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What causes the difference between matter and antimatter?

@ The CKM matrix arises from the relative misalignment of the
Yukawa matrices for the up- and down-type quarks:

© |t is a 3x3 complex unitary matrix described
by 4 (real) parameters:

> 3 can be expressed as (Euler) mixing angles
> the fourth makes the CKM matrix complex
(i.e. gives it a phase)

® weak interaction couplings differ
for quarks and antiquarks
¢ CP violation
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CKM matrix in the Standard Model

The charged current interactions get a flavour structure encoded in
the Cabibbo-Kobayashi-Maskawa (CKM) matrix V:

9

[-"CC:_\/i

V; connects left-handed up-type quark of the jith generation to left-
handed down-type quark of jth generation. Intuitive labelling by flavour:

([:fL’}/”W:VﬁL + BL"}/MW;VT[}L) .

( Vud Vus Vub \
V = .‘/Cd VCS ‘/Cb 4 V13 — Vub ete
\ Viu Vis Voo |

Matrix V is unitary
by construction

Via W exchange is the only way to change flavour in the SM.
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CKM matrix in the Standard Model

Quarks change type in weak interactions.
We parameterise the couplings V; in the CKM matrix.

All the possible weak interaction involving a W are combinations of:

fof Fof

Wheref = e, u, 7, d, s, b

f'= Ve Vi, Vi, U, C, t

The W= is flavour changing i.e.u - d, s - uetc
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No Flavour Changing Neutral Currents

All observed neutral currents are found to obey AS =0

_ S
Measure ratio: -
K+
— -
Kf. mr+v+v U
+ 0 +
K — JU + M +VM
)
-l
K+
|
u

<107
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CKM matrix in the Standard Model

With u, d, s, ¢ quarks the weak charged current is given by:

- cosB. sinB; d
J _(u/’c)@—'sinec cos O ) ( S )
Normal coordinate

rotation matrix Vud Vus )

With u, d, s, c, b, t quarks this becomes: y
q
|
) Vud Vus vub d W
J =(Uct) | Vea Ves Voo S

O

Via, Vs Vo PutV,_.in
qq’

amplitude

The Cabibbo, Kobayashi, Maskawa (CKM) Matrix
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CKM matrix in the Standard Model

Vud ¢ Vus £ Vub £
W~ Ve
; “~ S \ w- v i \ Ww- v
d - u > u > u
u > T~ d p -< \\ - \\
+ —
Vcd £ Vcs ¢ Vcb £
+ w+ — —
. \}4 Y c \ v b \ W v
e — s —"
-
- \\ T \\ K - \\ D
b t d b t s
- - - - - =vSl th
+
B3 wo | Vi g W By| B wol Vis| Sw By \A VFVIJJ"/
>
> ‘/ > > > ‘/ > > b
d t b S t b



CKM matrix: rotation decomposition

The CKM matrix can be seen as the product of three rotation
matrices and each rotation involves two of the three families:

1 0 0 cos@13 O sin 9138_?:5 cos @1 sinfq2 0
V=|0 cosfa3 sinf23 0 1 0 — sin 015 cosf15 0
0 —sin @23 cos 623 — sin 913835 0 cosfq3 0 0 1

which gives the classic exact parameterisation that can be found

for example on the PDG:

—id

C12€13 ’ $12€13 . 513€

V= | —s12c23 — c12523513€'7 C€12€23 — $12523513€"°  $23C13
$12823 — c12¢23513€"

—C12823 — 312323313515 C23C13

with c;=cosb6; and s;=sin6;, and i,j=1,2,3. 6 is the CP violating phase
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Unitary matrix independent parameters

in general, an n X n unitary matrix has n® real and independent parameters:

» an X nmatrix would have 2n* parameters
» the unitary condition imposes n normalization constraints
» Nn(n - 1) conditions from the orthogonality between each pair of columns:

thus 2n“-n-n(n-1) =n°

In the CKM matrix, not all of these parameters have a physical meaning:
» given n quark generations, 2n - 1 phases can be absorbed by the freedom

to select the phases of the quark fields
> Each u, c or t phase allows for multiplying a row of the CKM matrix by a phase,
while each d, s or b phase allows for multiplying a column by a phase.

thus: n”-(2n-1) = (n - 1)

