Y !U ! is diagonal.

In summary, it is possible to find a basis in which both the mass term and gauge

interactions terms are diagonal for the three lepton families. This implies the conservation

of the separate lepton numbers discussed in Sec. 2.6. For the quarks, it is not possible to

diagonalise both the mass and interaction terms at the same time. When expressing the

Lagrangian in the mass basis, the couplings with the W bosons mix the different quark

flavours. The matrix V , that describes the mixing between the different flavours, is called

the CKM matrix. Its elements contain a single complex phase, which is the only source of

CP violation in the SM. The moduli of the CKM matrix elements are very close to 1 on

the diagonal and smaller off -iagonal, meaning that each up-type quark couples preferably

to the down-type quark in the same SU(2) doublet. The study of the CKM matrix and its

CP violating phase is one of the main aims of Flavour Physics.
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Vij is known as the CKM matrix

• For neutral coupling terms, unitary matrices become 𝛿ij - no flavour changing neutral currents.
22
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The CKM matrix
• The CKM matrix arises from the Yukawa couplings: Describes all flavour violation in the SM.
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Oxana Smirnova & Vincent Hedberg Lund University 194 

Weak Interactions: W and Z bosons Particle Physics

 Lepton-quark symmetry: corresponding 
generations of quarks and leptons have identical 
weak interactions:

Figure 95:   The W-quark vertices obtained from lepton-quark 
symmetry if quark mixing is ignored. 

 Examples of reactions allowed and not 
allowed in the lepton-quark symmetry scheme are 
pion and kaon decay:
π− → µ− + νµ  du → µ− + νµ allowed !

K- → µ− + νµ su → µ− + νµ not allowed !
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Flavour structure of the Standard Model 
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As a result, the charged-current W± interactions couple to 
the physical uLj and dLk quarks with couplings given by 

  

Cabbibo-Kobayashi-Maskawa (CKM) matrix 

  

•  The CKM matrix arises from the relative misalignment of the 
Yukawa matrices for the up- and down-type quarks 
> Only flavour-changing interactions are charged-current interactions 
> Neutral-current Z0/γ interactions remain flavour diagonal à no 

flavour-changing neutral currents in the SM (not necessarily true in 
models extending the SM)  
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As a result, the charged-current W± interactions couple to 
the physical uLj and dLk quarks with couplings given by 

  

Cabbibo-Kobayashi-Maskawa (CKM) matrix 

  

•  The CKM matrix arises from the relative misalignment of the 
Yukawa matrices for the up- and down-type quarks 
> Only flavour-changing interactions are charged-current interactions 
> Neutral-current Z0/γ interactions remain flavour diagonal à no 

flavour-changing neutral currents in the SM (not necessarily true in 
models extending the SM)  • Magnitude of CKM matrix elements proportional to couplings of the W boson to quarks.

• The CKM matrix is almost diagonal.


• Couplings between different generations of quarks is suppressed. 

Wolfenstein parametrization 

16 

•  The hierarchy is reflected in the Wolfenstein parameterization 
(1983) 

•  Expansions in powers of λ = sin θ12 ≈ 0.23 
•  (ρ-iη) encodes the complex phase à only known source of CP 

violation in the Standard Model 

 

 

• Convenient to write CKM matrix in the Wolfenstein parameterisation.
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Unitarity triangles
• In the SM, the CKM matrix unitary (3 angles and 1 CPV phase).

24

• The 9 elements are not independent with each other.
Unitarity of CKM matrix (V V † = V † V = 1) ⇒ 6 orthogonality relations  

All triangles have the same surface area - CP violation (C.Jarlskog) 

Angles and sides of these triangles are related to measurable quantities 

R. Coutinho (UZH) �11

Unitarity triangles
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● the two non-squashed triangles identical in Wolfenstein approximation

● differences appear at higher orders of   → become relevant at LHCb

● angles and sides of these triangles are related to measurable quantities
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C.Jarlskog,

• These constraints can be represented as unitarity triangles.


• Four of them are squished, the other two are the same in the Wolfenstein parameterisation.
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The unitarity triangle
• Only one triangle with the same order in λ for each side.

Unitarity triangle 

25 

•  Normalize to one of the three sides 
•  By definition one side from (0,0) to (0,1) 
•  (Use ρ=ρ√(1-λ2/2) and η=η√(1-λ2/2) to take into account higher 

order corrections in powers of λ) 
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C.Jarlskog,

Chris Parkes 33 

Aside on getting CKM phase or phase * 

Feynman rules: 

Vud if incoming d-quark or outgoing anti-d quark 

Vud* if incoming u-quark or outgoing anti-u quark 

 

Quantities to find: 
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Measuring CP violation
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Angles – measured from interference 

Both give same rate - Interference necessary but not sufficient 

Two routes A1,A2 to same final state 

- hence interference sensitive to phase 
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Chris Parkes 28 

Angles – measured from interference 

Both give same rate - Interference necessary but not sufficient 

Two routes A1,A2 to same final state 

- hence interference sensitive to phase 

• Consider an amplitude of a transition from an initial to a final state (e.g.) decay amplitude.

• Interference of two paths is a necessary ingredient to measure CP violation and is therefore central to 
all ways of measuring it.
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The CKM matrix in 2010
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• Although the B-factories successfully verified the CKM matrix, there was still room new physics to 
show up.


• Clearly the CKM matrix was at least the dominant source of CPV in B decays. However, comparing 
the constraints from the tree and loop level, can infer presence of new physics affecting mixing 
diagrams.

• Here you can see the CKM constraints, the main ones we will look at:


• Δms/d B(s) oscillation frequencies (loop level).


• sin(2β) from CPV in B0—>J/ψKs0 (loop level)


• 𝛾 from B—>Dh decays (tree level). 


• |Vub|/|Vcb| from semileptonic decays (tree level).


• We will start with the loop level constraints.
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Oscillations (mixing)
• Meson oscillations occur when the mass eigenstates are not equal to the flavour eigenstates.

28

• Physical states propagate as a superposition of flavour eigenstates.

• Get oscillations in all neutral meson systems.
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• The oscillation frequency is related 
to the CKM elements involved in the 
mixing diagrams.


• Measurements of meson oscillations 
is sensitive to new physics.

Mika Vesterinen

Neutral meson mixing

• Time evolution from Schrodinger’s equation:

• With “heavy” and “light” mass eigenstates:

• Which can have different masses and decay widths

• Probability to find B at time t in a B beam:
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Time evolution for B mixing
• Time evolution given by the Schrodinger equation

29

Mika Vesterinen

Neutral meson mixing

• Time evolution from Schrodinger’s equation:

• With “heavy” and “light” mass eigenstates:

• Which can have different masses and decay widths

• Probability to find B at time t in a B beam:

6

/ e��t


cosh

✓
��

2
t

◆
� cos (�mt)

�

• The mass eigenstates are given as combinations of the flavour eigenstates:
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• With mass and lifetime differences:

Mika Vesterinen

Neutral meson mixing

• Time evolution from Schrodinger’s equation:

• With “heavy” and “light” mass eigenstates:

• Which can have different masses and decay widths

• Probability to find B at time t in a B beam:
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Mixing phenomenology

charm (D0)

beauty (Bd) beauty (Bs)

Lifetimes Lifetimes

strange (K0)

M(t)!
M(t)

7
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Oscillation phenomenology 

30

Credit: M. Vesterinen

• Mass/lifetime differences impact oscillation phenomenology.



Oscillation frequency
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• Easiest way to measure the oscillation frequency is to chose a flavour specific final state.


• Then you know the flavour of the meson at decay.


• Good example for Bs0 decays is 


• Idea is to then compare flavour between production and decay as a function of the decay time.

