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An Introduction to Flavour Physics

* What's covered in these lectures:
1. An introduction to flavour in the SM.
= A few concepts and a brief history of flavour physics.
2. CP violation (part 1)
3. CP violation (part 2).

4. Flavour changing neutral current processes.
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SM particle content

mass - =2.3 MeV/c? =1.275 GeV/c? =173.07 GeVi/c? 0 =126 GeV/c?
charge -» 2/3 2/3 2/3 0 0 H
¢£ spin = 1/2 w 12 112 3 1 0
g up charm top | t')"(;ggﬁ
8 =4 8 MeV/c? =95 MeV/c? =4 18 GeV/c? 0
o -1/3 -1/3 -1/3 0
X 112 1/2 3 112 1 |
down strange bottom - photon H
0.511 MeV/c? 105.7 MeV/c? 1.777 GeVic? 91.2 GeVi/c?
-1 -1 -1 0
1/2 g 12 w 12 y 1 7))
-
electron muon tau ~ Z boson O
W m
v <2.2 eVic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeV/c? 8
g 0 0 0 +1 w
= e 112 12 1 O
oy -
electron muon tau
“ ' neutrino neutrino neutrino | WV boson g

T. Blake




Flavour in the SM

* Particle physics can be described to excellent precision by a very
simple theory:

ESM — »CGauge (Acm %) + »CHiggs(¢a ACL7 wz)
with:

= (Gauge terms that deals with the free fields and their
interactions by the strong and electroweak interactions.

= Higgs terms that gives mass to the SM particles.
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Flavour in the SM

T. Blake

The Gauge part of the Lagrangian is experimentally very well
verified,

. 1 a V,a
Lauge = Y 100 PY; — Y 1 Fo, Frea
7, a @

The fields are arranged a left-handed doublets and right-handed

singlets
¢ — QLauRadRaLLaeR
_(fur (VL
QL — (dL> , LL — (6L>

The Lagrangian is invariant under a specific set of symmetry
groups: SU(3). x SU(2)r, x U(1)y

There are three replicas of the basic fermion families, which
without the Higgs would be identical (huge degeneracy).




Flavour in the SM

* The Higgs part of the Lagrangian, on the other hand, is much
more ad-hoc. It is necessary to understand the data but is not

stable with respect to quantum corrections (often referred to as
the Hierarchy problem).

It is also the origin of the flavour structure of the SM.

 Masses of the fermions are generated by the Yukawa mechanism:

QLYY dho+ ... — di MEdL + ...
QLY dl g+ ... — ul MIul + ...
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Flavour in the SM

* (Can pick a basis in which one of the Yukawa matrices is diagonal,

e.g.
yqa O O Yo 0O O .
Yo=|0 wo. O] ,Yu=V'|O0 wy. 0] ,y~= !
0 0 0 0 1 174GeV

 The matrix Vis complex and unitary (VTV = 1).

* TJo diagonalise both mass matrices it is necessary to rotate u. and
dL separately. Consequently, V also appears in charged current

 Vis known as the Cabibbo, Kobayashi, Maskawa matrix.
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Flavour in the SM

mass eigenstates # weak eigenstates

d,s, b d,s, b
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_epton and baryon numboer

 SM Lagrangian is invariant under U(3) symmetries of the left-
handed doublets and right-handed singlets it fermions are

massless.

. . 1 a V,a
EGauge = th%ﬂ% — Z @FM,/F'UJ .
7, a @

 U(3) symmetries are broken by the Yukawa terms, the only
remaining symmetries correspond to lepton and baryon number

conservation.

 These are "accidental” symmetries, coming from the particle
content rather than being imposed.
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Free parameters of the SM-

T. Blake

3 gauge couplings
Higgs mass and vacuum expectation value " Flavour parameters

6 quark masses

3 quark mixing angles and one complex phase (in V)

3 charged lepton masses

3 neutrino masses

3 lepton mixing angles and (at least) one complex phase
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Why is tflavour important?

T. Blake

Most of the free parameters of 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 accessible at LHC.

= |f there are new particles at the TeV-scale, why don't they
manifest themselves in FCNC processes (the so-called
flavour problem)?

BEE



Puzzles”?

