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Usetul resources & acknowledgments

Heavy Flavour Averaging Group (HFLAV) https://hflav.web.cern.ch

« CKMfitter ckmfitter.in2p3.fr  Utfit www.utfit.org/UTfit/

« Particle Data Group reviews pdg.lbl.gov

e Books: - CP violation, 1.1. Bigi and A.l. Sanda (CUP, 2000)
- CP violation, G.C. Branco, L. Lavoura & J.P.Silva (OUP, 1999)

M. Blanke, arXiv:1704.03753

O. Gedalia & G. Perez, arXiv:1005.3106

Y. Grossman & P. Tanedo, arXiv:1711.03624
J.F. Kamenik, arXiv:1708.00771

Z. Ligeti, arXiv:1502.01372

Y. Nir, arXiv:0708.1872, arXiv:1605.00433

« Reviews & lectures:

Thanks to flavour lecturers at this school in previous years, who provided inspiration
for some of the material shown (esp. T. Gerson, J. Zupan & M-H. Schune).
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What 1s flavour physics
and why should we care ?
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What is flavour physics?

The concept of ‘flavour’ in particle physics relates to the existence of
different families of quarks®, and how they couple to each other

l.e. 6 known flavours of quark, grouped into 3 generations

1270 4200

171200

Open queStionS: . Why 3 generations ? No answer yet !
These values (i.e. ‘3’ &

* why do the quarks exhibit this H Y are f
o : . o e masses) are free
striking hierarchy in mass ~ parameters of the SM

These mysteries make the ‘flavour sector’ of the Standard Model of great interest.

Flavour physics * the concept of flavour extends
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'Flavour and the CKM matrix

In the Standard Model quarks can only change flavour through emission of a
W boson (i.e. weak force). For example a t quark can decay into a b, s or d quark:

t Vib b t Vie s ¢ Vig d

But these decays are not equally likely. At the amplitude level they are weighted
by factors that are elements of the Cabibbo-Kobyashi-Maskawa (CKM) matrix, and
these factors vary dramatically — here is another hierarchy we don’t understand !

Via Vus Va 0.9705 — 0.9770  0.21 —0.24 0—0.014
Via Vie Va = 021 =024 0971 —0.973 0.036 — 0.070
Vg Vi. Va 0—0.014 0.036 — 0.070 0.997 — 0.999

These elements of the CKM matrix are also fundamental parameters of the
Standard Model. Why they have these values is another great mystery.
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Parameters of the Standard Model

3 gauge couplings

2 Higgs parameters

strong CP parameter 0

6 quark masses

3 quark mixing angles + 1 phase [i.e. CKM matrix]
3 (+3) lepton masses

(3 lepton mixing angles + 1 phase [i.e. PMNS matrix])

() = with Dirac neutrino masses
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Parameters of the Standard Model

3 gauge couplings

_ These are all flavour parameters !
2 Higgs parameters

strong CP parameter 0 /

* 6 quark masses

« 3 quark mixing angles + 1 phase [i.e. CKM matrix]
* 3 (+3) lepton masses

* (3 lepton mixing angles + 1 phase [i.e. PMNS matrix])

() = with Dirac neutrino masses
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Parameters of the Standard Model

3 gauge couplings
2 Higgs parameters

This is of particular relevance...
strong CP parameter 0

6 quark masses /
3 quark mixing angles [i.e. CKM matrix]

3 (+3) lepton masses

(3 lepton mixing angles + 1 phase [i.e. PMNS matrix])

() = with Dirac neutrino masses
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'CP violation

CP violation (CPV) — difference in behaviour between matter and anti-matter.

First discovered in the kaon system in 1964, opportunities of study were limited
until colliders arrived that could make lots & lots of b-quark hadrons, e.g. the LHC

A recent example from LHCD - look at B meson decaying into a pion & two kaons...
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...the decay probabilities are manifestly different for B- & B* ! In the Standard Model

CPV is accommodated, but not explained, by an imaginary phase in the CKM matrix
9
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https://arxiv.org/abs/1408.5373

Cosmological connections ?

As first pointed out by Andrei Sakharov, CP-violation is one THE DISSIDENTS
requirement for explaining baryogenesis — the process that took gnallengelnMnscov‘l
us from the equal amounts of matter and anti-matter produced
in the Big Bang, to the matter dominated universe of today

IN COLOR:

The problem is that the CP-violation that
appears in the Standard Model, is woefully
inadequate to explain the matter-antimatter
asymmetry we have today.

This is a big problem with the Standard Model !

More & better measurements
may point a way forward.

