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« What is the status of the V,, and V,,,\?
— Marecel: Introduction and origin of V., and Vs
— Siim  : Experimental status on magnitudes of V,,

— Veerle : Experimental status on phases of V,,
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Antimatter, CKM, PMNS

Baryogenesis via quark sector

— CP Violation in CKM lead to the idea of Baryogenesis @ GUT scale
* Baryon number and CP violating processes (and non-equilibrium)

— However, electroweak phase transition would wash-out any GUT scale asymmetry in B-L conserving
sphaleron transitions

— EW phase transition is not strong enough to generate sufficient baryon-asymmetry
* Higgs mass is too high

Baryogenesis via leptogenesis

— CP Violation in PMNS allows for Leptogenesis via see-saw mechanism with heavy right handed Majorana
neutrinos

— Lepton asymmetry is communicated to baryon asymmetry via the B-L conserving sphaleron transitions

LHCb
— Does not really study baryogenesis (contrary to what we claim in outreach talks)

— Precision measurements on CP violation and rare decays in flavour decays to look for indirect evidence for
physics beyond the Standard Model

— This cannot be done in a similar way with neutrino physics via neutrino mixing

— LHCb upgrade allows to study Lepton flavor violation and searches for specific types of Majorana neutrinos
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The Origin of CP Violation in the SM in one slide
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The Origin of CP Violation in the SM in one slide

The Standard Model SU(S)Cx SU(2)Lx U(1)Y
is defined for massless particles.

— The massless theory is maximally parity
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The Origin of CP Violation in the SM in one slide

« The Standard Model SU(S)Cx SU(2)Lx U(1)Y *  Spontaneous Symmetry Breaking:

is defined for massless particles. —  AHiggs field is added with a potential in which

_  The massless theory is maximally parity the vacuum breaks the symmetry (vacuum has

11-06-2012 5

maandag 11 juni 2012



The Origin of CP Violation in the SM in one slide

« The Standard Model SU(S)Cx SU(2)Lx U(1)Y *  Spontaneous Symmetry Breaking:

is defined for massless particles. —  AHiggs field is added with a potential in which

_  The massless theory is maximally parity the vacuum breaks the symmetry (vacuum has

L= iWmD' + V() + Yi(vr0)vh
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The Origin of CP Violation in the SM in one slide

« The Standard Model SU(S)Cx SU(Z)Lx U(1)Y *  Spontaneous Symmetry Breaking:

is defined for massless particles. —  AHiggs field is added with a potential in which

_  The massless theory is maximally parity the vacuum breaks the symmetry (vacuum has

L= WD+ V() + Yy(010)5

* The Higgs field allows couplings to the fermion fields: the
Yukawa couplings.

— The Yukawa couplings are free parameters in flavour space
(generation 1,2,3).

— There are four independent 3-by-3 Yukawa matrices.
+2/3 quarks, -1/3 quarks, charged leptons and neutrinos
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The Origin of CP Violation in the SM in one slide

« The Standard Model SU(S)Cx SU(2)Lx U(1)Y *  Spontaneous Symmetry Breaking:

is defined for massless particles. — A Higgs field is added with a potential in which

_  The massless theory is maximally parity the vacuum breaks the symmetry (vacuum has

L= WD+ V() + Yy(010)5

* The Higgs field allows couplings to the fermion fields: the
Yukawa couplings.

— The Yukawa couplings are free parameters in flavour space
(generation 1,2,3).

— There are four independent 3-by-3 Yukawa matrices.
* +2/3 quarks, -1/3 quarks, charged leptons and neutrinos

e After symmetry breaking the fermion fields are re-expressed in terms of mass states
(linear combinations).
— Inthat case the 3-by-3 Yukawa matrices turn into mass matrices
* Diagonalized Yukawa couplings are the masses of the fermions
— The interactions are now no longer diagonal in flavour space

* Quarks: Relation between the mass states and the interaction states is the CKM matrix in the case of
quarks.

— The CKM matrix has one free complex phase

* Leptons: Relation between the mass states and the interaction states is the PMNS matrix.

11-06-2012 5

maandag 11 juni 2012



The Origin of CP Violation in the SM in one slide

The Standard Model SU(S)Cx SU(2)Lx U(1)Y *  Spontaneous Symmetry Breaking:

is defined for massless particles. — A Higgs field is added with a potential in which

_  The massless theory is maximally parity the vacuum breaks the symmetry (vacuum has

L= WD+ V() + Yy(010)5

The Higgs field allows couplings to the fermion fields: the — —
Yukawa couplings. e The origin of CP violation is directly

. _ related to the origin of Mass.
— The Yukawa couplings are free parameters in flavour space

(generation 1,2,3). — Why are the particle masses what

they are?
— There are four independent 3-by-3 Yukawa matrices. Y

* +2/3 quarks, -1/3 quarks, charged leptons and neutrinos

— Why do we have three generations

After symmetry breaking the fermion fields are re-expressed in terms of mass states
(linear combinations).
— Inthat case the 3-by-3 Yukawa matrices turn into mass matrices
* Diagonalized Yukawa couplings are the masses of the fermions
— The interactions are now no longer diagonal in flavour space

* Quarks: Relation between the mass states and the interaction states is the CKM matrix in the case of
quarks.