 Why are there as so many parameters and why do they have the
values they do?

 Why do we have a flavour structure with three generations?

= We know we need 3+ generations to get CP violation. Are there
more generations to discover?

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

= \Why is the neutrino flavour sector so different (neither small nor
hierarchical)?

T. Blake
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Flavour hierarchy?

CKM matrix for quark sector PMNS matrix for neutrino sector

T. Blake
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T. Blake

Large hierarchy in
scale between the
masses of the fermions.

Equivalent to having a
large hierarchy in the
Yukawa couplings.

Why is this hierarchy so
large”? Why is yt ~ 17

mass [eV]
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Symmetries and tlavour
Historical perspective on Flavour in the SM



|ISOSpPIN

e Proton and neutron have:

= Different charges but almost identical masses.
= An identical coupling to the strong force.

* |n 1932 Heisenberg proposed that they are both part of the an
Isospin doublet and can be treated as the same particle with
different isospin projections.

o(l, Iz) = (V2,%2), n(l,1z) = (V2,-V2)
* Pions can be arranged as an Isospin triplet,

t(l, Iz) = (1,+71), (1, 1z) = (1, O) , (I, 12) = (1,-1)

T. Blake 16



|ISOSpPIN

* Heisenberg proposed that strong interactions are invariant under
rotations in |sospin space (an SU(2) invariance).

= |sospin was conserved in strong interactions.

= |sospin is violated in weak interactions.

* We now know that this is not the correct model but it is still a very
useful concept.

oclp+p—=d+aT)iolp+n—d+n)=2:1

* [t works because my ~ ma < Aqcp and can be used to predict
iInteraction rates.
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Clebsch-Gordon coefficients

36. CLEBSCH-GORDAN COEFFICIENTS, SPHERICAL HARMONICS,

AND d FUNCTIONS
J J
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Kaon observation

e In 1947, Rochester and Butler observed two new particles with masses
around 500 MeV and relatively long lifetimes.

+ +
N

e

T Blake | 19



%)
)

S=+1

e (Concept of quarks introduced by Gell-
Mann, Nishijima and Ne'eman to
explain the “zoo” of particles.

* Now understood to be real
‘fundamental” particles.

e Strangeness conserved by the strong
interaction but violated in weak decays.
\ }@ X@

 QOrganised by
Y=B+S Q=el,+Y/2)

/NN

baryon , K o0
y strangeness  Isospin \/\
number Q=-1

T Blake | 20



Quark model

meson

e (Can only make colour neutral objects:

= Quark anti-quark or three quark combinations

—_—
(mesons and baryons).

N

baryon

T. Blake 21



SU(2) flavour mixin

* Four possible combinations from u and d quarks
wa, dd, ud, du
e Under SU(2) symmetry,

= 110 IS @ member of an isospin triplet, n is a isosinglet

0 (v — dd),

T :% n:%(uﬂdea)

T. Blake
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SU(3) flavour mixin

e [ntroducing the strange quark, under SU(3) symmetry we now have an
octuplet and a singlet.

1 _ 1
7 = — (uu — dd), —
\@( ) m /3

* Physical states involve a further mixing

(vt + dd + s3), (vt + dd — 253)

1
778—%

n = 11 cosf 4 ng sin b 77’ = —ny sin @ + ng cos 6

T. Blake 23



Quark model

T. Blake

Volume 8, number 3

PHYSICS LETTERS

1 Fe g
‘. s

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M. GELL-MANN
California Instifute 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 is one in which the triplet has spin % and

= -1, so that the four particles d~, s~, u® and p°
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 assign to the triplet t the following
properties: spin z, z = -3, and baryon number §.
We then refer to the members uf, d-3, and 8-7% 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), (qaqaqd), etc., while mesons are made out
of (qd), (qqgg), 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. '

24



Quark model

e (Can only make colour neutral objects:

= quark anti-quark or three quark combinations
(mesons and baryons). Nearly all known
particles fall into one of these two categories.

= (Can also build colour neutral states containing
more quarks (e.g. 4 or 5 quark states).

pentaquark

T. Blake
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Exotic charmonium states

e Several exotic states have recently been discovered:
= X(3872) by CDF, Z(4430)+ and Y(4140) by Belle etc

* These states decay to charmonia and have masses below the b-
guark mass.