Hubble Deep Field Details HST - WFPC2
PRC96-01b - ST Scl OPO - January 15, 1996 - R. Williams (ST Scl), NASA
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Problems with the Standard Model

The Standard Model (SM) cannot be a final theory
We have already encountered the following shortcomings:

* No explanation for baryogenesis
* No explanation for the quark or CKM hierarchy
* No real explanation for CP violation, and

why it is only found in the weak interaction.

And there are plenty of others, for example:

* No explanation for dark matter or dark energy

» No explanation for neutrino masses

 Gravity not included

» No explanation for why the Higgs boson has the mass it does
(left to itself the theory would make it much, much heavier)

More ambitious theories (e.g. supersymmetry or SUSY) can solve at least some of
these problems. They generally predict new particles or effects outside the SM.
Finding these effects is the goal of the LHC & many other present/planned facilities !
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Breaching the walls of the Standard Model

The HEP community is searching for ‘New Physics’ - to find this we need to penetrate
the walls of the Standard Model fortress. There are two strategies used in this search.

Make precise measurements of
processes in which New Physics
particles enter through ‘virtual loops’

Use the high energy of, e.g. the
LHC to produce the New Physics
particles, which we then detect

Both methods are powerful. Flavour physics follows the ‘indirect’ approach.
12



‘ Indirect measurements —
an established tradition in science

Eratosthenes was able to determine
the circumference of the earth
using indirect means...
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‘ Indirect measurements —
an established tradition in science

Eratosthenes was able to determine
the circumference of the earth
using indirect means...

...around 2.2 thousand years
prior to the direct observation.
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‘ Indirect measurements —

In flavour physics the guiding principle is to probe processes where
loop diagrams are important, as here non-SM particles may contribute

o P = ~ 7 7%
kot ‘v tqg t ‘ tb

(but as we will see, tree-mediated decays also have their role to play)

Indirect search Precise measurements of low energy phenomena
principle = tells us about unknown physics at energies far
beyond direct searches (~10% TeV in some cases)
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‘ Indirect measurements —

In flavour physics the guiding principle is to probe processes where
loop diagrams are important, as here non-SM particles may contribute

(but as we will see, tree-mediated decays also have their role to play).

Indirect search Precise measurements of low energy phenomena
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‘ Indirect measurements —

Indirect search Precise measurements of low energy phenomena
principle = tells us about unknown physics at energies far
beyond direct searches (~10% TeV in some cases)

For this reason its rather surprising that (spoiler alert ') most flavour
measurements so far agree with the SM, as naturalness told us New
Physics is expected at TeV scale — the New Physics Flavour Puzzle.

Either, there is something specific about
the flavour-structure of the New Physics
that is masking the effect...

. RIP

...or we have put too much trust in naturalness. Naturalness

(?)

Either way, flavour is central to the story !
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Outline of the lecture
contents and schedule
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Flavour topics that we won’t be covering

Flavour encompasses a huge range of areas of study & corresponding experimental
activity. The following are genuine topics of flavour, but ones we will not cover.

« Kaon physics (OK, we will say a little, but not really do it justice)
» Suppressed top decays

« Flavour and CPV violation in the Higgs sector

« Charged lepton-flavour violation, e.g. y—ey

* (g-2) muon anomaly

» All neutrino physics

Instead we will focus on beauty physics, with some discussion on charm.

Flavour physics
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Lecture outline

Introduction v/

Birth of flavour physics & the kaon sector

The beautiful millennium

Flavour structure of the SM

The Unitarity Triangle and CPV measurements
Spectroscopy (a brief digression)

FCNCs or ‘rare decays’

Charm physics

Future of flavour

Note the approach will (necessarily) be from an experimentalist’s perspective.

September 2019
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The birth of experimental flavour
physics and the (continuing)
importance of kaon studies

Flavour physics
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Events of 1964

Cassius Clay Martin Luther King Jnr.

‘i.
becomes »‘z-?\ wins Nobel Peage Prize
heavyweight o

champion
of the world

|

Change of face *
in the Kremlin

Nelson Mandela sentenced
to life imprisonment

27/11/14 YSDA seminar 22



Events of 1964

Caccilice Clav

VOLUME 13, NUMBER 4

PHYSICAL REVIEW LETTERS

nA o al

27 Jury 1964

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*T

J. H. Christenson, J. W. Cronin,I V. L. Fitch,I and R, 'I‘urlay§
Princeton University, Princeton, New Jersey
{(Received 10 July 1964)

This Letter reports the results of experimental
studies designed to search for the 27 decay of the
K,° meson. Several previous experiments have
served!’? to set an upper limit of 1/300 for the
fraction of K,°’s which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit.