<latexit sha1_base64="FbujGvAymYpXFDD/rP8wuKTtPQg=">AAACCHicdVDLSgMxFM3UV62vUZcuDBZBEMtMbW3dlerCZQX7gHY6ZNK0Dc08SDJCGWbpxl9x40IRt36CO//GTDuCih4InHvOvdzc4wSMCmkYH1pmYXFpeSW7mltb39jc0rd3WsIPOSZN7DOfdxwkCKMeaUoqGekEnCDXYaTtTC4Sv31LuKC+dyOnAbFcNPLokGIklWTr+3U7EnE/MmLYkz68nFcnqgpoPzqObT1vFAyjUiyew4SYp9VySkplaCqSIA9SNGz9vTfwcegST2KGhOiaRiCtCHFJMSNxrhcKEiA8QSPSVdRDLhFWNDskhodKGcChz9XzJJyp3yci5AoxdR3V6SI5Fr+9RPzL64ZyWLUi6gWhJB6eLxqGDKqTk1TggHKCJZsqgjCn6q8QjxFHWKrsciqEr0vh/6RVLJhnhdJ1KV+rp3FkwR44AEfABBVQA1egAZoAgzvwAJ7As3avPWov2uu8NaOlM7vgB7S3T1spmZQ=</latexit>

B0
s ! D�

s ⇡
+

• For this we use particles in the rest of the event to 
infer the flavour at production.


• Common to quote the tagging power, representing the 
effective size of the sample assuming perfect tagging.

<latexit sha1_base64="duvPB05KIh+Lhmo+zGVFxuc0H0o="></latexit>

✏eff = ✏tag(1� 2!)2

• Tagging power at LHCb is around 5%, whereas at 
B-factories closer to 20%.

• The key ingredient in this is flavour tagging: The determination of the the flavour of the B-hadron at 
production.
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Interpreting the oscillation frequency.
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• The oscillation frequency is proportional to the CKM elements involved, and 
can therefore be used to determine the magnitudes of |Vts| and |Vtd|.

The error budgets in the two cases show that the key
sources of uncertainty are not the same. The uncertainties in
the combinations above are dominated by the uncertainties
in our bag parameters and their ratio in Eq. (12) because the
decay constant results are now so accurate.

Figure 7 compares our new result for fBs

ffiffiffiffiffiffiffi
B̂Bs

q
from

Eq. (13) to previous lattice QCD results on nf ¼ 3 gluon
field configurations from Fermilab/MILC [8] and HPQCD
[4]. The Fermilab/MILC results include an uncertainty for
missing c in the sea in their calculation. The difference
between the central value of our new result and that of
Fermilab/MILC is 1.8σ. Because the systematic uncertain-
ties are correlated between our results and those of [4] we
do not include the previous HPQCD results in the new
lattice QCD nf ¼ 3=nf ¼ 4 average, shown by the grey
band in Fig. 7. The average value is shown above the
grey band.
Figure 8 compares lattice QCD results for the ratio ξ

defined in Eq. (13) on nf ¼ 3 gluon field configurations
with our new result here using nf ¼ 4. There is good
agreement between the lattice QCD results with the most
recent (including our new result here) having total uncer-
tainties at the level of 1.5%. The result of averaging our
new result with that of [8] (both results being obtained at
the physical b quark mass) is given by the grey band with
the average value quoted above it.

C. ΔM
The phenomenon of neutral B-meson oscillations is

now well-established experimentally (for recent results
see [43–51]), with an oscillation frequency that is set
by the mass difference between the two eigenstates.

The current experimental average values [11] for the Bs
and Bd systems are

ΔMs;expt ¼ 17.757ð21Þ ps−1;
ΔMd;expt ¼ 0.5065ð19Þ ps−1; ð14Þ

combining statistical and systematic errors in quadrature.
In the SM ΔM is given by

ΔMq ¼
G2

FM
2
WMBq

6π2
S0ðxtÞη2BjV$

tqVtbj2f2Bq
B̂ð1Þ
Bq
: ð15Þ

Here S0 is the Inami-Lim function [52] which describes
electroweak corrections and has argument xt ¼ m2

t =M2
W .

The top quark mass to be used here is in the MS
scheme, m̄tðm̄tÞ [53]. Taking the current average [11] of
direct experimental measurements [54–56] of the top
quark mass [172.9(4) GeV] as the pole mass, gives
m̄tðm̄tÞ ¼ 163.07ð38ÞGeV using the 4-loop expressions
in [57]. Evaluating the Inami-Lim function then gives
S0ð4.116ð19ÞÞ ¼ 2.313ð8Þ. The QCD correction factor,
η2B, is given at next-to-leading order in [58]. We take
η2B ¼ 0.55210ð62Þ [13], again calculated with nf ¼ 5.
The CKM elements Vtq and Vtb can be derived in the SM

by assuming that the CKM matrix is unitary and determin-
ing other CKM elements in the same rows or columns from
the comparison of theory and experiment [59–62]. For
Eq. (15) it is important to use values for Vtq that did not
include ΔMq itself in their determination. So we use the
results from CKMfitter for the case where only tree-level
processes were used in the determination. This gives [61]

FIG. 7. A comparison of our results (red filled circles at nf ¼ 4)
to previous lattice QCD values for the combination of decay

constant and square root of bag parameter fBs

ffiffiffiffiffiffiffiffi
B̂ð1Þ
Bs

q
. Previous

results (blue filled squares) come from the Fermilab/MILC
Collaboration [8] and from HPQCD [4] on nf ¼ 3 gluon field
configurations. The Fermilab/MILC results include a 1% un-
certainty for missing c in the sea. The grey band is the weighted
average of our new results and those of [8] and the new lattice
QCD average value is quoted at the top.

FIG. 8. A comparison of our results (red filled circles at nf ¼ 4)
for ξ, defined in Eq. (13), to previous lattice QCD values for
nf ¼ 3 (filled blue squares). Previous results come from the
Fermilab/MILC Collaboration [8] and from HPQCD [4] using
calculations at the physical b quark mass. Results are also shown
from RBC/UKQCD using domain-wall quarks and extrapolating
to the b from the c quark region and above [9] and using static
(infinitely massive) b quarks [6]. The grey band is the weighted
average of our new results and those of [8] with the result for the
average quoted above it.

R. J. DOWDALL et al. PHYS. REV. D 100, 094508 (2019)

094508-10

PhysRevD.100.094508

• However, its also dependent on non-perturbative QCD effects, 
such as the wave function overlap of the two quarks.


• These effects need to be calculated with lattice QCD, and 
currently limit the precision of |Vts| and |Vtd|.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.094508


Oscillations as a tool for CPV

34

• Oscillations give access to CP violation in two ways:


• They provide a second path for a meson to decay into a 
particular final state (interference between mixing and 
decay).


• You can get CPV in oscillations themselves via the 
interference between two contributions of the mixing 
amplitude.

Physics at LHCb - KT2 guest lecturePatrick Owen

Manifestations of  CP violation

16

CP violating observables 

48 

Mika Vesterinen

Mixing phenomenology

beauty (Bd) beauty (Bs)

Lifetimes Lifetimes

B0 B0 ?
CP-violation 

in mixing

9

M(t)!
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The measurement of sin(2β)
• The measurement of sin(2β) is a CPV measurement in the interference between mixing and decay.


• ‘Golden mode’ is the decay 

35
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• A cleaner way to measure CPV is in the interference between mixing and decay 
amplitudes.

CPV in mixing and decay

• ‘Golden mode’ is the decay                         

• Why? Both a B0 and B0 can decay into the same final state.

• You can then get interference between mixing and decay amplitudes.

B0 ! J/ K0
s
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•  Golden mode B0àJ/Ψ Ks
0 

•  Time dependent asymmetry measurement: 

• You can then get interference between mixing and decay amplitudes.



Patrick Owen - KTII guest lectures

• The idea is to measure the asymmetry between a     and a     decaying into the same final 
state.
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•  Golden mode B0àJ/Ψ Ks
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•  Time dependent asymmetry measurement: 

• Here is the signal yield asymmetry as measured by LHCb as a function of the decay 
time.

• The tricky part is to determine the flavour of the B0. 

Time dependent fit
!

