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Lecture 1: Flavour in the SM (Today)
» Flavour in the SM
» Quark Model History
» The CKM matrix
Lecture 2: Mixing and CP violation
> Neutral Meson Mixing (no CPV)
» B-meson production and experiments
» CP violation
Lecture 3: Measuring the CKM parameters

» Measuring CKM elements and phases
» Global CKM fits
» CPT and T-reversal
» Dipole moments
Lecture 4: Flavour Changing Neutral Currents

> Effective Theories

» New Physics in B mixing

» New Physics in rare b — s processes
» Lepton Flavour Violation
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Reading Material

» | have provided a short document containing an overview of the course and a reading
list which can be found on the course web page
https://www.hep.phy.cam.ac.uk/ mkenzie/teaching/flavour

» You can also find copies of the slides, problem sheets etc. on that page

» Most of the material for these slides comes from one of the sources on that reading list

Many thanks to Tom Blake, Tim Gershon, Alex Lenz, Niels Tuning,
Mitesh Patel, Monika Blanke and Gino lIsidori for inspiration, ideas and

outright plagiarism

Please interupt if you have a question!

I will be doing some (low-level) quizzing as we go along]!
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What is flavour physics?

7 s . : Flavour in

- Flavour (particle physics) particle physics

R g“ W From Wikipedia, the free encyclopedia Flavour quantum numbers
Nl (Redirected from Flavour physics)

> o Isospin: I or ky

WIKIPEDIA « Charm: C

‘The Free Encyclopedia  In particle physics, flavour or flavor refers to the species of an elementary particle. The  Strangeness: S
Standard Model counts six flavours of quarks and six flavours of leptons. They are conventionally * Topness: T
parameterized with flavour quantum numbers that are assigned to all subatomic particles. They « Bottomness: B’

also can be described by some of family symmetries for the quark-lept Related quantum numbers

« Baryon number: 8
« Lepton number: L
 Weak isospin: T or Ty

“The term flavor was first used in particle physics

in the context of the quark model of hadrons. It « Electric charge: Q
was coined in 1971 by Murray Gell-Mann and his QLTI HY
student at the time, Harald Fritzsch, at a Baskin- (S i
Robbins ice-cream store in Pasadena. Just as ice . “y"j'f':g":syc oo
cream has both color and flavor so do quarks.” . v-2(0-)
« Weak hypercharge: Yiy
RMP 81 (2009) 1887 * Yw=2(Q-Ty

o X+2Yy=5(B-1)
Flavour mixing

* CKM matrix

* PMNS matrix

« Flavour complementarity

VTE

“Heavy flavour physics” predominantly involves study of weak decays of heavy quarks

M. Kenzie 4 / 63



Why bother with flavour physics?

» The SM is beautiful but incomplete - there are fundamental new particles somewhere
High energy frontier Precision frontier

Direct observation Indirect effects

E=mc?

Require E > mc? for direct production

New particles arise in loop processes

» Most direct particle discoveries have been preceded by indirect evidence first!

» Think charm, bottom and top quarks, even the Higgs

» If we don't see New Physics directly at the LHC, indirect evidence can guide us where
to look (or what to build) next
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Standard Model Particles

» Spin-0 particle: Masses of the weak gauge bosons (and fermions) are generated via
the Higgs mechanism which gives rise to new scalars. In the simplest realisation this is
a single neutral particle, the Higgs boson

» Spin-1/2 particles: Matter consists of fermions: {quarks, leptons}, in three

generations
Quarks: Leptons:

U c t Ve Vy Vr

d s b e m T
Quarks: feel strong, weak and EM (up-type ¢ = +2/3, down-type ¢ = —1/3).
Leptons do not feel strong , e, ;1 and 7 EM and weak, v only weak

» Spin-1 particles: carry the fundamental interactions via gauge bosons:

» Electromagnetic interaction: photon
> Weak interaction: weak gauge bosons W+, W—, 20
» Strong interaction: gluons g1,...,gs

Nearly all ordinary matter is first generation only
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Parameters of the Standard Model

» 3 gauge couplings

» 2 Higgs parameters

Flavour Parameters

» 6 quark masses
» 3 quark mixing angles + 1 phase [CKM matrix]
> 3 (+3) lepton masses

> (3 lepton mixing angles + 1 phase) [PMNS matrix]

() = with Dirac neutrino masses

These lectures cover the flavour physics of quarks and | will not discuss neutrinos
(much)
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Aspects of flavour physics

» Families / generations
» 3 pairs of quarks
> 3 pairs of leptons
> Why? Do we know this for sure?
» Clear (and not so clear) hierarchies
> m(t) > m(c) > m(u)
> m(b) > m(s) > m(d)
> m(7) > m(u) > m(e)
> m(vr) > m(vy) > m(ve)?
» Mixing and couplings
» Hierarchy in (quark/lepton) mixings?
> Universality
» (no) flavour changing neutral current (FCNC)
»> Symmetry (violation)
> P/ C /CP/T violation
» Baryon asymmetry of the universe
» Lepton flavour violation / universality?