In this measurement, Kz" mesons were pro-
duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the
circulating protons by a 13-in, X 12-in. X 48-in,
collimator at an average distance of 14,5 ft, from
the internal target, This collimator was followed

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the K3 decay
leads to a distribution in m* ranging from 280
MeV to ~536 MeV; the K, 3, from 280 to ~516; and
the K43, from 280 to 363 MeV, We emphasize
that m * equal to the K° mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, 6, between it and the
direction of the K,° beam were determined. This

by a sweepin

ancala chauld bo oorn for two hoadsu decay and is,

and a 6-m.x{ Discovery of CP violation (in kaon decays) [ s>

13-in. thickn
first collimai

Nobel Prize for physics in 1980

pparatus and
by observing

the beam.
The experimental layout is shown in relation to
the beam in Fig. 1. The detector for the decay

the decays of K,” mesons produced by coherent

regeneration in 43 gm/cm?® of tungsten, Since the
K.% mesons nraduced hv eoherent recenaratinn

YSDA seminar
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‘ Discovery of CP violation

Observation of 45 + 10 1r*1r- decays in a K% beam [Christenson et al., PRL 13 (1964) 138].

Vorume 13, NumBser 4

PHYSICAL REVIEW LETTERS

27 Jury 1964

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*T

J. H. Christenson, J. W. Cronin,} V. L. Fitch,! and R. Turlay®
Princeton University, Princeton, New Jersey
(Received 10 July 1964)

This Letter reports the results of experimental
studies designed to search for the 27 decay of the
K,” meson. Several previous experiments have
served!”? to set an upper limit of 1/300 for the
fraction of K,”’s which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit.

In this m ement, K,° were pro-
duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the
circulating protons by a 1%-in.X 14-in,X 48-in,
collimator at an average distance of 14.5 ft, from
the internal target. This collimator was followed
by a sweeping magnet of 512 kG-in. at ~20 ft.
and a 6-in. X 6-in.X 48-in. collimator at 55 ft. A
1%-in. thickness of Pb was placed in front of the
first collimator to attenuate the gamma rays in
the beam.

The experimental layout is shown in relation to
the beam in Fig. 1. The detector for the decay

‘The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Kp3 decay
leads to a distribution in m * ranging from 280
MeV to ~536 MeV; the K3, from 280 to ~516; and
the K73, from 280 to 363 MeV. We emphasize
that m * equal to the K” mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, 8, between it and the
direction of the K,° beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.

An important calibration of the apparatus and
data reduction system was afforded by observing
the decays of K_|° mesons produced by coherent
regeneration in 43 gm/cm?® of tungsten. Since the
K.° meanns 5l d hu coh r inn

PLAN VIEW

—
I foot

57 Ft. to «—

internal torget

Helium Bag

Cerenkov

Interpretation: K° not a pure CP-odd eigenstate. Level of CP-even ‘contamination’
given by €, which is now measured to be |e| = (2.228 + 0.011) x 1073 [PDG].

September 2019
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(more thorough discussion on direct

. /
‘ The hefOIC queSt fOI’ 8 & indirect CPV will come later...)

In the CKM paradigm K° —11T is readily explained as indirect CPV. CKM also
allows for the possibility of direct CPV, which can be revealed by measuring the
relative rates of K% and K°_into 1 and %1, which give the parameter Re(¢’/g).

o NA31
E731 .

CP —1 CP +1

K, =K, +¢K,

Re(€’/g)

P “Indirect” from
3 ‘D, = € F
1rect’” 1 asymmetric

decay process KLx mixing D77

T

CP +

[€€2 (€66T) ZTE 1dd ‘TEVNI
[€02T (€66T) 02 1dd ‘123l

A non-zero Re(¢’/g) implies direct CPV,
& Is consistent with CKM picture. Historically, other
models (e.g. superweak [Wolfenstein, PRL 13 (1964) 562]) predicted zero direct CPV.

[Xx 104

Effect is very small, experiment is hard, and first measurements were ambiguous.


https://www.sciencedirect.com/science/article/pii/037026939391599I?via%3Dihub
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.70.1203
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.13.562

(more thorough discussion on direct

. /
‘ The hefOIC queSt fOI’ 8 & indirect CPV will come later...)

In the CKM paradigm K° —11T is readily explained as indirect CPV. CKM also
allows for the possibility of direct CPV, which can be revealed by measuring the
relative rates of K% and K°_into 1 and %1, which give the parameter Re(¢’/g).
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K, =K, +€K g | AL &2
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E731 = w |O

“Indirect” from o1 (G0

“Direct™ in €, as . B |w
asymmetric NA4S —e— NG g

s O K°-K° mixing g §
—— KTeV | B =

T © |@

CP +1 L T N

0 5 10 15 20 25 30 g

A non-zero Re(€’/€) implies direct CPV,
& is consistent with CKM picture. Historically, other
models (e.g. superweak [Wolfenstein, PRL 13 (1964) 562]) predicted zero direct CPV.