• Fit asymmetry as a function 
of the B decay time.
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• The tricky part is to determine the flavour of the B0. 
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• Here is the signal yield asymmetry as measured as a function of the decay time.
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• The idea to measure the asymmetry between a B0 and B0 decaying into the same 
final state.
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•  Golden mode B0àJ/Ψ Ks
0 

•  Time dependent asymmetry measurement: 

• Here is the signal yield asymmetry as measured by LHCb as a function of the decay 
time.

• The tricky part is to determine the flavour of the B0. 

Time dependent fit
!

• Fit asymmetry as a function 
of the B decay time.
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• Result consistent with BaBar 
and Belle measurements. 

• LHCb now competitive with 
B-factory precision.

LHCb-PAPER-2015-004

Precise determination of |Vub| 
using the decay Λb

0->pµν

Patrick Owen, 
on behalf of the LHCb collaboration

24/03/15

CERN LHC seminar 

LHCb-PAPER-2015-013, in preparation preliminary

• As with the oscillation frequency, the tricky part is to determine the flavour of the B meson.

Phys. Rev. Lett. 115 (2015) 031601

https://doi.org/10.1103/PhysRevLett.115.031601
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• One can relate sin(2β) to the CKM elements of the diagrams involved.

37

sin(2β) and the unitarity triangle

• Measuring sin(2β) is therefore a crucial part of validating the unitarity of the CKM matrix.


• It was the B factories first measurements of this which lead to the 2008 Nobel prize for Kobayashi 
and Maskawa.

Physics at LHCb - KT2 guest lecturePatrick Owen

sin(2β) and the unitarity triangle 
• One can relate sin(2β) to the CKM elements of the diagrams involved.

• The β is the same angle as in the 
unitarity triangle!

• Measuring sin(2β) and comparing it to other measurements can shed light on 
possible new physics. 

• At the moment is the consistency is reasonably good.

Unitarity Triangle II

Stephanie Hansmann-Menzemer – p.6/24γ
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• The β is the same one as in the unitarity triangle!
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• Both the oscillation frequency and sin(2β) are highly sensitive to NP, but need tree level 
constraints to compare to - turns out these are less precise than the loop level 
measurements.

38

Tree level constraints

• There is therefore a huge motivation to improve these constraints to provide a more precise SM 
benchmark for the NP sensitive (loop-level) measurements.

• Heres the UT constraints for only tree level 
decays from 2010: Plenty of room for NP to hide!
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Measuring the CKM angle 𝛾
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• The CKM angle 𝛾 is given by, which is the phase of Vub.

September 2019
Flavour physics                                                    
Guy Wilkinson 50

‘The’ Unitarity Triangle
Three complex vectors sum to zero

→ triangle in Argand plane

(φ2, φ1 & φ3 alternative notation)

Expressions for angles:

Upper vertex:

• Access this phase through the interference between Vcb and Vub decay amplitudes.

• Anyone notice possible complication here?

CP violation in the B system 31

important to note that, since only tree-level amplitudes are involved, the determination

of � provides a SM benchmark measurement of CP violation, with essentially negligible

theoretical uncertainty from higher-order electroweak amplitudes [173]. Small e↵ects

from mixing and CP violation in the D0–D0 system can be included in the analysis, and

are neglected in this discussion.

In the simplest case, where the D meson is reconstructed in a CP eigenstate, the

asymmetry of Eq. (5) becomes

ACP =
±2 rB sin(�B) sin(�)

1 + r2B ± 2 rB cos(�B) cos(�)
, (25)

where the + (�) sign corresponds to CP -even (-odd), rB is the ratio of the magnitudes

of the b ! uc̄s and b ! cūs amplitudes and �B is their relative strong phase. The

parameter rB governs the possible size of interference e↵ects between the two amplitudes.

In B�
! DK� decays, the expectation (confirmed by experiment) is rB ⇠ 0.10 due

to the magnitudes of relevant CKM matrix elements and the “colour-suppression” of

the b ! uc̄s amplitude which arises as the s quark produced from the internal virtual

W boson must form a colour neutral object with the spectator ū quark, as seen in

Fig. 12(right).

Figure 12: Leading diagrams for B�
! DK� decays: (left) b ! cūs and (right) b ! uc̄s

transitions.

The crucial feature of B�
! DK� (and similar) decays is that the neutral D meson

can be reconstructed in di↵erent final states – this provides the unique potential to

determine a CKM phase from CP violation in decay with low theoretical uncertainty.

A two-body D decay final state f introduces two new hadronic parameters (rD and

�D, which are, respectively, the ratio of the magnitudes and the relative phase of the

amplitudes for D0 and D0 decay to f), leading to a modified version of Eq. (25):

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (26)

The hadronic parameters describing the D decay can be independently determined, either

from samples of quantum-correlated  (3770) ! DD decays [174–177] or from studies

of charm mixing [12, 178, 179]. By combining this information with measurements of

asymmetries and also rates in B�
! DK� processes with various di↵erent D decays,

su�cient independent constraints can be obtained to determined the three parameters �,

rB and �B. Multibody D decays can also be used, in a similar way.

CP violation in the B system 31

important to note that, since only tree-level amplitudes are involved, the determination

of � provides a SM benchmark measurement of CP violation, with essentially negligible

theoretical uncertainty from higher-order electroweak amplitudes [173]. Small e↵ects

from mixing and CP violation in the D0–D0 system can be included in the analysis, and

are neglected in this discussion.

In the simplest case, where the D meson is reconstructed in a CP eigenstate, the

asymmetry of Eq. (5) becomes

ACP =
±2 rB sin(�B) sin(�)

1 + r2B ± 2 rB cos(�B) cos(�)
, (25)

where the + (�) sign corresponds to CP -even (-odd), rB is the ratio of the magnitudes

of the b ! uc̄s and b ! cūs amplitudes and �B is their relative strong phase. The

parameter rB governs the possible size of interference e↵ects between the two amplitudes.

In B�
! DK� decays, the expectation (confirmed by experiment) is rB ⇠ 0.10 due

to the magnitudes of relevant CKM matrix elements and the “colour-suppression” of

the b ! uc̄s amplitude which arises as the s quark produced from the internal virtual

W boson must form a colour neutral object with the spectator ū quark, as seen in

Fig. 12(right).

Figure 12: Leading diagrams for B�
! DK� decays: (left) b ! cūs and (right) b ! uc̄s

transitions.

The crucial feature of B�
! DK� (and similar) decays is that the neutral D meson

can be reconstructed in di↵erent final states – this provides the unique potential to

determine a CKM phase from CP violation in decay with low theoretical uncertainty.

A two-body D decay final state f introduces two new hadronic parameters (rD and

�D, which are, respectively, the ratio of the magnitudes and the relative phase of the

amplitudes for D0 and D0 decay to f), leading to a modified version of Eq. (25):

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (26)

The hadronic parameters describing the D decay can be independently determined, either

from samples of quantum-correlated  (3770) ! DD decays [174–177] or from studies

of charm mixing [12, 178, 179]. By combining this information with measurements of

asymmetries and also rates in B�
! DK� processes with various di↵erent D decays,

su�cient independent constraints can be obtained to determined the three parameters �,

rB and �B. Multibody D decays can also be used, in a similar way.

Vcb

Vub

• As the CKM phase is CP violating, the CP asymmetry of these decays is sensitive to the angle.

• One decays into a D, the other into a D.
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The GLW method

40

• Simplest way to get 𝛾 is to reconstruct the D mesons in CP eigenstates, known as the GLW method.

• Then you still get interference even if one gives a D and the other a D.

CP violation in the B system 31

important to note that, since only tree-level amplitudes are involved, the determination

of � provides a SM benchmark measurement of CP violation, with essentially negligible

theoretical uncertainty from higher-order electroweak amplitudes [173]. Small e↵ects

from mixing and CP violation in the D0–D0 system can be included in the analysis, and

are neglected in this discussion.

In the simplest case, where the D meson is reconstructed in a CP eigenstate, the

asymmetry of Eq. (5) becomes

ACP =
±2 rB sin(�B) sin(�)

1 + r2B ± 2 rB cos(�B) cos(�)
, (25)

where the + (�) sign corresponds to CP -even (-odd), rB is the ratio of the magnitudes

of the b ! uc̄s and b ! cūs amplitudes and �B is their relative strong phase. The

parameter rB governs the possible size of interference e↵ects between the two amplitudes.