» Unification
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What'’s with neutrinos?

» Parity violation / chirality
> Neutrinos are only left-handed
» Anti-neutrinos are only right-handed

» BUT NOT massless!
» What happened to right-handed neutrinos?

» New Physics?

» Probe of Grand Unification?
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Checkpoint Reached

2. Flavour in the SM
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Flavour in the SM

A brief theoretical interlude which we will flesh out with some history afterwards J

» Particle physics can be described to excellent precision by a relatively straightforward
and very beautiful theory:

»CSM = »CGauge(Aav 1/}1)

+ LHiggs((I)aAaawi) (1)

= 7EF;L1/F#V + ZlZJEWJ
+ D@ — V(@) + Y509, + h.c. ()
(3)

Gauge terms: describe the gauge fields, A,, and their interactions with the massless
fermions, 1;
Higgs terms: describe the Higgs field, ®, and its interactions with the gauge fields and the
fermion fields
Lsm is invariant under Poincaré and SU(3)c x SU(2)r x U(1)y gauge transformations
—— ——r N —
strong weak EM
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Flavour in the SM

» The Gauge part of the Lagrangian is well verified
SM gauge terms

forces

- 1 a v,a
i D — Y a b "

fermions

['Gauge - Z

J

> Parity is seen to be violated in weak interactions [1,2]
» So we arrange the fermion fields as left-handed doublets and right-handed singlets

with
Quarks: Leptons:

_[uL cr, tr, _
o= (dL> 7 <5L> ’ <bL> and b= <

Ur = ur,cr,tr

Dr =dgr,sr,br

€r

ol

Lr = €eRr, R, TR

KL

)

TL
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Quark Gauge Couplings

» Without the Higgs we have flavour universal gauge couplings equal for all three
generations (huge degeneracy)

SM quark gauge couplings

quarks 3 . .
_ L= _ o =0 j o) j o =] Vi
£quarks = E “/)jmwj - E 7'QLEQC2L'}"I'UvaUUR""LDREDDR
- — N——
J left-handed right-handed
doublets singlets

leptons have been omitted for simplicity

» Writing out the covariant derivatives we see the chiral nature of the weak force

Dq,u = 0, +igs oGl +igoi W, +iYog B

DU,;_L = 8;4 + ng)\an + 'L.Yng/BM
Dby = 0 +igaa G +iYpg B,

strong weak EM
and hypercharge Yo =1/6, Yu =2/3, Yp = —1/3
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Yukawa coupli

P In order to realise fermion masses we introduce “Yukawa couplings”

» This is rather ad-hoc. It is necessary to understand the data but is not stable with
respect to quantum corrections (the Hierarchy problem).

» By doing this we introduce flavour non-universality via the Yukawa couplings, Ya,
between the Higgs and the quarks

SM quark Yukawa (mass) terms

quarks 3 . . X - .. .
Lvukava = D DiYiy Py the. = > (~QL Yy 8Up ~Qp Y5 ®Df +hec)
i, %]

leptons have been omitted for simplicity
P€ gives up-quark masses but is not independent of ® in the SM

> Replace H by its vacuum expectation value, (H) = (0,2)7, and we obtain the quark

mass terms
3

> (—apmgug, — dympdy) (4)
i,
with the quark mass matrices given by ma = vY4 with A = (U, D, L)
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Diagonalising the mass matrices

» Quark mass matrices, my, mp, my, are 3 X 3 complex matrices in “flavour space”
with a priori arbitary values.

» We can diagonalise them via a field redefintion
uL:ULuT, uR:URuTéL, dL:ﬁLdZ”, dR:ﬁRd}g (5)
» such that in the mass eigenstate basis the matrices are diagonal
m?]iag = U£mUUR7 m%ag = bTLmeR (6)
» The right-handed SU(2) singlet is invariant but recall the left-handed SU(2) doublet

gives rise to terms like

9 i wogi
1 whd 7
\/5 LVu L ( )
» In the mass basis this then becomes
9 _i £rtij Aik k
EUL UEJDi ')/;LW“dL (8)

Vekm

This combination, VCKM = Uzijﬁjk, is the physical CKM matrix and generates
flavour violating charged current interactions. It is complex and unitary, VVT =1
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The Standard Model before/after symmetry breaking

The Standard Model of Particle Physics

Spin 0
(Higgs Boson)