[Xx 104

Effect is very small, experiment is hard, and first measurements were ambiguous.
A second round of experiments (NA48, KTeV) was required to show Re(g'/e)# 0.

Lattice QCD prediction not as precise as experiment, but progress being made.
Heroic work! Kaon physics is very difficult - small effects & theoretically challenging.


https://arxiv.org/abs/hep-ex/0208009
https://arxiv.org/abs/1011.0127

In search of the ultra-rare

CP violation is not the whole story. Kaons system is also well suited for searches
for forbidden or ultra-suppressed decays, the most topical of which is K* —» 7 vo.

In SM BR(K* - ntvd) = (8.39 £ 0.30) x 107! [Buras et al.. JHEP 1511 (2015) 033], but
New Physics enhancements possible with sensitivity to mass scales under 100 TeV.

BNL experiments E949 & E787 saw 3 events [PRD 77 (2008) 052003], consistent with SM.
NA62, here at CERN, aims to observe ~100 and make precise measurement of BR.

=—0.12 —_ :
2 5 . Di‘ta _ g r expected rln?s
< 01— .. 0K - mwMC B 200 P =15.3 GeVic
Soo0s ¢ A . =
Né%o.ms = 100
0.04
0.02 0 ul e
0
= -100
—0.02
—0.04 200
_0.06 L PR S T I SR N | I | TR PR B IR 1 1 L L |
15 20 25 30 35 -300 -200 -100 O 100
7" momentum [GeV/c] X [mm]

Pilot measurement released [PLB 791 (2019) 156], based on a few weeks of data taking.
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‘ In search of the ultra-rare

CP violation is not the whole story. Kaons system is also well suited for searches
for forbidden or ultra-suppressed decays, the most topical of which is K* —» 7 vo.

In :'%er , but
Ne Kaon studies have played a critical role in the development TeV.
BNL of flavour physics. They will continue to do so in future. ith SM.
NAG6

However, in the past 2-3 decades the focus has been on beauty: PTBR.

A huge number of decays and processes to explore

» Sizable CPV effects expected (& observed)

In many cases theoretically clean predictions are available

=0.02

-0.04 k- -200 —
_0.06 C o PR S T I SR N | IR | [

| IR L L L I L L |
15 20 25 30 35 =300 -200 -100 0 100
7+ momentum [GeV/c] X [mm]

Pilot measurement released [PLB 791 (2019) 156], based on a few weeks of data taking.
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We live in a golden
age of flavour !

An introduction to the
experiments of B physics

Flavour physics
September 2019 Guy Wilkinson
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2008

‘ 2001 — opening of the age of flavour o (=

Prize

We can date the start of modern flavour physics to the 2001 measurements of the
CP-violating asymmetry in B°—J/@pK?P decays that give unitarity triangle angle 3.

O agks <
.Sj Whs \L 2 BELLE
0 %__D—;"%a I ] J/LPKS +
a 0.5+ _l_ ] %_; T CP'ﬂIpped J/LIJKL
g 1 I R I R i 5 [ é'_
; 1 e | —_ % o>t
< o5k JIWK, . c§ /AK(
0 /w ! 1
05; ; -2 ) .
i , -8 -6 -4 =2 0 2 4 6 8
Gl At (ps)
5 0 5
At (ps)
[BaBar, PRL 86 (2001) 2515] [Belle, PRL 86 (2001) 2509]

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.
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2008

‘ 2001 — opening of the age of flavour ewe \J

We can date the start of modern flavour physics to the 2001 measurements of the
CP-violating asymmetry in B°—J/@pK?P decays that give unitarity triangle angle 3.

R D>
’ JIPKg ’ <[>

'5f | 2 BELLE

0 «F__g;‘”"‘\% L J/PKg +

0.5 - —l— - 't CP-flipped J/yK,
L | | | i N %._

No other area of particle physics has delivered such
a rich and extensive set of results during this period !
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_17||||\\\\\\\|\\\7

5
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[BaBar, PRL 86 (2001) 2515] [Belle, PRL 86 (2001) 2509]

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.
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‘ Why have we made progress?

Very important flavour-physics measurements were performed prior to 2001
(e.g. at ARGUS, CLEO, the SPS and LEP), but since then there has been an
avalanche of results. What has enabled this explosion of progress?

« High-luminosity accelerators with large bbbar production cross-sections;

- Number of b-hadrons produced at LEP ~ 107
- Number of b-hadrons produced (so far) at LHCb ~ 10*?