In B�
! DK� decays, the expectation (confirmed by experiment) is rB ⇠ 0.10 due

to the magnitudes of relevant CKM matrix elements and the “colour-suppression” of

the b ! uc̄s amplitude which arises as the s quark produced from the internal virtual

W boson must form a colour neutral object with the spectator ū quark, as seen in

Fig. 12(right).

Figure 12: Leading diagrams for B�
! DK� decays: (left) b ! cūs and (right) b ! uc̄s

transitions.

The crucial feature of B�
! DK� (and similar) decays is that the neutral D meson

can be reconstructed in di↵erent final states – this provides the unique potential to

determine a CKM phase from CP violation in decay with low theoretical uncertainty.

A two-body D decay final state f introduces two new hadronic parameters (rD and

�D, which are, respectively, the ratio of the magnitudes and the relative phase of the

amplitudes for D0 and D0 decay to f), leading to a modified version of Eq. (25):

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (26)

The hadronic parameters describing the D decay can be independently determined, either

from samples of quantum-correlated  (3770) ! DD decays [174–177] or from studies

of charm mixing [12, 178, 179]. By combining this information with measurements of

asymmetries and also rates in B�
! DK� processes with various di↵erent D decays,

su�cient independent constraints can be obtained to determined the three parameters �,

rB and �B. Multibody D decays can also be used, in a similar way.

• The CP asymmetry is then sensitive to 𝛾 by:

rB: ratio of Vub and Vcb decay amplitude magnitudes. δB the strong phase difference between the two.

• Good D decay candidates? D—>ππ and D—>KK pretty good - fully charged final states.
Figure 3: Invariant-mass distribution of B± ! [K⌥⇡±]Dh± candidates with the fit result
overlaid. A legend is provided in Fig. 1.
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Figure 4: Invariant-mass distribution of B± ! [K+K�]Dh± candidates with the fit result
overlaid. A legend is provided in Fig. 1.
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• CP violation quite large (~15%), but is there any way to enhance it further?

ARXIV:2012.09903 

CKM angle ɣ

05/07/2017 97

4. CKM angle � 29/77

Methods to measure �

Reconstruct the D
0/D0 in a final state accesible to both to acheieve interference

Marseille, March 2015 T.M. Karbach / CERN / LHCb 34

first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

Marseille, March 2015 T.M. Karbach / CERN / LHCb 34

first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

I GLW method
I CP eigenstates e.g. D ! KK
I Gronau, London, Wyler (1991)

I [Phys. Lett. B253 (1991) 483]

I [Phys. Lett. B265 (1991) 172]

I ADS method
I CF or DCS decays e.g. D ! K⇡
I Atwood, Dunietz, Soni (1997,2001)

I [Phys. Rev. D63 (2001) 036005]

I [Phys. Rev. Lett. 78 (1997) 3257]

I GGSZ method

I 3-body final states e.g. D ! K 0
S⇡⇡

I Giri, Grossman, So↵er, Zupan (2003)
I [Phys. Rev. D68 (2003) 054018]

Matthew Kenzie (Cambridge) Neckarzimmern B Physics Workshop Measuring the CKM angle �

http://arxiv.org/abs/2012.09903
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The ADS method
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• Counterbalance suppression of the two amplitudes by reconstructing the D0 meson into K+π-

CP violation in the B system 31

important to note that, since only tree-level amplitudes are involved, the determination

of � provides a SM benchmark measurement of CP violation, with essentially negligible

theoretical uncertainty from higher-order electroweak amplitudes [173]. Small e↵ects

from mixing and CP violation in the D0–D0 system can be included in the analysis, and

are neglected in this discussion.

In the simplest case, where the D meson is reconstructed in a CP eigenstate, the

asymmetry of Eq. (5) becomes

ACP =
±2 rB sin(�B) sin(�)

1 + r2B ± 2 rB cos(�B) cos(�)
, (25)

where the + (�) sign corresponds to CP -even (-odd), rB is the ratio of the magnitudes

of the b ! uc̄s and b ! cūs amplitudes and �B is their relative strong phase. The

parameter rB governs the possible size of interference e↵ects between the two amplitudes.

In B�
! DK� decays, the expectation (confirmed by experiment) is rB ⇠ 0.10 due

to the magnitudes of relevant CKM matrix elements and the “colour-suppression” of

the b ! uc̄s amplitude which arises as the s quark produced from the internal virtual

W boson must form a colour neutral object with the spectator ū quark, as seen in

Fig. 12(right).

Figure 12: Leading diagrams for B�
! DK� decays: (left) b ! cūs and (right) b ! uc̄s

transitions.

The crucial feature of B�
! DK� (and similar) decays is that the neutral D meson

can be reconstructed in di↵erent final states – this provides the unique potential to

determine a CKM phase from CP violation in decay with low theoretical uncertainty.

A two-body D decay final state f introduces two new hadronic parameters (rD and

�D, which are, respectively, the ratio of the magnitudes and the relative phase of the

amplitudes for D0 and D0 decay to f), leading to a modified version of Eq. (25):

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (26)

The hadronic parameters describing the D decay can be independently determined, either

from samples of quantum-correlated  (3770) ! DD decays [174–177] or from studies

of charm mixing [12, 178, 179]. By combining this information with measurements of

asymmetries and also rates in B�
! DK� processes with various di↵erent D decays,

su�cient independent constraints can be obtained to determined the three parameters �,

rB and �B. Multibody D decays can also be used, in a similar way.

CP violation in the B system 31

important to note that, since only tree-level amplitudes are involved, the determination

of � provides a SM benchmark measurement of CP violation, with essentially negligible

theoretical uncertainty from higher-order electroweak amplitudes [173]. Small e↵ects

from mixing and CP violation in the D0–D0 system can be included in the analysis, and

are neglected in this discussion.

In the simplest case, where the D meson is reconstructed in a CP eigenstate, the

asymmetry of Eq. (5) becomes

ACP =
±2 rB sin(�B) sin(�)

1 + r2B ± 2 rB cos(�B) cos(�)
, (25)

where the + (�) sign corresponds to CP -even (-odd), rB is the ratio of the magnitudes

of the b ! uc̄s and b ! cūs amplitudes and �B is their relative strong phase. The

parameter rB governs the possible size of interference e↵ects between the two amplitudes.

In B�
! DK� decays, the expectation (confirmed by experiment) is rB ⇠ 0.10 due

to the magnitudes of relevant CKM matrix elements and the “colour-suppression” of

the b ! uc̄s amplitude which arises as the s quark produced from the internal virtual

W boson must form a colour neutral object with the spectator ū quark, as seen in

Fig. 12(right).

Figure 12: Leading diagrams for B�
! DK� decays: (left) b ! cūs and (right) b ! uc̄s

transitions.

The crucial feature of B�
! DK� (and similar) decays is that the neutral D meson

can be reconstructed in di↵erent final states – this provides the unique potential to

determine a CKM phase from CP violation in decay with low theoretical uncertainty.

A two-body D decay final state f introduces two new hadronic parameters (rD and

�D, which are, respectively, the ratio of the magnitudes and the relative phase of the

amplitudes for D0 and D0 decay to f), leading to a modified version of Eq. (25):

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (26)

The hadronic parameters describing the D decay can be independently determined, either

from samples of quantum-correlated  (3770) ! DD decays [174–177] or from studies

of charm mixing [12, 178, 179]. By combining this information with measurements of

asymmetries and also rates in B�
! DK� processes with various di↵erent D decays,

su�cient independent constraints can be obtained to determined the three parameters �,

rB and �B. Multibody D decays can also be used, in a similar way.

Vcb

Vub
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! K+⇡�

DCS

CF

CP violation in the B system 33

Such analyses have been performed by LHCb with the D ! ⇡+⇡�⇡0, K+K�⇡0 [188]

and ⇡+⇡�⇡+⇡� [185] decays. An earlier analysis with B±
! [⇡+⇡�⇡0]D K± decays by

BaBar [189] had noted the dominantly CP -even nature of the final state and measured

ACP , whilst also using this information in an amplitude analysis.