Hypercharge ——-»Y

Wesk Isospin--» T, Electric Charge

Gauge boson— Q-YeT,

coupling '
2

sui2)

doublet\ 1/,

2

246 Gov

Unbroken Symmetry

Hypercharge (L)
Weak Isospin (L) —>

Gauge boson—
coupling

Lotthandod (/2
SU(2) doublet \ 1/
2

Lthandod
SU2)doublet \ 1/,

W

Spin 1/2
(Fermions)

< Hypercharge (R]

<«—Waak Isospin (R)

Electric Charge
Q=Y.

su(3)

Spin 1
(Gauge Bosons)

Fermion
coupling

Su(2),

u(),

owon

hwveencance

wE = (wl+iw?)/ V2

Broken Symmetry

Su(3),

Z = cosfp, W3 —sinf, B

) un)
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Flavour in the SM

» CKM matrix transforms the mass eigenstate basis to the flavour eigenstate basis
» and brings with it a rich variety of observable phenomena

mass eigenstates # weak eigenstates

d/ Vud Vus Vub d
s = Vea Ves Ve S (9)
v Via Vis Vi b

» The up-type quark to down-type quark transition probability is proportional to the
squared magnitude of the CKM matrix elements, |V;;|?

a-f“—v’/(: ’iw‘v—vf%

+
\\'\/ \\

~

F’

Weak coupling

g
— 1— Vs
. 2\/57'“( 75)
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Lepton and baryon number conservation

» The gauge part of the SM Lagrangian is invariant under U(3) symmetries of the
left-handed doublets and right-handed singlets if the fermions are massless

J

[:Gauge = ZZ’(ZJ]]ﬁw] — Z iFﬁVFuu,a J

» These U(3) symmetries are broken by the Yukawa terms.

» The only remaining symmetries correspond to lepton number and baryon number
conservation

» These are “accidental” symmetries, coming from the particle content, rather than
being explicitly imposed

We will return to the CKM matrix and CKM metrology later!
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Why is flavour important?

» Most of the free parameters in the SM are related to the flavour sector

» The flavour sector provides the only source of CP-violation in the SM
» Flavour changing neutral current processes can probe mass scales well beyond those

directly accessible at the LHC
> If there are new particles at the TeV-scale, why don't they manifest themselves in FCNC

processes (called the flavour problem)?

Puzzles in flavour
» Why are there so many parameters and why do they have the values they do?

» Why do we have a flavour structure with 3 generations
> As we will see shortly, we know that we need > 3 generations to get CP-violation. Are
there more generations to discover? If not why exactly 3?7

» Why do the quarks have a flavour structure that exhibits both smallness and

hierarchy?
» Why is the neutrino sector so different (neither small nor hierarchical)?
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Mass and flavour hie

12 T

. . S10"°F ]

» Large hierarchy in scale between the 2 X: y
masses of the fermions é 10

6 o .
. . . 10°F v

» Equivalent to having a large hierarchy i
in the Yukawa couplings 10F
. . 1
» Why / how is this hierarchy so large i
N
and why is y ~ 17 10

v v v e u 7 u d s ¢ b ot

CKM matrix for the quark sector PMNS matrix for the neutrino sector

M. Kenzie
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Checkpoint Reached

3. Quark Model History
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> What's the difference between a proton (p) and a neutron (n°)?

» They have similar masses
» They have a similar strong coupling
» Just have a different charge

> In 1932 Heisenberg proposed that (p,n’) are members of an isospin doublet [3]
»> Can be treated as the same particle with different isospin projections
pS(I,Iz):(1/2,+1/2), ’I’L:(I,Iz):(/Q,*l/?)
» The pions can be arranged as an isospin triplet
ot (I, L) = (1,+1), «°:(I,L)=,0), = :(,I.)=(1,-1)
> Isospin is conserved in strong interactions
> lIsospin is violated in weak interactions

» We now know this is not the correct model (it's not an exact symmetry) but it's still a
very useful concept

> It works because m, ~ mg < Aqcp and can be used to predict interaction rates:
op+p—d+nt)olp+n—=d+aY)=2:1
HOMEWORK — can you explain this 2:1 ratio?
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Strangeness (the kaon observation)

> In 1947 Rochester and Butler [4] observed two new particles with mass ~ 500 MeV
and long lifetimes

» Neutral particle (no track) — two charged pions
» Charged particle (track) — charged pion + something
> Long lifetimes, 0(10*105), so dubbed “strange”
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The Quark Model

» Many new particles (a “zoo") discovered in the 50s and 60s

» Gell-Mann, Nakano and Nishijima (1953-1956) [5, 6] suggest conservation of
“strangeness’