= 7(4430)+ is charged, therefore has minimal quark content ccud

 States could be weakly bound molecular DD states or genuine
four quark states or an admixture of the two.

T. Blake



Dalitz plot formalism

e 3-body phasespace is flat in the

T. Blake

Often analyse three body
decays in terms off the Dalitz

plot formalism.

n-body decay rate:

(2m)*
2M

dI’ =

IM|*dé(p1 ... pn)

For a 3-body decay:

1 1
dI' =

(2m)3 32M3

Dalitz plot.

9
|M‘ dm%Qdm%g

(Mp?-Mg)2

m2(Pa,Pc)

(Ma+Mc)r

| - | |

2 ) N ~)2
(Ma+MB) mz(PA,PB) (Mp -Mc)

A,Bx parallel B
;\\ \ A at rest
N -
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Dalitz plot formalism

e Often analyse three body
decays in terms off the Dalitz
plot formalism.

 Resonances appear as bands
in the Dalitz plot.

= Number of lobes is related to
spin of the resonance.

spin-1
resonance

T. Blake
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Pentaguark aiscovery

* InAy = JWpK™ decays, the % 26
LHCb experiment sees a S.

resonant contribution tothe S f § :
J/b p mass. “r 1,
20 1!
* This contribution would have = 1
minimal quark content ccuud 181
 Jo understand what the 16_2" — V 5 &
contribution is, need to mg, [GeV]
perform an amplitude [LHCb, Phys. Rev. Lett. 115 (2015) 072001]
analysis of the Jay pK ™~
system.

T Blake | 29




%2200 —=— data
= 5000 * —e— total fit
o) (a) LHCb background

* Perform an amplitude analysis of the
Ji pK ™~ system allowing for
contributions from all known A
resonances.

 Data can be described by
introducing two new Jj) p states.

[LHCD, Phys. Rev. Lett. 115 (2015) 072001]

= States have opposite parity, one is
wide with J = 3/2 and the other
narrow with J = 5/2.

T Blake | 30



Pentaquark

122 12 - Argand diagram |
e How can we be sure 2 / < phase
that these really are /TIN5 rotation
genuine new states? . :

D
o

e Resonances should
have a pole:

B
o

N
o

phase [degrees] or |[mag|”~2 [arbitrary units]

96 38 40 42 44 46 48 50 28 =6 =4 =2 0 2 4 6 8
m [GeV] Re(amp)

= Exploit the phase

\ Q:‘: 0.1F (b) ]

rotation of a BW. E

* From amplitude: _ ___________________ E
A(t) = exp(—i(E — Ep)t —T't/2) *f P(4380)
e Fourier transform is: |
A(E) i3 El T/2 g 587055 05 10 07 508 o 008 o 5'5".'J;".a'o's'"i"'0'1;5"a';"aig"a'g'"a'gg"a'g"fss
—Ey— i

Re A% Re A%

[LHCb, Phys. Rev. Lett. 115 (2015) 072001]
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A more complicated picture

T. Blake

New result
combining Run 1
and Run 2 data.

Shows a new narrow
state P.(4312)+.

Previous P¢(4450)+
state resolved into
two narrower states.

Two of the states are
near the D" and
the ¥+ D*
thresholds.

(GeV?

2

Jyp

26 3. ®
- n,:' -'-" 3= . . 1028
... LHCb preliminary 3
04 “+ " Run1+Run2 R
4 > ,8_
n . T -.‘:» x g
N o B
L3 @
22 R T o
- g 0 - - ©
-  h -~ ©
| . LE " 10 O
20— S
18— s 3 -
1.1 11 l .1 11 I 1 1 1 I 0 1 1 l L1 1 1 I l 11 l 1 1 1 1 | 1 1 1 l A1 1 1 —
Y 3.5 45 5 55 6 65

[LHCb, arXiv:1904.03947]
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Cabibbo angle

T. Blake

The quark content of the K+ and K° are (su) and (5d)
The main decays of the K+ are

Kt — ,u+uu and KT — 7leTu,
l.e. It decays via the charged current interaction.

