


More advanced

Is CKM matrix
Natural In SM ?

The Standard Model

fermion sector

CKM matrix and CP Violation.



In the Standard Model, charged weak interactions among quarks

are codified in a 3 X 3 unitarity matrix:  the CKM Matrix.

~ half of the
Standard Model

The existence of this matrix conveys the fact that the quarks

which participate to weak processes are a linear combination
of mass eigenstates

The fermion sector is poorly constrained by SM + Higgs Mechanism

mass hierarchy and CKM parameters



The Standard Model 1s based on the following gauge symmetry

SU(2), x U(1)y

2 N\

Weak Isospin (symbol L because Weak Hypercharge :

only the LEFT states are involved )
(LEFT and RIGHT states )

I I, Q Y

doublet L V, A A 0 -1
E‘L' l'/Z -2 - l - l
, _ Idem for the
Leptons |singlet R e~ 0 0 -1 -2 other families
UL l: ! 2 2/3 1/3
doublet L 1 1/ 1 1/3 1/3
C L 2 =-/2 B

singlet R Uy 0

0
quarks |singletR d, 0 0 -1/3 -2/3




Short digression on the mass

- l 1,2
E=p +m’ — 0“6, +m'p=0 < L= 6-'”([16;5(;&—51??'& =0

(iy"0,-m)=0 <> L= f@ﬁ’”w’ — H?;I}[f

myy  =my(P, + By =my(P,F, + BF, )y =

— P, (By) + (P (Pa)l =MV, +V V)

The mass should appear in a LEFT-RIGHT coupling

Vi SU(2) singlet The mass terms are not gauge invariant under
v, : SU(2) doublet SU(2), x U(1)y
ye (I=0,Y=-2) leptonip
Adding a doublet (I=0,Y=-2/3) quark dg
¢+ 1 (I=0,Y=4/3) quark ug \'/'/
¢ - (gﬁ@} I=§ Y=1 vy (I=1,Y=-1) leptoni; /
(I=1,Y=1/3) quark d; ,I h (I= 1 /2,Y= 1}

(I=1,Y=1/3) quark u

Yukawa mteraction : 1/ Lgﬁl// P



b= 1 0
_-\/5 v+ H

9. (W Ve + 8V 0,

(le deuxieme terme est lhermitien conjuge du premier)

L’
[WLWR + WRWL} J— [WLWR + WRWL JH

After SSB
g.rv
m, =
V2 v/sqrt(2) ~natural mass (g~1)
2
g. = \,_ﬂ’le
(A
m,
v

Jde _ M. couplage Hee




In the gauge sector :

M,=0
1
but M, ==vg
2 M, = Recall that
: : 1 z = eca at :
Massive weak gauge bosons M, vg coséd,, e = g sind(W)

~ 2cosq
" mass sector in the gauge

sector is better constrained

v is not known it can be computed
using the muon decay rate
So increasing v increases the mediator
G 92 _ 12 S v~246 GeV mass, which suppresses the effective
V2 8M, 2v weak force at low energies.
This is actually one of the deepest facts
of the electroweak theory: the scale of
weak interactions is directly tied to
electroweak symmetry breaking through
the Higgs field.




—Im u

— Int.ppra - mt. | L Int. _ V‘[f
——Q ¥y O'Q W a=12.73 O = LL_ =1,

—Ini. — Int.
Int. __ Int.
Q Q =0, IUQ universality of gauge interactions

111 The SM quantum numbers are I, and Y
H - The gauge interactions are

_ VW &

H o E ; o BT Flavour blind
[=

I T

In this basis the Yukawa interactions has the following form: — win 4 =ic, ¢ _|

1 0)
— Int. — Int. To be manifestly invariant under SU(2)
__yd Int. U Int. I r Int.