> Gell-Mann and Ne'eman (1961) [7, 8] introduced the quark “model” (u,d, s) which
could elegantly categorise them (the “eight-fold way" - flavour SU(3) symmetry) fi

> Gell-Mann and Pais [9, 10]

> Strangeness conserved in strong interactions (production)
> Strangeness violated in weak interactions (decay)

1 The famous “Eight-fold way” was never even published — publish your work!
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The Quark Model

» Can only make colour neutral objects
» Quark anti-quark mesons (¢q) or three quark baryons (gqq).
Nearly all known states fall into one of these two categories
» Can also build colour neutral states containing more quarks
(e.g. 4 or 5 quark states). Only quite recently confirmed

(and still not entirely understood).

pentaquark

tetraquark
el

M. Kenzie
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The Quark Model

Gell-Mann knew about tetraquarks and pentquarks [11,

Volume 8, pumber 3

PHYSICS LETTERS

12]

! “%

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M.GELL-MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964

If we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "eightfold way" 1-3 , we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical ""bootstrap' model for all the strongly in-
teracting particles within which one may try to de-
rive isotopic spin and strangeness conservation and
broken eightfold symmetry from self-consistency
alone 4). Of course, with only strong interactions,
the orientation of the asymmetry in the unitary
space cannot be specified; one hopes that in some
way the selection of specific components of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

Even if we consider the scattering amplitudes of
strongly interacting particles on the mass shell only
and treat the matrix elements of the weak, electro-
magnetic, and gravitational interactions by means

ber ny - nf would be zero for all known baryons ang
mesons. The most interesting example of such 3
model 1s one in which the triplet has spin § and

z =-1, so that the four particles d~, s~, u® and 0
exhibit a parallel with the leptons.

A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we 2ssign to the triplet t the following
properties: spin 3, z = -§, and baryon number 3.
We then refer to the members ui, d-3, and 8% of
the triplet as "quarks" 6) q and the members of the
anti-triplet as anti-quarks §. Baryons can now be
constructed from quarks by using the combinations
{aqaq), (@qqaqqd), etc., while mesons are made out
of (93), (qqd4d), etc. It is assuming that the lowes
baryon configuration (qqq) gives just the represen.
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly give:
just 1 and 8.
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The Quark Model

SU(2) flavour mixing

» Four possible combinations from two quarks (u and d)
@, dd, ud, ud
» Under SU(2) symmetry the 7 and 7 states are members of an isospin triplet and

singlet respectively

L + dd)

0 1. =
™ = —(@wu—dd), n=-—F&=
V2

V2
SU(3) flavour mixing

» Introducing the strange quark (under SU(3) symmetry) we now have an octuplet and
a singlet
= E(uu —dd), m = %(uu + dd + s3),

» The physical states involve a further mixing

1 _
= —(uu+ dd — 2s3
718 \/6( )

n=mnicosh+ngsinf, n = —nisinf+ nscosb



The Quark Model

> Can elegantly categorise states by isospin (up/downess) and strangeness

P Also get the excited states which can be categorised in the same way
Spin-0 Mesons Spin-1/2 Baryons

Strangeness, S
Strangeness, S

-1.0 -0.5 0.0 0.5 1.0
Isospin, I, Isospin, I,

0.0

Homework
» What is the quark content of these states?
» Do you know the spin-1 (spin-3/2) states?
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The Cabibbo Angle

» Compare rates of:
s—uw K" —=pty, (A°—pr~, T —netwe)
d—uw 7" =uty,  (n —petre)
> Apparent that s — w transitions are suppressed by a factor ~ 20
» Cabibbo (1963) [13] suggested that "down-type” is some ad-mixture of d and s

> The first suggestion of quark mixing
> Physical state is an admixture of flavour states

R —— oo
d dcos(0¢c) + ssin(0¢)

» The mixing angle is determined experimentally to be sin(6¢) = 0.22.

M. Kenzie 29 / 63



GIM mechanism

» Cabibbo's solution opened up a new experimental problem
> KT —ptwy, had been seen but not KP —ptp~
-BKL = ptpT) = 7x 1070
-B(KY »efe )~ 1x 10711
> K+ —n0utw, had been seen but not K —70utp~
-B(KY = nOutp=)~1x 10710
» If the doublet of the weak interaction is the one Cabibbo suggested, Eq. (10), then

one can have neutral currents
Jp = d'yu(1—7s)d (11)

which introduces tree level FCNCs (which we don't see)
» Glashow, lliopoulos and Maiani (1970) provided a solution by adding a second doublet

<S'> - (-dsin(ﬂc) + scos(ac)> (12)