* Improved and dedicated instrumentation, e.g. vertex detectors and RICHes;

2.0

=
o

Mean b lifetime [ps]
P
N

0.8

Impact of silicon on
b-lifetime measurement

Dominated by silicon

vertex detectors at LEP

1
1986 1988 1990 1992 1994 1996 1998 2000
Year

Cherenkov angle vs momentum in LHCb RICH

Cherenkov angle [rad]

Momentum [GeV/c]

* Improved triggering, essential for hadron collider experiments;
« And not forgetting progress in theory, in particular lattice QCD. 32



Heroes of the age of flavour

b-factories

BaBar (SLAC) & Belle (KEK)

Operated in the 2000’s

e*e- machines with asymmetric
beams for time-dep studies, mainly
at Y(4S), hence B? and B* samples.
Considered ‘clean’ environments.

CDF & DO

Tevatrons ‘general purpose detectors’.
Pioneered b-physics in hadronic collisions.

Important early B, and b-baryon studies.

LHC high-p; experiments  ATLAS & CMS

Their excellent instrumentation gives them
great capabilities in certain b-physics topics,
especially those with dilepton final states.

Important contributions also from BESIII, an e*e- experiment in Beijing. Operates below the
Y(4S), but provides critical measurements of open charm & spectroscopy (at did CLEO-c).
33



Heroes of the age of flavour - LHCb

Designed to be a dedicated experiment for b- and c-physics at the LHC.

M3

Sm — SPD/PS

HCALM2
Magnet

NY

Sm 10m I15m 20m

Flavour physics
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Heroes of the age of flavour - LHCDb

Designed to be a dedicated experiment for b- and c-physics at the LHC.

Dedicated in the sense of the
following attributes:

M3

A\

ma M3

M2 \
SPDIPS pyeat’ - \
ECAL

* Acceptance
Spectrometer 7 "

Vertex 3
geometry is optimised "o
to capture forward- T L g |
peaked bbbar - - ~ 11  AANAN

production.

—-5m (—

NY

Flavour physics
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Heroes of the age of flavour - LHCb

Designed to be a dedicated experiment for b- and c-physics at the LHC.

Dedicated in the sense of the
following attributes:

* Acceptance

* |nstrumentation

Vertex locator
(VELO) and
RICH system
give unique
capabilities
for b-physics.

September 2019



Heroes of the age of flavour - LHCDb

Designed to be a dedicated experiment for b- and c-physics at the LHC.

Dedicated in the sense of the LHCb run-2 Trigger Diagram

° Acceptance LO Hardware Trigger : 1 MHz

readout, high Ev/Pr signatures

* |nstrumentation

° Trigger Software High Level Trigger :
Trigger fully optimised for HLT 1 | (RS rmymam el
b-physics. Allows lower : :

p; thresholds than at ATLAS detector calibeation and siignment

and CMS and ability to :
select hadronic final states. HLT2 (F of inclusive and exclusive triggers ]
3 I 11

12.5 kHz Rate to storage

Flavour physics
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Heroes of the age of flavour - LHCDb

Designed to be a dedicated experiment for b- and c-physics at the LHC.

Dedicated in the sense of the

fOHOWing attribUteS: nstantaneous Luminosity Updated: 18:23:21
~ 4000 ATLAS/CMS lumi
° Acceptance b falls exponentially
A 3500
E 3000
* Instrumentation % 2500
; 2000 -
« Trigger g 1500
99 g Loon LHCDb lumi continually leveled ~4 x 1032
500
. . . 2a-1
« Operating luminosity 0 -/ . l . —  Cm™s
08:00  10:00 1200  14:00 1600  18:00

— ATLAS — AUCE — CMS — LH(b

In run 1 & 2 luminosity
deliberately set to be lower than at ATLAS & CMS, in order to
provide best environment for b-physics measurements.

Total data sample from run 1 & run 2 around 9 fb.

Flavour physics
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Heroes of the age of flavour - LHCDb

Designed to be a dedicated experiment for b- and c-physics at the LHC.

Dedicated in the sense of the y1 e ms \\
. . / \ O\
following attributes: -/, SPDPS o M2 \\
- \\ \\
* Acceptance N}
L
. Locator‘ ol A
* Instrumentation =i
. Trigger U7
» Operating luminosity o

(But these attributes allow for important & unique studies beyond flavour, e.g.
spectroscopy, electroweak, fixed-target proton-gas collisions...).

LHCDb data-taking is now complete, and an upgraded detector is being installed.