• The asymmetry of Eq. (26) can be largest when rD ⇠ rB. Therefore, it is particularly

interesting to use doubly-Cabibbo-suppressed D decays, such as D0
! K+⇡� for

which rD ⇠ 0.06 [12], which is known as the ADS method [190, 191]. The fact that

the B�
! [K+⇡�]D K� final state involves only charged tracks makes this channel

accessible to several experiments [185,192–194]. The world average is [12]

ACP (B
�
!

⇥
K+⇡�⇤

D
K�) = �0.41± 0.06 , (29)

representing a significant CP violation e↵ect in this mode.

• Multibody doubly-Cabibbo-suppressed D decays can be used in an extension of

the ADS method [191].k Similarly to the quasi-GLW method, additional hadronic

parameters are introduced in a modified version of Eq. (26),

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (30)

where the coherence factor  quantifies the dilution of the asymmetry due to

interference between di↵erent resonances in the multibody final state (0 <  < 1).

The parameters rD and �D also become e↵ective parameters, averaged over the

phase space of the decay. Multibody ADS analyses have been performed by BaBar,

Belle and LHCb for B�
! [K+⇡�⇡0]D K� decays [188, 195, 196] and by LHCb for

B�
! [K+⇡�⇡+⇡�]D K� decays [185].

• In the case of D decay to a multibody self-conjugate final state that is not dominated by

one CP eigenstate, the distribution of decays over the phase space provides additional

sensitivity to �. The study of this distribution can be performed either with an

amplitude model for the D decay or model-independently; either approach is referred

to as the GGSZ method [197,198]. In the former case, the choice of amplitude model

results in a systematic uncertainty that is hard to quantify. In the model-independent

analysis the phase space (described by a Dalitz plot in the case of three-body decays)

is binned, and the method requires knowledge of the average cosine and sine of the

strong phase di↵erence between amplitudes for D0 and D0 decays to points within each

bin [197,199,200]. Such knowledge can be obtained from  (3770) ! DD samples, with

results available from CLEOc [201, 202]. The limited precision of these measurements

leads to a systematic uncertainty on � which, however, often appears as part of

the statistical error since it is experimentally convenient to constrain these hadronic

parameters within uncertainties through a Gaussian penalty term in the likelihood

function used in the fits.

The GGSZ method gives good sensitivity to � as it combines the strong features of

the GLW and ADS approaches in channels with relatively large yields available. For

k Since Ref. [191] describes the use of multibody D decays, this is considered part of the ADS method
rather than a “quasi-ADS” approach.

• As rD and rB  are of similar size, this maximises the CP asymmetry - look at the difference here!
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Figure 3: Invariant-mass distribution of B± ! [K⌥⇡±]Dh± candidates with the fit result
overlaid. A legend is provided in Fig. 1.

Figure 4: Invariant-mass distribution of B± ! [K+K�]Dh± candidates with the fit result
overlaid. A legend is provided in Fig. 1.
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Reconstruct the D
0/D0 in a final state accesible to both to acheieve interference
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first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

Marseille, March 2015 T.M. Karbach / CERN / LHCb 34

first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

I GLW method
I CP eigenstates e.g. D ! KK
I Gronau, London, Wyler (1991)

I [Phys. Lett. B253 (1991) 483]

I [Phys. Lett. B265 (1991) 172]

I ADS method
I CF or DCS decays e.g. D ! K⇡
I Atwood, Dunietz, Soni (1997,2001)

I [Phys. Rev. D63 (2001) 036005]

I [Phys. Rev. Lett. 78 (1997) 3257]

I GGSZ method

I 3-body final states e.g. D ! K 0
S⇡⇡

I Giri, Grossman, So↵er, Zupan (2003)
I [Phys. Rev. D68 (2003) 054018]

Matthew Kenzie (Cambridge) Neckarzimmern B Physics Workshop Measuring the CKM angle �

http://arxiv.org/abs/2012.09903


The Dalitz plot

42

• Consider the three body decay B->abc. If the decay products are spin-0, then the phase-space of 
the decay is entirely described by two mass combinations mab2 and mac2.

Introduction 

•  Named after R. H. Dalitz 
•  Originally used for 3 body* decays of the τ meson 
•  This τ meson is just the charged kaon 
•  Idea is simple - two dimensional scatter plot 
•  All particles are** (pseudo)scalars – spin 0 

08/02/2016 2 

* Multibody (>3) decays can be done 
with amplitude analysis… 
**Particles with non zero spin can be 
included in amplitude analysis… 

Interference!paVern!

20/11/2014! Ds!spectroscopy!at!LHCb! 20!

Toy!simula?on!of!Ds!⟶!K+!K−!π+!

The Dalitz plot 

08/02/2016 4 

The!Dalitz!plot!
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Figure 1.5: D+
! K

�
K

+
⇡
+ Dalitz plot where the vertical band is from the decay

D
+
! K

+
K̄

⇤(892)0 with K̄
⇤(892)0 ! K

�
⇡
+ and the horizontal band from D

+
!

�(1020)⇡+ with �(1020) ! K
+
K

� events. Reproduced from Ref. [26].

the conservation of energy and momentum, and it may be shown that:

M
2
B +M

2
a +M

2
b +M

2
c = m

2
ab +m

2
ac +m

2
bc, (1.40)

where Mx is the mass of particle x. Equation 1.40 shows that for a three-body final

state there are three pairs of invariant masses that may be used as axes on a Dalitz

plot. Three Dalitz plots may be defined from these,
�
m

2
ab
,m

2
ac

�
,
�
m

2
ab
,m

2
bc

�
and

�
m

2
ac,m

2
bc

�
. One of these definitions is then chosen based upon the physics being

studied.

The boundary of the Dalitz plot seen in Fig 1.5 shows the kinematically

allowed region. The diagonal Dalitz plot boundary, close to the LHCb label, is

actually the third axis m
2
K+⇡� . Diagonal bands that appear on Dalitz plots corre-

spond to a resonance on the third axis. The bands, that correspond to resonances,

in Fig. 1.5 also appear to have structure. The type of band produced by a reso-

nance is related to the angular momentum of the state. Scalar resonances produce

a single band without further structures. Vector resonances produce a band with

a two lobe structure, as seen in Fig. 1.5. Tensor resonances produce bands with

three lobe structure. This derives from the conservation of angular momentum of

the resonance to the daughter particles.

To determine phase information a fit must be performed over the Dalitz plot

to extract the resonant structures seen in the plot. The most common way to form

18

• Two-dimensional scatter plot then encodes the entire decay kinematics.

• Resonances then show up as bands on this plot.


• Spin structure determines shape across these bands.


• Dip in the middle classic signature for spin 1 resonance.
<latexit sha1_base64="GnuySoZVlPYEsekO0lF6oU0LGSs=">AAACAXicdVBLSwMxGMzWV62vqhfBS7AIFbFkS+3jVvQieKlgH9BdSzZN29DsgyQrlKVe/CtePCji1X/hzX9jtl1BRQcShpnvI5lxAs6kQujDSC0sLi2vpFcza+sbm1vZ7Z2W9ENBaJP43BcdB0vKmUebiilOO4Gg2HU4bTvj89hv31Ihme9dq0lAbRcPPTZgBCst9bJ7VjBieRMV0ZGlfHh5Ex1P9XUy7WVzqFA5NVG5BlEBzRCTGqpUy9BMlBxI0Ohl362+T0KXeopwLGXXRIGyIywUI5xOM1YoaYDJGA9pV1MPu1Ta0SzBFB5qpQ8HvtDHU3Cmft+IsCvlxHX0pIvVSP72YvEvrxuqQdWOmBeEinpk/tAg5FBnjeuAfSYoUXyiCSaC6b9CMsICE6VLy+gSvpLC/0mrWDDLhdJVKVc/S+pIg31wAPLABBVQBxegAZqAgDvwAJ7As3FvPBovxut8NGUkO7vgB4y3T0U+lYg=</latexit>