The charged current interaction couples to left-handed
doublets, therefore need to construct a doublet that allows
s—u and d—u.

Cabibbo proposed a solution in terms of quark mixing

u o\ u
d )] \ dcosOc + ssinfc

33



Cabibbo angle

T. Blake

The quark mixing angle, fc, is determined experimentally to be
sin ¢ ~ 0.22

Cabibbo’s proposed solution also explained a discrepancy
between the weak coupling constant between muon decays and
nuclear decay.

However, this opened up a new problem, why Is
DIKY — u] >TKY = ptp™] ?

If the doublet of the weak interaction is the one Cabibbo
suggested, can have neural currents

Ty =dv,(1—5)d

which introduces tree level FCNCs.

34



GIM mechanism

» Expanding, J;, = $7,(1 — 75)ssin® O¢ + dy, (1 — v5)d cos® O
+ 57, (1 — 75 )dsin O¢ cos O¢

+ J%u — 75 )ssin O¢ cos O

 So was Cabibbo wrong? Glashow, lliopoulos and Maiani provided
a solution in 1970 by adding a second doublet

u o\ U c\ c
d | \ dcosOc + ssinfc ’ s ]\ —dsinfg + scosfc

 The second doublet exactly cancels the FCNC term.

Quark mixing led to the prediction of the charm quark.

T Blake | 35




GIM at loop order?

* [or “strange” decays still have an W
effective GIM suppression.

e 2 X2 unitarity implies
V’l;,kSVUd + chvcd =0 A=~0

« FCNC decays are very rare,
B(Kg — ,u+,u_) = (6.8 £0.1) X 10~

T. Blake



Observation of Jly

T. Blake

Experimental evidence for charm quark
came in 1974,

Discovery of charmonium (J) at Brookhaven
In pBe = eteX

Discovery of charmonium (y) at SLAC
In ete- = hadrons, ete-, utu-

EW LETTERS

2 DECEMBER 197«

EVENTS /725 MeV

80r

40 -

242 Evems-é

—

70 + SPECTROMETER

60 [J-10% current

30

20

lel ”
0

2.5 2.75 3.0

E At normal current

3.25 3.5

me+e~[GeV]

*IG. 2. Mass spectrum showing the existence of J.
sults from two spectrometer settings are plotted
»wing that the peak is independent of spectrometer
'rents, The run at reduced current was taken two
nths later than the normal run,



f-t puzzle

* Jwo decays were found for charged strange mesons

ot — 7Y

T st

« The 6 and r had the same mass and lifetime, but the parity of 2m
and 31 is different.

= Resolution Is that the 8 and r are the same particle and parity is
violated in the decay.

T. Blake 38



CandP

e Prior to 1956, it was thought that the laws of

physics were invariant under parity, i.e. mirror
image of a process is also a valid physical
process.

left handed right handed

= Shown to be violated in 3-decays of Co-60

by C. S. Wu (following an idea by T. D. Lee
an C. N. Yang).
 Now know that Parity is maximally violated in

weak decays. positive charge negative charge
= No right-handed neutrinos.

e (is also maximally violated in weak decays.
= No left-handed anti-neutrino. electron positron

 The product CP, distinguishes between matter
and anti-matter.

T Blake | 39



Neutral kaon system

* Ignoring CP violation, the two physical states in the neutral kaon
system are
_|KY) - |KY) _|KY) + |KY)

|K1> = \/§ and |K2> — \/i

under Parity and Charge Conjugation

PIK®) = —|K°) , C|K®)=|K%) and CP|K®)=—|K")

* [or the physical states
P‘K1,2> — —|K1,2> , C‘K1,2> = ::|K1,2> and CP‘K1,2> = ——’K1,2>

.e. they are P, C and CP eigenstates as well.

T. Blake



Neutral kaon system

 What does this tell us about their decays?

W+W_

e P11 C=+1and CP = +1 } shorter lived K

W+W_WO

- P=-1C=+1andCP = -1 } longer lived Kz

* Ko decays to 3m but the 2m decay would be forbidden if CP is
conserved.

T. Blake

41



CP violation in the kaon system

* |n 1964, Christensen, Cronin, Fitch and Turlay observed 2n
decays of K2 mesons (Ky).