Flavour physics
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Flavour structure of the
Standard Model

Flavour physics
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'No Flavour-Changing Neutral
Currents (FCNCs) at tree level

Neutral currents are flavour conserving at tree level

« Photon, gluon, Z have flavour (generation) —universal interactions

q; q;
4q; q; q;

» Higgs has flavour-diagonal interactions N
proportional to quark mass

Whereas only the charged-current
W couplings are flavour changing, with
a very non-trivial structure — V-«

Flavour physics
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Cabibbo-Kobayashi-Maskawa matrix

The CKM matrix appears in the SM Lagrangian as a consequence of diagonalising
the mass matrices. Therefore connected to quark masses (& Higgs mechanism).

Vud  Vus Vb
VC KM — Vea Ves Vi
Via Vis Vi

It must be unitarity, i.e. VCTKM Vekm = VCKMVCTKM =1, and can be parameterised
with three angles and one imaginary phase, which is the origin of SM CPV.

This tight system of four parameters means that CKM physics is highly predictive !

One representation [Chau & Keung, PRL 53 (1984) 1802].

—10
€12¢13 _ S12¢13 ’ S13¢
_ _ _ i o i
Vekm = S12C23 61232331365 C12C23~512923513¢  S23C13
i id
S12923 7 C12C23913€ TC129237512C23513¢  Ca3Cy3

Measurements indicate a striking hierarchy: s,,~0.2, s,5~0.04, s,,~0.004.
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'Observed hierarchy of CKM matrix

A fit to data, imposing unitarity constraint [PDG review], and showing magnitudes:

0.97446 + 0.00010  0.22452 + 0.00044  0.00365 + 0.00012
Vereny = | 0.22438 +0.00044  0.9735970-00010 0 04214 + 0.00076

0.00896 000053 0.04133 4 0.00074  0.999105 =+ 0.000032

/ This is presumably telling
us something, but what?
(very different picture to

\ one seen in neutrino sector)

or represented
graphically:

Hierarchy motivates an alternative representation based on expansion in A = sin 6.
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CKM matrix expressed in
Wolfenstein parametrisation

[Wolfenstein, PRL 51 (1983) 1945]

In the Wolfenstein parameterisation the matrix is expanded in orders of A ~ 0.23.

Vud Vus Vp This is expanded to A3, which
VCKM — Via V.. Vg will be adequate for most of our
: ” ' subsequent discussion, but not all...
Viae Vis Vi 7/
— 2\ A AN} (p —in)
Verm = —A 1— 1\ AN? + O\
AN (1 —p—in) —AN 1

CP violation in beauty and charm
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CKM matrlx expressed mn [Wolfenstein, PRL 51 (1983) 1945]
Wolfenstein parametrisation

In the Wolfenstein parameterisation the matrix is expanded in orders of A ~ 0.23.

Vud Vs |V This is expanded to A3, which
VCKM — Via V.. Vg will be adequate for most of our
: ” ' subsequent discussion, but not all...
Vial| Vis Vi 7/
— 2\ A AN (p — in)
AN (1 —p—in)| —AN 1

Note that at order A3 only two elements are complex: V,, and V. Thus transitions
involving these vertices will be of great interest in CPV studies (but please don’t
forget that it is only phase differences between transitions that are physical).

CP violation in beauty and charm
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.51.1945

Back to FCNCs — although forbidden at tree
level, they still occur, albeit suppressed

FCNCs do occur, but through higher-order diagrams

Charged currents
BR(K* » u*v) = 64 %
BR(D* - K%utv) =9 %
BR(B~ - D°l) = 2.3 %

+

u H

w+

%]
<
=

Neutral currents
BR(K, > utu=)=7 x 107°
BR(D? - nutu™) < 1.8 x10™*
BR(B- » K*I*17) =5 x 1077

The decay rates of FCNCs tend to be highly suppressed w.r.t. tree-level processes.
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Back to FCNCs — although forbidden at tree
level, they still occur, albeit suppressed

Suppression of FCNCs is explained by the GIM mechanism:

« Cancellation of diagrams
relies on unitarity of V-

» Suppression set by the
mass-squared difference of the
virtual quarks, & would be perfect
in the degenerate limit

* GIM, and the smallness
of BR(K®, —p*y’) led to the
prediction of the charm quark

Sinec \WA
S w
K’ u v,

a +
cosOc W’ :
cosbc W~

S w

K’ C v,

a +

-sin0¢ A H

[Glashow, lliopoulos & Maiani, PRD 2 (1970)1285]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.2.1285

The Unitarity Triangle
and CPV measurements
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‘ Unitarity Triangles(s)
The CKM matrix must be unitarity: V(;FKM Vekm = VCKMVJKM =1
This imposes various constraints, including z Viij’;( = () Wwherei=+j.
k

The are 6 such independent relations, which can be represented as unitarity
triangles in the complex plane. Experimentally, the most interesting is:

* * x
VuaVup * VeaVep + ViaVep =0
As the sides are of similar length, & its parameters can be studied in B°, B* decays.
Another, relevant for B physics is:
* * *
Vus ub + Vcs cb + Vtthb =0

Note that the area of all triangles is the same = %2 J, the Jarlskog invariant.