» This exactly cancels the term above, Eq. (11)
» Thus FCNC contributions are suppressed via loops
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GIM suppression

» Consider the s —d transition required for K —pu*p~
» Given that my, m. < mw w

A Vi Vi + ViV

s d
= sin(f¢) cos(6c) — cos(6¢) sin(6c)
=0 u,c
» Indeed 2 x 2 unitarity implies that n(bc)
VusVu*d + Vcs‘/cti =0 Y / Z
» Predicts the existence of the charm quark:
> Kaon mixing B l—'

> Low branching fractions for FCNC decays
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Observation of the .J/v

EW LETTERS 2 DECEMBER 197«
. . 8o '
» Experimental evidence for the charm quark came 262 Events<) || |—
in 1974 70 - SPECTROMETER

r &2 At normol current

» Discovery of charmonium (J) at Brookhaven in vyt

pBe — ete™X [14]
» Discovery of charmonium () at SLAC in
ete” — (hadrons),ete™, utu~ [15]

EVENTS /25 MeV

7IG. 2, Mass spectrum showing the existence of J.
sults from two spectrometer settings are plotted
swing that the peak is independent of spectrometer
Tents. The run at reduced current was taken two
unths later than the normal run.
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Charmed Quarks

» We now have a quark model with 4 flavours and one mixing angle
d\ [cosbc —sinbc) (d
5] \sinbc cos Oc s

» Our quark mixing matrix is a 2 x 2 rotation matrix with a single mixing angle (the
Cabibbo angle)

» We will now see why the discovery of CP violation requires a third generation of

quarks
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rmed Multiplets

Mesons
Spin-0 Spin-1
D+ D+
o’ 1.0 o 1.0
Do D+ DY D
o o
g 3
§ g
0.0 € 0.0 €
n E £
n+ = p o+ £
o o
10, 10,
& a
g g
¢ 4
0.0 § 0.0 §
3 3
2 2
s s
& &
- —+-1.0 —+-1.0
10 05 0.0 05 10 10 05 0.0 05 10
Isospin, I, Isospin, I,
v

34 / 63

M. Kenzie



rmed Multiplets

Baryons
Spin-1/2 Spin-3/2
++
cce Q)

2.0 = 3.0
o 20
5
g g
1o £ £
5 5
2 2
5 105
A~ A+
0.0 0.0 ,
g 104
g -1.0 §
z L] ws@10 § s
o 0§ s
3 A% 30 ste 20 2
=0 g Is g
= & > &

- —t-2.0 - - = -3.0

10 05 0.0 0.5 7o 15 10 05 0007 o5 10 1%
Isospin, I, Isospin, I,
v
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Parity violation

» Two decays were found for charged strange mesons
> 9 — ntq0
> 1wt gt

» The 6 — 7 puzzle
> Masses and lifetimes of 6 and 7 are the same

» But 27 and 3w final states have the opposite parity

» The resolution is that 6 and T are the same particle, K, and parity is violated in the
decay [1]
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» Prior to 1956 it was thought that the laws of
physics were invariant under parity, P, (i.e. a
mirrored reflection)

» Shown to be violated in 8 decays of Co-60 by
Wu [2] (following an idea by Lee and Yang [1])
» Now known that parity, P, is maximally violated  lefthanded right handed
in weak decays

» There are no right-handed neutrinos

» Charge, C, is also maximally violated in weak

decays
» There is no left-handed anti-neutrino positive charge negative charge
» The product CP is conserved (Landau 1957 [16])
and distinguishes absolutely between matter and
antimatter
electron positron

» The product CPT is conserved in any Lorentz
invariant gauge field theory
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Neutral Kaon Mixing

HOMEWORK: draw the mixing diagrams for K° —K° in a 4 quark model

>

>

Ignoring CP-violation, in the neutral kaon system the two physical (mass/lifetime)
states are admixtures of the strangeness (flavour) states

K% —|K° K’ + |K°
V2 V2
under parity, P, and charge conjugation, C, the flavour states transform as
PIK°) = —|K°), C|K°) =|K°) and CP|K°) =—|K°). (14)

For the physical states
,P|K1,2> = —|[(1’2>7 C|K1,2> = :F‘Kl,2> and C,P|K1’2> = :|:|K1’2>. (15)

i.e. they are eigenstates of P, C' and C'P as well.