Among the n° real independent parameters of a generic unitary matrix:
» 22 n(n - 1) of these parameters can be associated to real rotation angles,
so the number of independent phases in the CKM matrix case is:

n“-%nn-1)-(2n—=1)=% (N —=1)(N - 2) [ amitics) | Total indep. params. | Real rot, angles | Complex phase factors
(n—1)2 %n{n -1 %(n —1){n —2)
2 1 1 0
3 4 3 1
4 9 6 3
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CKM matrix: Wolfenstein parameterisation

From measurements, V results hierarchical — 013 <« 023 <« 012

We can see this hierarchy via the Wolfenstein parameterisation:
— the CKM matrix elements are expanded in order of sin 0,
historically called Cabibbo angle Oc:

— Wolfenstein parameter \ = sinBy, ~ 0.22

2 .
[ 1-% A AN (p —in) )
Ve = Y 12 AN2 + 6(0%)
\ AX3(1 — p — in) —AA2 1 )

— Wolfenstein parameters: A ~ 0.22, A~ 0.83,p ~ 0.15, 1 ~ 0.35
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CKM matrix: Wolfenstein parameterisation

From the Wolfenstein parameter \ = sinf2 ~ 0.22, we can get an
idea on the sizes of the various CKM matrix elements:

2 .
( 1— 2% A AN (p —in) )
Vekm = —A 1 — %2 A2 + O(\Y)
\ AX3(1 — p — in) —AA2 1 )
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CKM matrix: Wolfenstein parameterisation

From the Wolfenstein parameter \ = sinf2 ~ 0.22, we can get an
idea on the sizes of the various CKM matrix elements:

2 .
(-2 3 ] ane—im)
Vekm = —A 1 — A—; AN? + O(\Y)
\ AX3(1 — p — in) —AA2 1 )
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CKM matrix: Wolfenstein parameterisation

From the Wolfenstein parameter \ = sinf2 ~ 0.22, we can get an
idea on the sizes of the various CKM matrix elements:

[ |1-% A [ AN (p —in) )

Vekm = —A 1A AN? + O(\Y)

\ AX3(1 — p — in) |—AX2 | 1 | )
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CKM matrix: Wolfenstein parameterisation

From the Wolfenstein parameter A = sinB,2 ~ 0.22, we can get an
idea on the sizes of the various CKM matrix elements:

2 .
( 1— 2% A | AX3(p —in) )
Vekm = —A 1 — %2 AN?
\AX3(1 — p — in) |- A2 1 )

At A2 order, the third generation decouples

n # 0 signals CP violation

+ OO\

— imaginary part of the V, and Vg elements (1% == 3" family)
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CKM matrix: Wolfenstein parameterisation

From the Wolfenstein parameter \ = sinf2 ~ 0.22, we can get an
idea on the sizes of the various CKM matrix elements:

5 B
= I -
\ - I

So the preferred decaysaret - b - ¢c - s - U

+ OO\

Vekm =
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CKM matrix; values of the elements

The CKM Matrix is approximately diagonal: J ~ud+cs+tb

0974 0226 0.004
CKM~ | —-0226 0973 0.041
0.009 —-0.041 0.999

These numbers are obtained with their uncertainties
from the processes mentioned before or global fits

(0.97431 £+ 0.00012) (0.22514 + 0.00055) (0.00365 £ 0.00010)¢*(—66-8+£2.0)°
Vera = | (—0.22500 £ 0.00054) ¢ (O-035120.0010)7 (0 97344 4 0.00012) ¢!~ 0-0018800.000052) (0.04241 £ 0.00065)
(0.00869 4+ 0.00014)e*(~22-23+0.63)° (—0.04124 + 0.00056 )e!(1-056£0.032)° (0.999112 4+ 0.000024)

summer 2018 analysis from UTfit: www.utfit.org
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CKM matrix: Buras-Wolfenstein parameterisation

Usually the Buras correction to the Wolfenstein parameterisation is

used: p=p (1- A%2)
n=n (1-212)

2
( 1A A AN —im) )
V = —A — 2 N2 + O(\)
\ AX3(1 — p — i) —AN? 1 )

Looks indentical to the Wolfenstein one but now the matrix is
unitary also in this “approximation” at all A orders.

Also p +in is phase-convention independent: VoaVe

ub

VeV,

0+ =
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Unitarity relations

{ 3
V'u,d, Vus V'u,b multiply with its hermitian conjugate
Véd .‘/(-:3 Vcb (complex conjugate + transpose)
t= VIV =
 Vida Vis Vip, VVi= VIV =1
* .
> Vij V 1 = 6jk column orthogonality

2; Vij V*kj — 6“( row orthogonality

The six vanishing combinations can be represented
as triangles in a complex plane
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Unitarity relations

The triangles obtained by taking scalar products of neighboring rows or
columns are nearly degenerate. However, the areas of all triangles are the
same, half of the Jarlskog invariant J.