Y, QL; Qﬁdﬂj +Y; QL; ¢MRJ +7Y L gfﬁ ) Y, complex

Two matrices are needed

SSB" < ¢O >= v/\/i; Re(g}ﬂ) — (v +H0)/\/5 to give a mass term to the
\L_l_-type and d-type quarks

. —Int. We made the choice of having the
Int. I / Int. £
L M d d + M ?f [ . ] ] Mass Interaction diagonal
J
where M7 = (1’/6\/2)Yf H % 4 e
. .......
. uR d’R 23
* SSB=Spontaneous Symmetry Breaking 161



To have mass matrices diagonal and real, we have defined: w

The mass eigenstates are:

rd Int. . 174 Int.
dj:jF =V )y‘dij ) d}::,. =(Iy )gdﬁ.j
— (U Int. . — (17U Int.
u, =V, gl ; iy, =(Vy gl
— (174 Int. . — (174 Int.
L= s L =,

_ 7l Int. L . ) . S
VJ:,- = (IL)HVLj VL;- arbitrary (assuming v massless)

In this basis the Lagrangian for the gauge interaction is:

L, = %z_fﬁy’“(ﬁ? Vitd, Wi +he.

The coupling 1s not Unitary matrix
anymore universal
k‘ __umuuciect bt

~d s bds bd s b



In the basis where :
the masses are real
and diagonal

In the basis where :
charged interactions are just
between members of the same family
and CKM is diagonal
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If a similar procedure 1s applied to the lepton sector

-
Since the ngutrino are (were) massless the matrix which
w G ¢ K T e o .
o change thé basis from int-> mass 1s in principle arbitary
T We can always choose Y = V!
Ve Vu Vi L 'L

Now the neutrino have a mass. 1t exists a similar matrix in the
lepton sector with mixing a CP violation
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—Inr.
Int. -
L, = EQLI_ Yo QMWL a=12.3

]_ —Int.

2 —Int _l

. — Int.
Int. A Int. M
-L,=¢ [ Q y U.QLJ_ +;er{ y lﬁjuﬂj —;dﬂi 4"

- 0 ‘ . : )
for the Z° Z" =cos3, W) —sin3,B" ; tan,

i the mass basis (example for d,)

~-L, = (—§+ism 19];,,)64’L als f )d Z,=

cos 19

Facultatif

d"1B,
=g /g

(——+lsm v )d “d Z
cos&‘ 2 3 w7 |

The neutral currents stay universal, in the mass basis :
we do not need extra parameters for their complete

description
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SUMMARY The mass 1s a LEFT-RIGHT coupling and has to
respect the gauge invariance SU(2), x U(1)y
/ @ 2
/ = J =
K4 h (I 1/2"{ 1) W G, B ¢t e p T
—el 1
d s b v, v, v,
MD (DIIDIZDB) MU (U11U12U13) _, _; -
= | D D22Dx = | Un U2 Uz d 77 3t T 27 "y Int.
D31 Do D Ut U U L,=M;d, a’ + My, ul+ MUFL F

049 Complex parameters

uuMnu ( VQU )+

L A

oU

MDLHG -

+ arameters
V(CKM) =V, (V) = (‘}jﬁ’p.n

To have mass matrices diagonal and real,

we have defined: _ w

The mass eigeustates are:

— ('Vd) df?‘-'f : _ ('Vd) dﬂif

The Lagrangian for the gauge interaction is:

L, = %5% y VEVEYd, WE +he.
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There is a direct connection between quark mass matrices and the CKM matrix.

The CKM matrix is not an independent object; rather, it is constructed from the unitary
matrices that diagonalize the up- and down-quark mass matrices:

VCKM — UJ, Ud-

Therefore, the structure of the mass matrices determines the flavour mixing.

A simple way to illustrate this connection is to consider mass matrices with texture
zeros. Texture zeros reduce the number of free parameters and often lead to relations
between quark masses and CKM elements.

As an illustrative example, let us consider only two generations and assume that the up-
and down-quark mass matrices have the same texture:

0 A; .
M, = (A:‘ Bi), 1 = u,d.
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1. Two-family case: up and down sectors

For two families, we have two mass matrices:
0 A,
i (A; B.)
0 Ay
- (3 ).
Each one is diagonalized by a unitary transformation:
UlMUur = Dy,
UiM,Usp = Da.