What does this tell us about their decays?
> rtr=  has P=+1, C =+1, CP = +1 - shorter lived K1 = K
» rtr= 70 has P=—1, C = +1, CP = —1 - longer lived K3 = KE

If CP is preserved K7 decay to two pions should be forbidden
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violation

> In 1964 Christenson, Cronin, Fitch and Turlay observed 27 decays of the K> (K7)
meson (this is a beautiful experiment) [17]

VoLuME 13, NUMBER 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)

Watse 484<m* < 494 10
Insertable tungsten target Scintillatoe CtTe"OY
for regeneration rJ\‘J-|.|ILLLn
g L o,
|
30
»
Z
: 20
l
K, decayed w
away by this 494<m*< 504 o ©
point E
H =
i E
i o 2
Helium Bag

7 Fi.to
internal target

to avoid interactions,
. g Water
regeneration etc. Carankol 504<m*<514 10

]

0.9996 0.9997 0.9998 0.9999 1.0000

CP violation can be explained by the CKM mechanism
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CKM mechanism

» In 1973 Kobayashi and Maskawa [18] introduce the CKM mechanism to explain
CP-violation (this paper is rather impenetrable)

» As we will see this requires a third generation of quark and so they predict the
existence of b and t quarks

CP Violation in the Renormalizable Theory of Weak Interaction
Makoto Kobayashi, Toshihide Maskawa (Kyoto U.)
Feb 1973 - 6 pages

Prog.Theor.Phys. 49 (1973) 652-657
Also in *Lichtenberg, D. B. (Ed.), Rosen, S. P. (Ed.): Developments In The Quark Theory Of Hadrons, Vol. 1*, 218-223.
DOI: 10.1143/PTP.49.652
KUNS-242

Abstract (Oxford Journals)
Inafr k of the renormali: theory of weak interaction, problems of CP-

violation are studied. It is concluded that no realistic models of CP-violation exist
in the quartet {without introducing any other new fields.]Some
models of CP-violation are also discussed.
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CKM mechanism

» Kobayashi, Maskawa paper intially went largely unnoticed (be patient with your
papers), it now was has > 10K citations
» They were the first to write down what we now know as the CKM martix, although

they had a mistake

cos 0, —sin 6, cos 0; —sin 0, sin 05 0 60 1 0 0
1=V2=
sin@; cos 0y cos 0, cos 0, cos 0 —sin 0, sin fse*® cos 6, cos 0, sin @3 +sin 6, cos O | — 01 0
sinf,sinf, cos 6y sin 6, cos f;+ cos B, sin Be®® cos 6, sin 6, sin 6 —cos 0, 5in Ge”) =0=0\ 0 0 (@
— Whoops!
» It didn't really start getting noticed until it was picked up by Pakvasa and
Sugawara [19]
» They fixed that mistake but introduced a new one!
cosé, - sinf, cosé, — sing, sinf,
; w6 \fi=t=0( 1 0 0
sing, cosf, cosh, cosh, cosh, - sinb, sinfe’®  cos, cosh, sind, + sind, coshe’ — 01 0
sing, sing,  coso, sind, cosd, + cosh, sinb,e’®  coso, sing, sing,(=jcosh,cos,e’® / 7 =0=0

— Whoops again!
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CKM mechanism

» Eventually (1984) Chau and Keung wrote it down without mistakes [20]
» This has been the PDG version since 1988
» We will now study this parameterisation and see another one which exploits the small

size of A = sinf¢ as an expansion parameter

3drotate 2" rotate arounds’ 1% rotate

around d”  andinclude CP phase  around b

10 0 ¢ 0 se | o s 0 Gz SxCz se”'® 01 =0>=0 (1) ? 8

0 ¢ s 0 1 0 =5 & 0| == —csse® qo-ssse® s [ I)() 00 1
. ) 3=0=

0 —s ¢f|~%e*0 ¢ 0 01 S8 — G50 — oS, — 5.0,5,e ¢

i Ty R 2 — Finally!

» But first let's quickly see the top and bottom discoveries for completeness
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Discovery of bottomonium

» Kobayashi and Maskawa's matrix and mechanism for CP violation predicted the

existence of a third generation
> The YT (bb) resonance was discovered at Fermilab in 1977 [21]

» The top wasn't discovered until 1995 at the CDF and DO experiments [22, 23]

T discovery at E288

NOMBER oF EVENTS WK | 3000)
ioad 5<M<4Gev
15008
20)
@ 1000
100
&gm 500

500 P
| R 300}

"ACCIOENTAL"
PARS

6 8 0 12 @
mass _(GeV)—

Events/(10 GeV/c?)

i L
U000 120 140 160 180 200 220 200 360 280

Top discovery at CDF

o

| I
160 170 180 19Q
Top Mass (GeV/c’

Aln(likelihood)
Lo =
T

T S

Reconstructed Mass (GeV/cz)

We now have a full model of all three generations including mixing and CPV, so next

M. Kenzie

lecture we will see what phenomenology this produces
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Checkpoint Reached