. _ [Jarlskog, PRL
] = 012C12302351231332351n5 ~3%x107° 55 (1985) 1039]
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.55.1039

“The’ Unitarity Triangle

Three complex vectors sum to zero VuaVip + VeaVep + VeaVip = 0
— triangle in Argand plane VudVJb 1 thth .
(F_),ﬁ) Vcd cb Vcd cb

Expressions for angles:
V, o = arg|— VeaVib |
Vea Vi | Vb Vep)
B = arg|— Vchc*b-
VeaVep.

(0,0) (1,0) - VuaVip

Yy = arg|— TR

Upper vertex: p +1if] = (VudVJb)/(Vcd Vep) L 7cdVch

p=p(1—=2%/2+-) n=n1-2%/2+") (9., @, & @, alternative notation)
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“The’ Unitarity Triangle

Three complex vectors sum to zero VuaVip + VeaVep + VeaVip = 0
— triangle in Argand plane VaVis 1 VegVis o
(F_),ﬁ) Vcd c*b Vcd c*b

Goal of Unitarity Triangle tests for angles:
V.,V  Over-constrain triangle by making measurements VeaVis |

V V* of all parameters, in particular, comparing those made ||~ y, LV
cd Vb in tree-level processes (pure SM) and those made ub“eb.
with loops (New Physics sensitive). B Vcdvc*b-

We hope to find inconsistencies ! VeaVss
/I T . I -
(0,0) (1,0) VudVJb]

Yy = arg|— vV oV*

Upper vertex: P + i1 = —(VuaVip)/ Vea Vo) | VedVep

p=p(L—=2/2+-) N=n1-2%/2+-) (9, o, & o, alternative notation)
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‘The B, Unitarity Triangle
VusVup + VesVep + VesVipy = 0

vV, V. O\

Bs

O(%)

The BO, triangle is very squashed, & contains a small angle B, (= -@/2 — see later).
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The Unitarity Triangle —
how do we know what we know

0.7 T | T T | T T ]
w3 4 _
= -
i’ Ex 1B
A 3 41 —
- by — O
dwlemF <t o D
- ?aﬂ':ﬂ:. pas = (<
L - =
a =l
L I O
N
e
E —
i I i i I
0.0
0.4 0.0 0.2 0.4 0.6 0.8 1.0
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The Unitarity Triangle —
how do we know what we know ?

0.7

1
cb ‘ ;t VtS

axdudad amahas CL= 0495
=
H : L
oy
(-+. ::

18TOC 1oNYAMD]

sriiTIniinn

n-n [ [l [l B [ i E E B B E B i I i i i I i i i
04 =2 0.0 0.2 0.4 0.6 0.8

Length of side opposite vy is given by ratio of B® & B°, mixing freq.s & lattice QCD.
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Digression on neutral-meson mixing

Mixing is critical for much of what follows, so warrants a recap of essentials.

Phenomenon occurs for K°, D°, B® and BY systems. Physically caused by
either . and/or

b rk L B d On-shell,
Virtual, n* long-range
Short-l’ange Bg w ii ié W §: Ko ‘:‘........--.-.........' K-0 (Com mon
(box diagrams) intermediate
s s SR, § b d T s StateS)

Physical states are superposition of flavour eigenstates

o
7]}

Subscripts indicate
Short or Long lived p & q are complex and

ceicosen: B0 = pBO 4+ gBO  jpi2+1g? =1

sometimes Heavy or
Light used, or 1, 2.

If CP is conserved the physical states = CP eigenstates, which means ‘%‘ = 1.

Known not to be the case in the K° system, where ¢ = g ~ 2 x 103, and

the SM calculations indicate small, but finite, breaking in other systems too.
Mass and width splittings between physical states:

Am — mL _ m.S' set by short- AF — F.S‘ . FL set by long-

range effects range effects



‘ Digression on neutral-meson mixing

There is a wide range in the sizes of the mixing parameters across the four
systems, which has significant practical consequences for measurements.

K® Large ~500 Maximal ~1

D° Small 0.39+0.11% Small 0.65 + 0.06%
B® Medium 0.769+ 0.004 Small (20+5) x 107*
B%, Large 26.81 £ 0.08 Medium 0.0675 + 0.004

Refs: PDG, HELAV and [Lenz & Nierste, JHEP 0706 (2007) 072]
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http://pdg.lbl.gov/2019/tables/contents_tables_mesons.html
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https://arxiv.org/abs/hep-ph/0612167

Aside: the New Physics flavour puzzle

Remark — mixing parameters are what they are because of SM (CKM, GIM & quark
masses) and could easily be perturbed by New Physics S0 bounds can be set.