�(1020) ! K+K�

<latexit sha1_base64="gIp++sedRrzoG+OXhcF3hb13xxc=">AAACA3icdVBJSwMxGM3Urdat6k0vwSJUxSFTapdb0YvgpYJdoBuZNNOGZhaSjFCGAS/+FS8eFPHqn/DmvzFdBBV9EHh57/tI3rMDzqRC6MNILCwuLa8kV1Nr6xubW+ntnbr0Q0FojfjcF00bS8qZR2uKKU6bgaDYtTlt2KOLid+4pUIy37tR44B2XDzwmMMIVlrqpfeuutFxnC2Vc0dt5UN9O4nbAetGp3EvnUFm8cxChTJEJppiQsqoWCpAa65kwBzVXvq93fdJ6FJPEY6lbFkoUJ0IC8UIp3GqHUoaYDLCA9rS1MMulZ1omiGGh1rpQ8cX+ngKTtXvGxF2pRy7tp50sRrK395E/MtrhcopdSLmBaGiHpk95IQc6rSTQmCfCUoUH2uCiWD6r5AMscBE6dpSuoSvpPB/Us+ZVsHMX+czlfN5HUmwDw5AFligCCrgElRBDRBwBx7AE3g27o1H48V4nY0mjPnOLvgB4+0TGJeWlA==</latexit>

K⇤(892) ! K+⇡�

• The next method is known as the GGSZ method, and uses the Dalitz plot technique.



Why is it important for CPV?

43

• If the system is fully described by this plot, then overlapping resonances will interfere with each 
other.


• This again provides us with two paths in which to be sensitive to CPV in the decay amplitude.

• Two approaches. 


• Model independent: Bin the Dalitz plot and calculate ACP.


• Little model dependence.


• Difficult to interpret, lose sensitivity.

ARXIV:1408.5373 

• Model dependent: Bin the Dalitz plot and calculate ACP.


• Can interpret causes of ACP, get maximum sensitivity.


• Dependent on hadronic model (e.g. isobar model).

ARXIV:1909.05211 

http://arxiv.org/abs/1408.5373
http://arxiv.org/abs/1909.05211
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The (BP)GGSZ method

44

• Always get parameter of interest 𝛾 with strong phase differences 𝛿B/D, leading to multiple solutions .

• There are other methods as well (GLS, quasi-GLW .. ). For more details I recommend arXiv:

• Can break this by reconstructing the D meson in a three body final state such as Ksππ.

• D0—> Ksππ contains contributions from both singly and double cabibbo suppressed combinations.

• Variation across Dalitz plot allows for more sensitivity and also to 
break degeneracy with hadronic nuisance parameters.

CP violation in the B system 33

Such analyses have been performed by LHCb with the D ! ⇡+⇡�⇡0, K+K�⇡0 [188]

and ⇡+⇡�⇡+⇡� [185] decays. An earlier analysis with B±
! [⇡+⇡�⇡0]D K± decays by

BaBar [189] had noted the dominantly CP -even nature of the final state and measured

ACP , whilst also using this information in an amplitude analysis.

• The asymmetry of Eq. (26) can be largest when rD ⇠ rB. Therefore, it is particularly

interesting to use doubly-Cabibbo-suppressed D decays, such as D0
! K+⇡� for

which rD ⇠ 0.06 [12], which is known as the ADS method [190, 191]. The fact that

the B�
! [K+⇡�]D K� final state involves only charged tracks makes this channel

accessible to several experiments [185,192–194]. The world average is [12]

ACP (B
�
!

⇥
K+⇡�⇤

D
K�) = �0.41± 0.06 , (29)

representing a significant CP violation e↵ect in this mode.

• Multibody doubly-Cabibbo-suppressed D decays can be used in an extension of

the ADS method [191].k Similarly to the quasi-GLW method, additional hadronic

parameters are introduced in a modified version of Eq. (26),

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
. (30)

where the coherence factor  quantifies the dilution of the asymmetry due to

interference between di↵erent resonances in the multibody final state (0 <  < 1).

The parameters rD and �D also become e↵ective parameters, averaged over the

phase space of the decay. Multibody ADS analyses have been performed by BaBar,

Belle and LHCb for B�
! [K+⇡�⇡0]D K� decays [188, 195, 196] and by LHCb for

B�
! [K+⇡�⇡+⇡�]D K� decays [185].

• In the case of D decay to a multibody self-conjugate final state that is not dominated by

one CP eigenstate, the distribution of decays over the phase space provides additional

sensitivity to �. The study of this distribution can be performed either with an

amplitude model for the D decay or model-independently; either approach is referred

to as the GGSZ method [197,198]. In the former case, the choice of amplitude model

results in a systematic uncertainty that is hard to quantify. In the model-independent

analysis the phase space (described by a Dalitz plot in the case of three-body decays)

is binned, and the method requires knowledge of the average cosine and sine of the

strong phase di↵erence between amplitudes for D0 and D0 decays to points within each

bin [197,199,200]. Such knowledge can be obtained from  (3770) ! DD samples, with

results available from CLEOc [201, 202]. The limited precision of these measurements

leads to a systematic uncertainty on � which, however, often appears as part of

the statistical error since it is experimentally convenient to constrain these hadronic

parameters within uncertainties through a Gaussian penalty term in the likelihood

function used in the fits.

The GGSZ method gives good sensitivity to � as it combines the strong features of

the GLW and ADS approaches in channels with relatively large yields available. For

k Since Ref. [191] describes the use of multibody D decays, this is considered part of the ADS method
rather than a “quasi-ADS” approach.
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Reconstruct the D
0/D0 in a final state accesible to both to acheieve interference
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first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

Marseille, March 2015 T.M. Karbach / CERN / LHCb 34

first method to measure γ

We need to reconstruct the             meson in a final state accessible to both 
to achieve interference.

I GLW method
I CP eigenstates e.g. D ! KK
I Gronau, London, Wyler (1991)

I [Phys. Lett. B253 (1991) 483]

I [Phys. Lett. B265 (1991) 172]

I ADS method
I CF or DCS decays e.g. D ! K⇡
I Atwood, Dunietz, Soni (1997,2001)

I [Phys. Rev. D63 (2001) 036005]

I [Phys. Rev. Lett. 78 (1997) 3257]

I GGSZ method

I 3-body final states e.g. D ! K 0
S⇡⇡

I Giri, Grossman, So↵er, Zupan (2003)
I [Phys. Rev. D68 (2003) 054018]

Matthew Kenzie (Cambridge) Neckarzimmern B Physics Workshop Measuring the CKM angle �
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𝛾 combination
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• Several measurements with shared parameters and similar uncertainties - combination mandatory.

• Statistically complicated, e.g. sensitivity depends on central value of rB.


• Both Frequentist and Bayesian approaches used and compared.

26/07/2021

• Results 
• First simultaneous fit for charm and beauty parameters

Table 4: Confidence intervals and central values for � when splitting the combination inputs by
initial B meson species.

Species Value
68.3% CL 95.4% CL

Uncertainty Interval Uncertainty Interval

B+ [�] 61.7 +4.4
�4.8 [56.9, 66.1] +8.6

�9.5 [52.2, 70.3]

B0 [�] 82.0 +8.1
�8.8 [73.2, 90.1] +17

�18 [64, 99]

B0
s [�] 79 +21

�24 [55, 100] +51
�47 [32, 130]

Figure 3: Two dimensional profile likelihood contours for (left) the charm mixing parameters x
and y, and (right) the � and |q/p| parameters. The blue contours show the current charm world
average from Ref. [14], the green contours show the result of this combination. Contours are
drawn out to 5� and contain 68.3%, 95.4%, 99.7%, etc. of the distribution.