4. The CKM Matrix
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Parameters of the CKM matrix

» 3 X 3 complex matrix

> 18 parameters
» Unitary

> 9 parameters (3 mixing angles, 6 complex phases)
» Quark fields absorb 5 of these (unobservable) phases
» Left with:

» 3 mixing angles (012, 023,013)
» one complex phase (d) which gives rise to CP-violation in the SM

The CKM Matrix

Vud Vus Vub
Veoxkm = Ve Ves Ven
Via Vis Vi

> A highly predictive theory
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Parameters of the CKM matrix

» Absorbing quark phases can be done because under a quark phase transformation

ub — ™

and a simultaneous rephasing of the CKM matrix (Vj — ¢*(®37%:) V)

cidu
Vexkm — eite
ei¢t

i .
%
“ur,

Vu d

Vcd
Via

dy — e'%ad},

Vus
Ves
Vis

Vub
‘/cb eid)s
Viv

et¢d

the charged current J* = ur;Vijy"dr; is left invariant

» So all additional quark phases are rephased to be relative to just one

Degrees of freedom in an N generation CKM matrix

Number of generations 2 3 N

Number of real parameters 4 9 N2

Number of imaginary parameters 4 9 N2

Number of constraints (VVT=1) —4 -9 —N?

Number of relative quark phases -3 -5 —(2N-1)

Total degrees of freedom 1 4 (N-1)?

Number of Euler angles 1 N(N —-1)/2
Number of CP phases 1 (N-1)(N-2)/2

(16)

(17)

v
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CKM parameterisations

» The standard form is to express the CKM matrix in terms of three rotation matrices
and one CP-violating phase (4) [20]

1 0 0 c13 0 size ¥ ci2  s1z2 0
Vekm =10 Cc23 S23 0 1 0 —S12 c12 O (18)
0 —S823 C23 —S13€+i6 0 C13 0 0 1

2nd and 3rd gen. mixing 1st and 3rd gen. mixing + CPV phase 1st and 2nd gen. mixing

—is
C12€C13 S12€C13 S13€

6 6
—S12C23 — C12523813€ C12C23 — $12523813€ $23C13 (19)

—id i
§12823 — C12€23513€ —C13523 — S512€23513€ C23C13

where

Cij = COS(aij) and Sij = Sin(aij)
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CKM parameterisations

» Emprically s12 ~ 0.2, sa3 ~ 0.04, s13 ~ 0.004, i.e. s13 K s23 <K S12
» CKM matrix exhibits a very clear hierarchy

» The so-called Wolfenstein parameterisation [24] exploits this

> Expand in powers of A = sin(612)

> Use four real parameters which are all ~ O(1), (4, A, p,n) where

is

A = S12, 14)\2 = S23, A)\s(p + Z"I]) = S13€

The CKM Wolfenstein parameterisation

1—)%/2 A AX3(p —in)
Vokum = - 1—2\%/2 AN? +0O(\Y) (20)
AN (1 —p—in) —AN? 1

» The CKM matrix is almost diagonal
> Provides strong constraints on NP models in the flavour sector

» Have seen already that quark masses also exhibit a clear hierarchy

» The flavour hierarchy problem
» Where does this structure come from?

M. Kenzie 48 / 63



CKM Unitarity Constraints

> The unitary nature of the CKM matrix provides several constraints, VVT =1
» The ones for off-diagonal elements consist of three complex numbers summing to 0

»> Hence why these are often represented as triangles in the real / imaginary plane (see

next slide)

Constraints along diagonal Constraints off-diagonal
‘Vud|2 + |Vu5|2+|Vub|2 =1 VudVJs + ‘/cd‘/(; +V;5d‘/t: =0
|Vcd|2 + |Vcs\2 +|Vcb|2 =1 VauaVay + VeaVey +V2aVip =0
Via|® + [Vis|* +|Vi|* = 1 VasVao + VesVeo +Vis Vi = 0
Vual? + [Veal® +[Vial* = 1 VauaVed + Vus VitV Ve, = 0
|Vu5|2 + |V;:s‘2 +|‘/t5|2 =1 Vud‘/tz + Vus‘/tz +Vub‘/t>£ =0
Vas|” + Ve |* +[Vao]* = 1 VeaVia + VesVia +Veo Vi, = 0
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CKM Unitarity Triangles and the Jarlskog Invariant

» The off-diagonal constraints can be represented as triangles in the complex plane

VaudVeas+VeaVes+ViaVis = 0
A4+ A+ N

Via Vi Vea Vit ViaVisy = 0 A
A2+ A% 4+ N8

Vus‘éjb“‘%s“:i'i’%s%?; =0 /”\

M4 N N
> All the triangles have the equivalent area (known as the Jarlskog invariant), J/2

» J is a phase convention independent measure of CP-violation in the quark sector
|J| = Im(V;;Vi Vi;Vii) for i £k and j#k (21)
» In the standard notation
J = c12¢15¢a3512523513 sin(d) (22)

» The small size of the Euler angles means J (and C P-violation) is small in the SM
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A clue to our existence: The matter-antimatter asymmetry

» From CMB measurements by WMAP and Plank
NEZNE 6 x 10710 (23)

Ny
» In the early hot universe we expect annihilation (upon expansion and cooling) to give
N XNg ~ Ny (24)
» The matter-antimatter imbalance is certainly small but far too large to be explained

by electroweak baryogenesis.