The left-handed rotations are the ones that enters the weak charged current, therefore :

[Voru = U104}

2. What does the texture zero predict?
A texture zero does not directly give the CKM matrix.

M = ( .
d

Instead, it determines the form of the diagonalization matrices U,, and Uj.
For a mass matrix of the form

0 A

3

the diagonalization requires a rotation

3. Constructing the CKM matrix

The two diagonalization matrices are:

cosf, sind,
U = (— sinf, cos Gu) ’
U, — cosf; sinfy
47 \ —sinf; cosb,)"

The CKM matrix is their mismatch:

Vokm = UlU,.

Explicitly: ¢
“1") , v _ [cos@, —siné, cosfy sinfy
B. CKM ™ \sinf, cosé, —sinf; cosby )’
Aq roduct gives:
Bi)
Vo — cos(6; —6,) sin(6; —6,)
CEM ™\ —sin(f; — 0,) cos(8g—6,))

Therefore the Cabibbo angle is predicted as

Oc =04 — 6, |

Using the texture-zero prediction:

my my,
90 ~ — — —
mg me

(up to a possible relative complex phase if the mass matrices contain complex entries).

Texture zeros — U,, U; — Voxn = UlUd

U — ( cosf; sinb;
"\ -sinb; cos®; /"
For this texture one obtains approximately:
Demo in the next slide g~ ™
1 — m,i .
2
Therefore, for the up-quark sector:
My
6?1, = )
mC
and for the down-quark sector:
m,
[N
mS
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Let's derive step by step where the relation

which gives
mi 2
o= (~m)(B —m) — 42 = 0.
2
. - Therefore:
comes from for a two-family mass matrix with a texture zero:
v 0 A m? — Bm — A* = 0.
i~ \4a B

The two eigenvalues are
For simplicity, let us assume that A; is real (the complex phase can be treated separately):

Bx+B?+4A4?
B (0 A) Mg = T YETTAA
M = . ! 2
A B
In the hierarchical case

1. Diagonalization of the mass matrix my < Mg,

We look for a rotation .
we have approximately:

U— cosf sinf
"\ —sinf# cosf B =~ mj.
Moreover, the determinant gives:
such that
0 myms = 7A2.
m
vTmMu =" . _
0 my Taking the absolute value:
we obtain:
The condition that the off-diagonal elements vanish gives |A] 2 /mims. 9
tan 26 ~ M.
2A my
tan 20 = —-.
B Therefore:
3. Deriving the mixing angle
This is the general relation for the diagonalization of a real symmetric 2 x 2 matrix. 9 g ang my
. tan 20 ~ 2 .
Starting from ms
24 Since the mixing angle is small,
2. Calculating the eigenval tan26 ="
. Lalculating the elgenvalues tan 20 ~ 20,
The eigenvalues are obtained from and using and we get:
det(M — mI) = 0. B ~my m
2 20 ~ 2,/ —,
msy
Therefore:
which gives:
—m A | 0
A B-m| o~ /™
. ma

which gives



Mass matrices are generated/predicted by new symmetry

1. Simple example: a Z5 symmetry

To predict a mass matrix with texture zeros, one needs a symmetry that forbids some
entries of the Yukawa matrix. The basic idea is that the zeros are not arbitrary assumptio

they are consequences of a flavour symmetry.
The Yukawa interaction is
Ly = Qr;Y;; H fr; + h.c.
where Y;; is the Yukawa matrix. After electroweak symmetry breaking,

v
Mz" :lfijﬁa

so a texture zero means:
Y;'j = 0.

This happens because a certain Yukawa term is forbidden by a symmetry.

This new symmetry should be NOT FLAVOUR BLIND !

Consider two quark families:

Q1, Q-

and impose a discrete symmetry

Assume that

Ql — _Qla

Q2 — Qo.
Consider the Yukawa term

Q1H fr.

Under the Z5 transformation:
QleRl — —QleRL
Therefore this term changes sign and is not invariant under the symmetry.
It is therefore forbidden:
Y =0.
The mass matrix then has the structure

0 A
- (2 4).

The zero is not put by hand; it is a consequence of the symmetry.
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An additional flavour symmetry can impose that certain Yukawa couplings
vanish. For example, it may require

u _ ywd __
11_1/11_05

leading to texture zeros in both the up- and down-quark Yukawa matrices.