The relative impact of systematic uncertainties on the input observables is studied, and259

found to contribute approximately 1.4� to the result for �, demonstrating this combination260

is still in the regime of statistical dominance. Correlations between systematic uncertainties261

from statistically independent measurements are currently neglected.262

In previous combinations, the experimental input from B0
! D⌥⇡± decays was263

included with an external theoretical prediction of rD
⌥⇡±

B0 = 0.0182 ± 0.0038 [33]. This264

prediction requires a modest assumption of SU(3) symmetry, and was the only theory265

input in an otherwise purely experimental measurement. This external input is no longer266

used, and the combination gives an experimental determination of rD
⌥⇡±

B0 = 0.030+0.014
�0.012.267

This is in good agreement with the theory based prediction and provides confidence that268

the assumption of SU(3) symmetry is valid within the current precision. Note that this269

change has a negligible impact on the determination of other parameters.270

5 Conclusion271

In summary, a combination of LHCb measurements sensitive to � and charm mixing, along272

with auxiliary information from other experiments, is performed for the first time. This273

10

Headline results
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Observables: 151 
Parameters: 52 
Fit probability: 67%
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Figure 5: Profile likelihood contours for the components which contribute towards the charm part
of the combination, showing the breakdown of sensitivity amongst di↵erent sub-combinations of
modes. The contours shown are the two-dimensional 1� and 2� contours which correspond to
the areas containing 68.3% and 95.4% of the distribution.
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Figure 6: One dimensional 1� CL distribution for � from all inputs used in the combination.

x = (4.0±0.5)⇥10�3 and y = (6.3±0.3)⇥10�3, which are the most precise measurements253

to date including a factor of two improvement for the latter.254

11

LHCb-CONF-2021-001

xD = (4.00+0.52
−0.53) × 10−3 , yD = (6.30+0.33

−0.30) × 10−3

xD = (4.09+0.48
−0.49) × 10−3, yD = (6.15+0.56

−0.55) × 10−3World average (HFLAV)

Preliminary Preliminary

Preliminary

• Recent update brings uncertainty down to 4 degrees - 
three times lower than when we started in 2010!

• Include charm mixing/CPV in combination for the first time.
26/07/2021

• We’ve been measuring     for a while now  
• Last two results around 65 degrees 

• Lower value mostly driven by  

• Run 1+2 
updated treatment of backgrounds 

• Run 1+2                 
backgrounds and merging of  
degenerate solutions 

• 5D compatibility to 2018 result ~2 sigma 

• Excellent agreement with indirect global  
CKM fitters.

Evolution of    results

11

γ = (65.4+3.8
−4.2)∘γ

γ = (65.8 ± 2.2)∘ γ = (65.55+0.90
−2.65)∘

UT fit CKMfitter

γ

LHCb-CONF-2021-001

B− → Dh−, D → K±π∓

B− → Dh−, D → K0
Sh+h−

0

0.2

0.4

0.6

0.8

1

C
L

−1

40 50 60 70 80 90
]° [γ

4.2−
+3.865.4

68.3%

95.4%

LHCb

Figure 6: One dimensional 1� CL distribution for � from all inputs used in the combination.

0 2 4 6 8 10 12 14 16 18

40

50

60

70

80

90

100

110]o  [γ

20
13

20
14

20
15

20
16

20
17

20
18

20
19

20
20

20
21

20
22

LHCb

Figure 7: Evolution of the LHCb combination result for �, with the central values and 1�
uncertainties in black. This result is the 2021 data point, the value and uncertainty are
highlighted by the dashed blue line and band, respectively.
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The CKM element ratio |Vub|/|Vcb|

46

• The other big tree level CKM input is |Vub|/|Vcb|, which determines the length of side opposite the 
CKM angle β.

• Still want to use b—>u and b—>c transitions as with 𝛾, 
but now we are interested in the branching fractions:

• Why don’t we just use these again? 

CP violation in the B system 31

important to note that, since only tree-level amplitudes are involved, the determination

of � provides a SM benchmark measurement of CP violation, with essentially negligible

theoretical uncertainty from higher-order electroweak amplitudes [173]. Small e↵ects

from mixing and CP violation in the D0–D0 system can be included in the analysis, and

are neglected in this discussion.

In the simplest case, where the D meson is reconstructed in a CP eigenstate, the

asymmetry of Eq. (5) becomes

ACP =
±2 rB sin(�B) sin(�)

1 + r2B ± 2 rB cos(�B) cos(�)
, (25)

where the + (�) sign corresponds to CP -even (-odd), rB is the ratio of the magnitudes

of the b ! uc̄s and b ! cūs amplitudes and �B is their relative strong phase. The

parameter rB governs the possible size of interference e↵ects between the two amplitudes.

In B�
! DK� decays, the expectation (confirmed by experiment) is rB ⇠ 0.10 due

to the magnitudes of relevant CKM matrix elements and the “colour-suppression” of

the b ! uc̄s amplitude which arises as the s quark produced from the internal virtual

W boson must form a colour neutral object with the spectator ū quark, as seen in

Fig. 12(right).
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of charm mixing [12, 178, 179]. By combining this information with measurements of

asymmetries and also rates in B�
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su�cient independent constraints can be obtained to determined the three parameters �,

rB and �B. Multibody D decays can also be used, in a similar way.
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The crucial feature of B�
! DK� (and similar) decays is that the neutral D meson

can be reconstructed in di↵erent final states – this provides the unique potential to

determine a CKM phase from CP violation in decay with low theoretical uncertainty.

A two-body D decay final state f introduces two new hadronic parameters (rD and

�D, which are, respectively, the ratio of the magnitudes and the relative phase of the

amplitudes for D0 and D0 decay to f), leading to a modified version of Eq. (25):

ACP =
2 rDrB sin(�B + �D) sin(�)

r2D + r2B + 2 rBrD cos(�B + �D) cos(�)
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The hadronic parameters describing the D decay can be independently determined, either

from samples of quantum-correlated  (3770) ! DD decays [174–177] or from studies

of charm mixing [12, 178, 179]. By combining this information with measurements of

asymmetries and also rates in B�
! DK� processes with various di↵erent D decays,

su�cient independent constraints can be obtained to determined the three parameters �,

rB and �B. Multibody D decays can also be used, in a similar way.
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B / |Vxb|2

1. Need pure |Vcb| and |Vub| decays.


2. Fully hadronic BF difficult to interpret (QCD).


3. These decays are fairly low yields.
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Hb ! h`⌫



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:
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Context and Motivation
Current Bs ! Kµ⌫ line

⇤b ! pµ⌫ Line
Conclusion

Current Status of |Vub|

I Semi-Leptonic B Decays:
Inclusive (B̄ ! Xu l ⌫̄l) Exclusive (B̄0 ! ⇡+l ⌫̄l)

Xu

l

v̄l

Vub

W�

B̄

b u

B̄0 ⇡+
d̄

b u

W�

l

⌫̄l

Vub

|Vub| = (4.41± 0.15+0.15
�0.17)⇥ 10

�3 |Vub| = (3.23± 0.31)⇥ 10
�3

I Leptonic B decays (B+ ! ⌧+⌫⌧ ):

B+

b̄

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.



Lattice QCD
• Always measure product of |Vub| and form factors. 


• Rely techniques such as Lattice QCD to calculate latter.


• Lattice QCD works by discretising space-time, with lattice spacing, a.


• Uncertainties best with momentum << cutoff (1/a)
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FIG. 6. ⇤b ! p vector form factors: lattice results and extrapolation to the physical limit (nominal fit). The bands indicate
the 1� statistical uncertainty.
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the 1� statistical uncertainty.

Example of form factor 
from [1].

[1] W. Detmold, C. Lehner, S. Meinel, arXiv:1503.01421

http://arxiv.org/abs/1503.01421


|Vub| from inclusive decays
• Forget about form factors, just measure all 

• Experimentally very difficult, need fiducial cut to remove large Vcb background. 