1% 7= 2" family

VudVii+ VeaVi+ ViaVy; 2 O(X) + O(A) + O(X°) = 0

2nd = 3 family

VusViy+ Ves Vi + Vis Vg =2 O(X) +O(X)+0O(X%) = 0

triangles
not to scale

. 15t = 39 family
VudVoi+VeaVi+VidViy =~ O(A?)+O0(A%)+0(A%) =0
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Jarlskog invariant J

J « determinant of the commutator of the mass matrices for the up-
type quarks and the down-type quarks:

= the commutator tells us if the two matrices can be
simultaneously diagonalised or not

= this specific determinant vanishes if and only if
there are no CP violating terms

It iIs a phase-convention-independent measure of CP violation and it
defined as:
Im[V;; ViV Vil = J Y €ikmEjin
m.,mn
In the PDG parameterisation of the CKM matrix:

J = S1,513523C12C13%C23 SINS.

This Is twice the area of the unitarity triangles
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Third unitarity relation

Vud Vi +VeaVi+Vig Vi >~ O(AHY+0(N)+0(AN%) =0
Vid Vib

VisV*» = 0 represents the
orthogonality condition between Vs
the first and the third column of

the CKM matrix (the orientation
depends on the phase
convention)

re-scaled version where sides
have been divided by |VV* |

(0.0) {1.0)

In terms of the Wolfenstein parameterization, the coordinates
of this triangle are (0, 0), (1, 0) and (p, n):
the two sides are (p + in) and (1 - p - in).
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The Unitarity Triangle

ViuaVii+VedVi+ViaVii =~ O(A*)+O(N°)+0(N°) =0

Vi Vib

Vi Vi

= Voo Ve

The angles can be written
in terms of CKM matrix
elements as:
a = arg[—VigVip/ Vaua Vs
B = arg[—V.qV3/ViaVi
v = arg[— Vg Vip/ Vea Vo)
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The Unitarity Triangle

ViuaVii+VedVi+ViaVii =~ O(A*)+O(N°)+0(N°) =0

Vuﬂ' anf? ]/.Fﬂ' V’Eﬁ'
I{?d l/rb V:d I/r:._’:'

(0,0)

In the Wolfenstein parameterisation:

(1,0)

The angles can be written
in terms of CKM matrix
elements as:

a = arg[—VigVip/ Vaua Vs
B = arg[—V.qV3/ViaVi
v = arg[— Vg Vip/ Vea Vo)

¢+ the P/¢p+ angle corresponds to the phase of Vi

¢ the y/¢s; angle corresponds to the phase of V,
¢ the o/¢. angle can be obtained with m -3 — v (assumes unitarity)
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Probing the structure of the CKM mechanism

Many different ways to

measure the angles and sides.

B° - Jy K°

A

(0,0) l (1,0)

¢ We need to measure the angles and sides to over-constrain this
triangle, and test that it closes.

* Need to define observables and experiments to measure these
quantities

M.Bona - Flavour Physics amd CP Violation - lecture 2

25



The Unitarity Triangle

VaudVap + VeaVep + ViaVip, = 0

normalized: 0
e B —nmw, o
P + il \ p

VudV:b

(1-p))|

many observables

functions of p and n:

overconstraining
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Types of CP Violation in the SM




Three Types of CP Violation

Need more than one amplitude to have a non-zero CP violation:
interference

1. Indirect CP violation, or CPV in mixing:
P(B°—- B°)# P( B°— B°)
2. Direct CP violation, or CPV in the decay:
P(B°—>f)z P(B°—>T)
. . _ As t
3.CPV in the interference between =0 Ee/\‘ f

mixing and decay. =;/'
& —
- A;

Cartoon shows the decay of aB®  B°
or BY into a common final state f. ™ At
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Aside: Neutral Meson Systems

The amazing case of neutral non-flavourless meson systems
— considering neutral mesons uu' where u has a different flavour with

respect to u' - so not applicable to cc for example

These systems are:
— K°-K° (ds), D°-D° (cu), B°-B° (db), Bs>-Bs (sb)
they are subject to the mixing phenomenon via box diagrams:

s,u,b,b d,c,ds
i - -
down-type
up-type
K, D, BO, B W W Ro, DO , go, gso
down-type
up-type
. . -
d,c,d,s s, u, b, b
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Aside: Neutral Meson Systems