0

For illustrative purposes, one typically uses the running quark masses evaluated

same renormalization scale (usually 4 = 2 GeV in the MS scheme): !

my(2GeV) ~ 4.7 MeV,
ms(2GeV) =~ 93 MeV.

my _ 47
‘/E = \/ﬁ ~ (.225,

which is remarkably close to the observed Cabibbo angle,

Using these values,

[Vis| ~ 0.225.

10



Pattern IV,,S| Vual Vcﬂl
(Exp. 022) | (Exp.0.0036) (Exp. 0.040)
1 0 iy, [m, mm, m, No (¥,)
MM, 0 m, m, nm, n,
*
(0.17, 0.28) 0.0023 0.040
2 0 m |m, ﬁ[fﬂ+’ﬂ} m, , [m, No (V. 7,)
. + +
M, M, : m, m, m, | \m, m, m, M,
(0.17.0.28) | (0.0011, 0.0058) (0.022, 0.10)
3 - o m, m, OK
M, M, 0 m; m, m,
®
0.22 0.0036 0.040 Pattem V.| @0 V.| e 00028 V| @00
4 0 my | |m, n’ m, No (V. 7,) ! * 0 0 mm m, m, w (o
i m "~ \m M. M, = = 0 m,~ \m m
M., M. ; : mm, m, 1 M. -||J . \‘ ] m, !
* * 0 {0.17.028) 0.0036 0.0036
(0.17,0.28) 0.00021 0.0036
: * 0 0 m, m, oM o
5 * my |, m, m, m, No (V) M, M, = * = m, m, m\m,
MM, * m, m, m, m, = 0 ® 022 0.0036 (0.036,0.043)
* 3
(0.22,0.23) 0.0036 0.0036 (0 e man M m % V)
M, M, = =+ 0 ", 2 \m, ",
* * = om (0.0013,0.0085) 0.0036
! 0y (0 * Mo, |m mam, | m m, % (V,. V)
M. M, s s 0f [ Ym “ym 2 \mm, | \m,
* = * (017,028 (0.0047, 0.0051) 0.0036
; 00 0| fm, [m | [m m, .
MM, of [[+ « «| [{m™m |{m m,
* 0 * (022.039) 0.0036 0.040
o = 0 o m, , |2m, m, m o [m, Ty
M. M, s os s Vm Y m m, m \m,
* 0 * (022.039) 0.0036 0.022,0.10)
7 + 0 & m, o, o m: m, Mo (M)
M. M, of||= * m, m - \mm, m,
= = = 022 (©.0140.021) 0.040
’ O (o= =) | fmyfm | [m® [mm | [m vt
M. M o[l = = m,~\m mm, | mm, |\,
* = * ©.17.028) (0.015,0.020) 0.040
’ (o= |, | [ [ | [, [ v V)
M, M, === =] |Vmym mm, ~\mm,_ | Ym " \m,
= = ® {0.17,0.28) {0.015,0.020) (0.022,0.10)
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Always remember, symmetries are not for free,
you add quantum number and you add new interaction bosons !

Gauge Symmetries and Gauge Bosons

In modern particle physics, interactions are described by local gauge symmetries.

Whenever a new gauge symmetry is introduced, two important ingredients appear:

Gauge group Rank Gauge bosons
1. New conserved quantum numbers, associated with the symmetry. U(1) 1 1
2. Gauge bosons, which mediate the corresponding interaction.
The number of gauge bosons is equal to the number of generators of the gauge group. SU(2) ! 3
For the group SU(3) 2 2
SU(N), SU(4) 3 15
the number of generators is SU(5) 4 24
N%Z -1,
while the rank of the group (the number of independent commuting quantum numbers) is SU(3)|n color
N —1. Ve u q?"
e),’ d), 9y
L
SU(4) leptons as a four colour
& 3 IN FLAVOUR PHYSICS we add new symmetry of type U(1)
Uu .
ui , dj It is the less costly way because you add ONLY a new charge
” . quantum number a ONLY a new boson
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