» But CP-violation in the quark sector is too small because of the size of the mixing

angles and the large hierarchy of quark masses.

Sakharov (1967) conditions [25] [

» required for a matter dominated universe from a symmetric initial state

1. Baryon number violation
2. C and CP violation

3. Interactions out of thermal equilibrium
[ Took 10 years for Sakharov's paper [25] to get cited, it now has > 4000 - be patient with your papers
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Generating a Baryon Asymmetry

If we start with equal amounts of matter (M) and antimatter (M)
And assume there are only two possible decay modes:

» M — A (baryon number N4) with probability p

» M — B (baryon number Npg) with probability (1 — p)

> M — A (baryon number —N 4) with probability

» M — B (baryon number —Np) with probability 1 — p

vy

» Generated baryon asymmetry:
ANtor = Nap+ N5(1 —p) — Nap — Na(1 - p) (25)
= (p—p)(Na — Np) (26)

v

To have ANt # 0 requires both p £ p and N4 # Np
» j.e. need baryon number violation and CP violation

» Even then, the system needs to be out of thermal equilibrium otherwise
I'NA—B+C)=T(B+C — A) (27)

and the asymmetry is destroyed as soon as it's created
Would be a great time to talk about phase transitions in the early universe - | don't have
time but see Alex Lenz's lecture notes for a good summary
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Jarlskog Invariant and BAU

» We can estimate the size of the BAU from CP-violation in the quark sector using the

Jarlskog invariant
nB —Ng ng J X Py, X Py
" —nhp B

ny . ong M2 (28)
where
J = cos(b12) cos(023) cos® (013) sin(012) sin(faz) sin(0;3) sin(0) (29)
Py = (mi —mg)(mg —my)(mi —m3) (30)
Py = (mj —mg)(m —mg)(mi; —mg) (31)
M = mass scale (32)

> Take the mass scale as the electroweak scale - O(100 GeV)

> Generates an asymmetry of O(10'7) < than the cosmological observation of
0(1071)

Thus CP-violation in the quark sector cannot explain the observed matter-antimatter
asymmetry of the universe
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Where is the rest of the CP-violation?

» SM insufficient to describe the BAU
> A large asymmetry requires
» New sources of CP violation
> At higher energy scales
» Where might this be?
» Quark sectors
P Discrepancies with CKM predictions
> Lepton sector
P CP violation in the neutrino sector
» New Physics

P New forces, extra dimensions, lepto-quarks, Z’, w'E
P Many flavour observables are sensitive to generic additions to the SM (we discuss this more in
Lecture 4)
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Prospects for Flavour Physics

» Historically provide evidence before the energy frontier

» GIM mechanism before discovery of charm
» CKM mechanism before discovery of bottom and top
» Neutral currents before the Z
> Electroweak precision before the Higgs
» Very sensitive to loop processes
> Massive virtual particles
SM contributions heavily suppressed (or not allowed)
Flavour changing neutral currents
Penguin decays (CPV from interference between tree and loop)

vyvyyy

Lepton flavour universality

M. Kenzie 55 / 63



Checkpoint Reached

5. Recap
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Parity CP violation |[Observation of || Observation of || Top (-quark) CP violation CP violation CP violation
violation in K°- meson Jly (c-quark) Y (b-quark) discovery in B%- meson || in D°- meson || in Bf.‘- meson

(1956) decays (1964) (1974) (1977) (1995) decays (2001) || decays (2019) || decays (2020)

1950 1960 1970 1980 1990 2000 2010 2020

e

Caibibbo GIM CKM matrix
mixing mechanism (1973)
(1963) (1970)
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In this lecture we have covered
» What is (and what is not) flavour physics

» Flavour in the SM
» The Quark Model in the SM
> |sospin
> Strangeness
» Cabibbo Mixing
» The GIM mechanism
» P and CP violation
» The CKM matrix
» CKM parameterisations and hierarchy
> Unitarity triangles
» The Jarlskog invariant and the Matter-antimatter asymmetry
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End of Lecture 1

End of Lecture 1
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