Add to SM Lagrangian
higher order terms that T 2
J : A[’NP — Z fQL? QLJ}

would contribute to neutral

meson mixing and CPV i
where c)? is the coupling, and Ayp CP-violating
the mass scale of the New Physics. SOBENEIINEE Observables
_ o KO 1x 103 TeV 2 x 104 TeV
It we assuming th_e coupling Is~1, o 1 x 103 TeV 3 % 10° TeV
(i.e. generic) obtain the following — - PEpp—— P —
bounds on Ayp [Nir, arXiv:1605.00433]. x uele AL IE
BO 7 x 10! TeV 2 x 102 TeV

S

These are enormous ! And
naturalness told us to expect New Physics at the TeV scale. Something is wrong...

Get out clause: couplings are not ~1. One possibility, structure is more specific
e.g. same as in the SM (‘minimal flavour violation’ [Ambrosio et al., NPB 645 (2002) 155] ).
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https://arxiv.org/abs/1605.00433
https://arxiv.org/abs/hep-ph/0207036

[PLB 313 (1993) 498]

Digression on neutral-meson mixing

Mixing leads to an oscillation of probability to observe meson in either flavour
eigenstate with proper time, e.q. if at t=0 we have a B, then at later time t:

BO -4t T
Prob. to decay as X e (14+cosAmg,t)

BO

Time-integrated B-oscillations were first observed by UA1 [PLB 186 (1987) 2471 &
ARGUS [pLB 192 (1987) 245]. BY (BY,) oscillations first resolved by ALEPH (CDF).

BC discovery —  state-of-the-art BO, discovery —

. CDF Run Il Preliminary L=1.0f"

< 2F =

< 05 LHCb : =

[ 9 1-)&‘7 ? S

of £o V T%

L . = 17 —e— data :E.n

-0.5 i | o[ — cosine with A=1.28 §
0" 005 0.1 015 0.2 025 0.3 0.35

ggggggggggggg

Decay Time Modulo 2r/Amj [ps]

[EPJC 76 (2016) 412] [PRL 97 (2006) 242003]

1400 [

1200
1000
800

600 = 4
400~
200 4

state-of-the-art

LHCb
-+ Mixed
-+ Unmixed

[EPJC 79 (2019) 706]
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https://www.sciencedirect.com/science/article/pii/0370269387902887
http://inspirehep.net/record/246220?ln=en
https://arxiv.org/abs/1604.03475
https://cds.cern.ch/record/251278?ln=en
https://arxiv.org/abs/hep-ex/0609040
https://arxiv.org/abs/1906.08356

BY,-B’, mixing — accessing CKM elements

In B° and B systems, mixing driven by Amy, and is calculable in SM.

_ t _
. s
B’ w ; g w B.

LHCb
-+ Mixed
-+ Unmixed

1400 & g
1200 - .54
1000 -

800 E
600 f "'

Y
o
==

Weighted cands. / (0.1 ps)

2

(e}
(== =]

T

1902 (6T02) 62 OCd3)

t [ps]
Depends on CKM elements in box & factors that can be calculated in lattice QCD.

For B, case — G
Am =
61’

Equivalent expression for B® mixing, involving V4. Ratio of frequencies is then

7 Mp mWnB o(x )fB

Am Bd Cam» D€INg a ratio of QCD factors of value
fAm close to 1 can be calculated to a few % in
Ams Ms‘ lattice QCD, hence giving access to |V y|/|V|.
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https://arxiv.org/abs/1906.08356

‘ The Unitarity Triangle —
how do we know what we know ?

V.4Vl 27NV ET
msads. 42
DR L I
=
o <@

: S

i P N

*0a 02 0.0 0.2 0.4 0.5 08 10

Length of side opposite B is given by measuring |V |/|V| from ratio b—u / b—c.
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Measuring |V .|/ | V.|

We can measure the ratio of b—ulv to b—clv processes at hadron level,
but then must use theory or lattice QCD to correct back to quark level.

Hadronic level — Partonic level —
what we measure what we want

Two broad strategies followed:

* Inclusive b—X lv, using e.g. endpoint of p, spectrum to isolate signal from b—X_Iv
[Vip| = (449 4 0.28) X 1073 [2018 PDG review]

« Exclusive, e.g. B—Trlv. But then need calculation of hadronic form factor.

V] = (3.70 £ 0.16) x 10~3 [2018 PDG review]

There is tension between these two numbers at the ~2.5¢ level, which means that
a conservative approach is advisable when using the results to set UT constraints.

Much activity underway to understand this issue, & we can be hopeful of progress !
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