• Efficiency of this fiducial cut introduces model dependence, and drives systematic 
uncertainty.
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– 13–

The values obtained from inclusive and exclusive determi-

nations are

|Vub| = (4.41 ± 0.15 + 0.15
− 0.17) × 10−3 (inclusive), (27)

|Vub| = (3.28 ± 0.29) × 10−3 (exclusive). (28)

The two determinations are independent, and the dominant

uncertainties are on multiplicative factors. Given the marginal

agreement between the inclusive and exclusive values their

combination should be treated with caution. To combine these

values, the inclusive and exclusive values are weighted by their

relative errors and the uncertainties are treated as normally

distributed. The resulting average has p(χ2) = 0.01, so we scale

the error by
√

χ2/1 = 2.7 to find

|Vub| = (4.13 ± 0.49) × 10−3. (29)

Given the poor consistency between the two determinations,

this average should be treated with caution.

|Vub| from inclusive decays

The theoretical description of inclusive B → Xu"ν! decays

is based on the Heavy Quark Expansion, as for B → Xc"ν!

decays, and leads to a predicted total decay rate with un-

certainties below 5% [79,80]. Unfortunately, the total decay

rate is hard to measure due to the large background from

CKM-favored B → Xc"ν! transitions. Technically, the calcula-

tion of the partial decay rate in regions of phase space where

B → Xc"ν! decays are suppressed requires the introduction of

a non-perturbative distribution function, the “shape function”

(SF) [81,82], whose form is unknown. The shape function

becomes important when the light-cone momentum component

P+ ≡ EX − |PX | is not large compared to ΛQCD. This addi-

tional difficulty can be addressed in two complementary ways.

The leading shape function can either be measured in the ra-

diative decay B → Xsγ, or be modeled with constraints on the

0th-2nd moments, and the results applied to the calculation of

the B → Xu"ν! partial decay rate [83–85]; in such an approach

the largest challenges are for the theory. Alternatively, mea-

surements of B → Xu"ν! partial decay rates can be extended

August 21, 2014 13:18

Measurement found to be:

Doesn’t agree with exclusive  
determination at all.

b ! u`⌫



|Vub| at a hadron collider?
• Neutrinos are a double-edged sword. 

• They are an unambiguous signal for a short distance interaction. 

• They need a light-year of steel to absorb. 

• These complications led to the prevailing wisdom that |Vub| could not be measured at a hadron 
collider.
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• Recent measurements with Bs0 and Λb0 decays make possible by: 

• Normalisation to a Vcb mode to cancel production/systematics. 

• Construct the so-called corrected mass, allowed to fit a peak even with 
missing neutrino. 

• Isolation against additional particles to reduce and control backgrounds.



Signatures
• The signal is either a Bs0 or Λb0 decaying into either a kaon or proton with the lepton pair.
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µ−

ν̄µ

W−

b uVub

u

d

pΛb
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B0
s ! K�µ+⌫µ

<latexit sha1_base64="AWCrLRUB0LTcwqesfEBoK/+odC8="></latexit>

⇤0
b ! ⇤+

c µ
�⌫̄µ Decay ⇤0

b B0
s

theory error 5% 3%
prod frac 20% 10%

BF 4⇥ 10�4 1⇥ 10�4

B(Xc) error
+5.3
�4.7% ±3.9%

background ⇤+
c ⇤+

c , Ds, D+, D0

|Vcb| using B0
s æ D≠

s µ+‹µ and B0
s æ Dú≠

s µ+‹µ

• Phys. Rev. D101 (2020), 3 fb≠1, Run 1 data
• Ds Momentum transverse to B0

s flight direction Ã form factors
• Fit in corrected mass-P‹(Ds): |Vcb| and form factors,

B(B0
s æ D≠

s µ+‹µ)/B(B0 æ D(ú)≠µ+‹µ)
• |Vcb| is the integral of the signal yield multiplied by ·B0

s
• Signal yields are normalized to yields of B0 æ D(ú)≠µ+‹µ
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±5%
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|Vcb| using B0
s æ D≠

s µ+‹µ and B0
s æ Dú≠

s µ+‹µ

• Phys. Rev. D101 (2020), 3 fb≠1, Run 1 data
• Ds Momentum transverse to B0

s flight direction Ã form factors
• Fit in corrected mass-P‹(Ds): |Vcb| and form factors,

B(B0
s æ D≠

s µ+‹µ)/B(B0 æ D(ú)≠µ+‹µ)
• |Vcb| is the integral of the signal yield multiplied by ·B0

s
• Signal yields are normalized to yields of B0 æ D(ú)≠µ+‹µ
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Results: |Vub|/|Vcb|

|Vub|/|Vcb|(low) = 0.0607 ± 0.0015(stat) ± 0.0013(syst) ± 0.0008(Ds) ± 0.0030(FF )

|Vub|/|Vcb|(high) = 0.0946 ± 0.0030(stat)+0.0024
≠0.0025(syst) ± 0.0013(Ds) ± 0.0068(FF )
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• |Vub|/|Vcb|(high): compatible with �b æ pµ≠‹µ

• Discrepancy between |Vub|/|Vcb|(low) and other Measurements
• Need to measure the full q2 shape of B0

s æ K≠µ+‹µ
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• The signal is either a Bs0 or Λb0 decaying 
into either a kaon or proton with the 
lepton pair.



Fitting technique
• The key to determine the signal yield is to fit the corrected mass.
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3. Selection 7/17

The corrected mass

Fit the corrected mass:

Mcorr =
q
p2? +M2

pµ + p?

Determine its uncertainty.

Reject candidates if:
�Mcorr > 100MeV/c2
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• Corrected mass peaks at Λb/Bs mass if not missing any massive particles.
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Figure 1: Distribution of mcorr for (top) the signal B0
s ! K�µ+⌫µ, with (left) q2 < 7GeV2/c4

and (right) q2 > 7GeV2/c4, and (bottom) the normalization B0
s ! D�

s µ
+⌫µ channel. The points

represent data, while the resulting fit components are shown as histograms.

by a combined shape. Other sources of background are the decays of the form B !
D

�
s DX and the semitauonic decay B

0
s ! D

�
s ⌧

+(! µ
+
⌫µ⌫̄⌧ )⌫⌧ . Due to similarity of their

shapes, the B
0
s ! D

⇤⇤�
s µ

+
⌫µ channels are grouped with Bs ! D

�
s DX decays, while

B
0
s ! D

�
s ⌧

+(! µ
+
⌫µ⌫̄⌧ )⌫⌧ is combined with Bu,d ! D

�
s DX decays.

The corrected mass distributions of the signal and normalization candidates are shown
in Fig. 1, with the binned maximum-likelihood fit projections overlaid. The B0

s ! K
�
µ
+
⌫µ

yields for q2 < 7GeV2
/c

4 and q
2
> 7GeV2

/c
4 regions are found to be NK = 6922 ± 285

and 6399 ± 370, respectively, while the B
0
s ! D

�
s µ

+
⌫µ yield is NDs = 201450 ± 5200.

The uncertainties include both the e↵ect of the limited data set and the finite size of the
samples used to derive the fit templates. Unfolding the two e↵ects in quadrature shows
that they have similar sizes.

This is the first observation of the decay B
0
s ! K

�
µ
+
⌫µ. The ratio of branching

fractions is inferred as

RBF ⌘ B(B0
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�
µ
+
⌫µ)
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=
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The unique opportunity of Bs0 mesons
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• Another important target was to access flavour observables utilising the huge production of Bs0 
mesons produced at the LHC. 


• While the B factories could produce Bs0 mesons, it was at a reduced rate and a more complicated 
environment compared to B0 and B+.


• At the LHC, Bs0 mesons account around 10% of the production, meaning large datasets were 
available.


• Two golden modes were of particular focus at the start of LHCb data taking:


• Search for the ultra rare decay Bs0—>µµ.


• Measurement of the CP violating phase ɸs in Bs0—>J/ψɸ decays.


• The first three flavour physics publications of LHCb were all on Bs0 decays.
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The flavour problem
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• Naturalness implies NP at the TeV scale.


• Flavour physics constraints imply NP at > O(100) TeV scale

• The key point is that flavour measurements always probe a combination of the coupling and energy 
scale. (We will see this in more detail in lecture 3). 


• These energy constraints assume O(1) flavour violating couplings.


• If you assume Minimal Flavour Violation (MFV), then NP is also suppressed in the same way it is in 
the CKM matrix.

• How to reconcile these two?