These systems are:

— K%-K° (ds), D°-D° (cu), B°-B° (db), B.%-B.° (sb)

The neutral meson mixing corresponds to another case of
misallignment between two sets of eigenstates:

Flavour eigenstates — defined flavour content:
M° and MP°
Mass eigenstates — defined masses m, , and decay width I, ,:

pMP + qmo

p & g complex coefficients
that satisfy |p|* + |g|* = 1

In the famous case of kaons: Ks| ~ (1+&)K° £ (1 —e)RO

In the formalism for the B mesons: B. 4 ~ pB° £ q§°
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Aside: Neutral Meson Systems

@® Time-dependent Schrdédinger egn describes the evolution of the system:

0| Mg M\~ pr-Lp|(M
ot\M’| \M 2 \M )

® H is the hamiltonian; M and I" are 2x2 hermitian matrices ( a;=a;)
M =% (H+H") and I = i(H-H")

@ CPT theOrem ImpOSGS M11 - M22 and r11 S rgg
© particle and antiparticle have equal masses and lifetimes

Eigenvalues (u) and mass (Am) and lifetime (AI') differences can be derived
with this formalism:
Wp=Muy—i2T 4=(M;;—i/2T:) = (q/p) (M2 —i/2T;,)
Am=my—-m_ and AI' =TT\
(a/p)? = (M,* —i/12 T1,*) (M, — i/2 T;)
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CPV Types for the B Meson System

)\f =g.%

© Define the quantity A: -
P Ajfcp

1. Indirect CP violation, or CPV in the mixing:

|alp| # 1

2. Direct CP \Liolation, or CPV in the decays: | neutral
|A/A | -+ 1 — and charged B

3. CP violation in interference between mixing and

decay: ImA #0 T~ neurral
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Time evolution and CP violation

© Consider a B meson which is known to be a B (or §) at t=0
© at t>0, the physical state has evolved in time with the amplitutes:

BOonys(t) = eMeTV2cos(Am t/2) B® + i(g/p) e™MeT"2sin(Am t/2) B?

Blonys(t) = i(g/p) e™MeT?2sin(Am t/2) B® + e™MeT"2cos(Am t/2) B?
mixing parameters

Am = mass difference between the two mass eigenstates

— In case of the B° mesons, difference between the heavy and light
states

-~ Amg = 0.507 £ 0.005 h/ps
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Time evolution and CP violation

® If we consider that both B® and B° can decay to the same final state
and considering here a final state that is a CP eigenstate, then the
time evolution of the physical system becomes:

T
f(By,, = fop, At) = Ze—”“' [1 — 8y, sin (AmgAt) + C,, cos (AmgAt)]

_ T
(B = fop, At) = —e TIAH[1L 4 §; _ sin (AmgAt) — Cy,. cos (AmgAt
phya 4 fer fep

u u . : 1 i A 2
® direct CP violation C#0 CiC —dg=- T :Afcp:z
fepr
2ImA
® CP violation in interference S#0 Sy = fcpz
1+ [Afepl

M.Bona - Flavour Physics amd CP Violation - lecture 2 34



Time-dependent CP asymmetries

@® Ingredients of a time-dependent CP asymmetry measurement:
© |solate interesting signal B decay: Brcco-
® l|dentify the flavour of the non-signal B meson (B;,;) at the time it decays.

© Measure the spatial separation between the decay vertices of both B mesons:
convert to a proper time difference At = Az / Byc;

© fit for S and C.

@® The time evolution of B;,; = §°(B°) iS

oAt /750 |
f+(At) = 1 {1 + |—n¢Ssin(AmyAt) — C cos(AmyAt)] }
aTRo ‘

— BP lifetime Tg = 1.530 % 0.009 ps
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Time-dependent CP asymmetries

@ Construct an asymmetry as a function of At:

A(AY)

- T(At) — T(At)

- T(At) +T(At)

A(AL) = Ssin(AmgAt) — C cos(AmgAt)

5 8B 8 & 8 8

5 8 8 & 8 8

At (ps)

Raw asym.

0.5

-0.5

Experimental effects we need to include:
© Detector resolution on At.
© Dilution from flavour tagging

With detector resolution and dilution I b)

H‘m ﬁ\
i —— 5
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