Observation of CP violation in the kaon system.

VoLuME 13, NUMBER 4 PHYSICAL REVIEW LETTERS 27 JuLry 1964

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

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

Water

nko
Scintillator | C0r "oV

P Fixed target p+Be experiment
= at Brookhaven AGS

7 //(//'77// -
K? //1231120/3' 7 — 2* Spark Chamber
— — ~ om - ¢ eEEEEeeEEE——. ¢ ez

! ~ ~

Magnet ™~~~

Scintillotor

Water
Cerenkov

57 Ft_to

internal target Helium Bag

T. Blake
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The CKM matrix

and CP violation tn the SM



VIV = 1

* The CKM matrix is a complex 3x3 unitary matrix

= 9 magnitudes and 9 phases
* Unitary condition gives 9 constraints, e.Q.
VudVip + VeaVay + ViaVig, = 0
Vaal® + Vas|* + [V [* = 1
 (Can absorb phases into external quark fields.
= 4 parameters, 3 Euler angles and a single complex phase.

NB If there were only two generations, V would be a real rotation
matrix with no complex phase.

T. Blake | 44




CKM matrix

e Standard form is to express the CKM matrix in terms of three
rotation matrices and one CP violating phase,

1 0 0 C13 0 8136_7;513 C19 s12 0
Vekm = [0 ca3 8923 0 1 0 —s12 c12 0
0 —S93 Cog —s13eti013 () C13 0 0 1

where

Ci5 — COS Qij and S5 — Sl Hz-j

45



Im

Unitarity triangles 4

* Unitarity conditions can be represented by
triangles in the complex plane.

= Six triangles with the same area.

T. Blake

*
VCd cb

46



Jarlskog invariant ﬁ

T. Blake

All of the unitarity triangles have the same area, called the
Jarlskog invariant.

‘J‘ — Im(‘/;JVlekJV ) for 1 # k andj # [

This is a phase convention independent measure of CP violation
In the quark sector.

In the standard notation J = 6120%3623812813823 sin o

Small size of the Euler angles means J (and CP violation) is small
in the SM.

47



Matter antimatter asymmetry
and the Sakharov conditions

48



Viatter dominated Universe

e From CMB measurements by WMAP + Planck

* In early (hot) universe expect annihilation to give
np X Ng ~ Ny

The matter anti-matter imbalance is small but far too large to be
explained by Electroweak Baryogenesis.

CP violation in the SM (quark sector) is too small due to the small
size of the mixing angles and large hierarchy of quark masses.

T. Blake



Sakharov conditions

* Three conditions needed to generate a matter dominated universe
from a symmetric initial state were proposed by A. Sakharov in
1967:

1. C and CP violation.
2. Baryon number violation.

3. A system out of thermal equilibrium.

T. Blake
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Sakharov conditions

e |f we start with an equal amount of matter (M) and anti-matter (M)

ana M — A
M— A

where A and A have baryon numbers Na and -Na.

e |fC and CP are violated
LM — A] #T[M — A]

but even with different decay rates, after sufticient time there will
be equal amounts of matter/antimatter.

T. Blake
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Sakharov conditions

e (Can get round this problem by having two (or more) competing

Drocess
M — A with probability p
M — B with probability 1 — p
M — A with probability p
M — B with probability 1 — p
* Then

AN =Ny -p+Np-(1—p)—Nz-p—Nz-(1—p)
= (p—p)(Na — Np)

 Need Na different from Ng to generate an asymmetry (i.e. baryon
number violation as well as CP violation).

T. Blake



Sakharov conditions

 Even then, the system needs to be out of thermal equilibrium or
I'A—-B+C|=T|B+C — A]

and the asymmetry will be destroyed as fast as it is created.

T. Blake
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Recap )

CP violation in K} Observation
Parity violation | fmeson decays
(1956) (1964)

CP violationin D

CP violation in B
meson decays
(2001)

Observation

Top
discovery
(1995)

of Y
(1977)

meson decays
(2019)

1950 1960 1970 1980 1990 2000 2010 2020

Cabibbo Mixing GIM mechanism CKM matrix
(1963) (1970) (1973)

T. Blake 54



-1n