— The CKM matrix has one free complex phase

* Leptons: Relation between the mass states and the interaction states is the PMNS matrix.
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The Amount of CP Violation

Using Standard Parametrization of CKM:

—id
C12C3 S12€13 S15€ _
V= id id ¢, = cosb,
= [ 7512C23 T C12523515€ C12Ca3 = 312693513€ §23C13 5. =sin6
i i j i
S12873 = CCx38515€ —Cp8y3 = 81,63515€ €€
2 . -5 . T— * *

(The maximal value J might have = 1/(6v3) ~ 0.1)
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The Amount of CP Violation

Using Standard Parametrization of CKM:

—id
C12C3 S12€13 S15€ _
V= id id ¢, = cosb,
= [ 7512C23 T C12523515€ C12Ca3 = 312693513€ §23C13 5. =sin6
i i j i
S12873 = CCx38515€ —Cp8y3 = 81,63515€ €€
2 . -5 . T— * *

(The maximal value J might have = 1/(6v3) ~ 0.1)

However, also required is:
(mt2 —-m’ )(mf -m’ )(mt2 -m’ )(m,f —m’ )(ms2 -m; )(m,f -m, );t 0

All requirements for CP violation can be summarized by:

S fdet [M MY M M1} = =27 (2 =m2 ) (2 =2 )(m2 - m?)

(2 — 2 2 2 2 2
m, —mg )\mg; —m, J\m,; —m,

= 6:10° x 4:10° (GeV”) = 0 — CP Violation

Is CP violation maximal? => One has to understand the origin of mass!
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A word on Baryogenesis

* Originally, Baryogenesis was proposed at GUT scale:
— Baryon violation processes “natural”

* Later, Baryogenesis proposed at EW scale
— Baryon violation provided by sphaleron process
— CP Violation by Jarlskog determinant

— Non-equilibrium by phase transition
e Higgs mass too heavy?

— Size of CPV at T_= 100 GeV

e« J/T12~10% but nB/nv: 1010
— With 4 quark generations (heavier quarks) it is a different story!
— There seem to be other ways out:
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A neutrino is feeble, and it is quite small
But it has a brother and he is quite tall

We call him sterile
But he’s really “ganz geil”

We observe them in awe
As they make their see-saw

One left, one right
| tell you no “shite”

One heavy, one small
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CP in the Standard Model Lagrangian
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CP in the Standard Model Lagrangian
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“You do it your way, and I'll do it my way."
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CP in the Standard Model Lagrangian

(The origin of the CKM-matrix)

L,,, contains:

L.eic :fermion fields
L,,0s : the Higgs potential
L, .owo - the Higgs — fermion interactions

Standard Model gauge symmetry:
Gy = SUB3)xSUQ2), xU(l), — SUB)xU(l),,

Note Immediately: The weak part is explicitly parity violating

Qutline:
e Lorentz structure of the Lagrangian
e Introduce the fermion fields in the SM

o LKineﬁC : local gauge invariance : fermions €= bosons

o L
o L

11:060012* Ve - CPviolation

Higgs spontaneous symmetry breaking

Vukawa - the origin of fermion masses
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The Standard Model Lagrangian

L., =L +L + L

Kinetic 'Higgs Yukawa

° LKineﬁC . o|]ntroduce the massless fermion fields

eRequire local gauge invariance => gives rise to existence of gauge bosons
=> CP Conserving

1ggs *
eSpontaneous symmetry breaking
=> CP Conserving

o L,. . :eIntroduce Higgs potential with <¢> % (L Yo =SUR)exSUQ), xUWD), = SUR):xU (D,
The W+, W-,Z° bosons acquire a mass

o LYukawa : «Ad hoc in’_cerac_tions_betwc.een Higgs field & fermions
=> CP violating with a single phase

o L -> L

mass *

Yikawa . e fermion weak eigenstates: } -> CP-violating

-- mass matrix is (3x3) non-diagonal

e fermion mass eigenstates: } => CP-conserving!
-- mass matrix is (3x3) diagonal

e L;. .. inmasseigenstates: CKM —matrix => CP violating with a single phase
Sept 28-29, 2005 11
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+ LHiggS + Yukawa The KlnetIC Pa rt

S Fermions + gauge bosons + interactions
Kinetic

Procedure: Introduce the Fermion fields and demand that the theory is local
gauge invariant under SU(3).xSU(2), xU(l), transformations.

Start with the Dirac Lagrangian: L =ap(a"y W

Replace: 0" —= D" =0"+ig G'L, +igW'T, +ig'B"Y

Fields: Gt + 8 gluons
W, : weak bosons: W,, W,, W,
Bw : hypercharge boson

Generators: L, :Gell-Mann matrices: %A,  (3x3) SU(3),

T} : Pauli Matrices: ZR (2x2)  SU(2),
Y : Hypercharge: U(1),
o007 For the remainder we only consider Electroweak: SU(2), x U(1),
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+ Lyees + Lyuawa - The Kinetic Part

AT (AN " (DY
Lkinetic'lq)(a Yu)q) %RP(D Yu)l'p
with § = Q]fz" ulleia d]éi’ LILi’ lllei
For example the term with O, /becomes:
Lkinetic (Qéz) = ZQLY MDMQ£1'

iO[, (0" + 2 8.Glh, + gt +g'BY) O

and similarly for all other terms (up/,dp/, L,/ 151).
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+ L

Higgs

+ L. The Kinetic Part

AT (AN " (DY
Lkinetic‘lq)(a Yu)lp %RP(D YM)LP
with § = Q]fz" MIIQN d]éi’ LILi’ l]éi
For example the term with O, /becomes:
Lkinetic (Qéz) = ZQLY MDMQ£1'

iO[, (0" + 2 8.Glh, + gt +g'BY) O

and similarly for all other terms (up/,dp/, L,/ 151).

Writing out only the weak part for the quarks:

. 1
i(u )y, (a“ +—g (' + W, +W3“~c3))(2)

L

LWeak (u, d)i

kinetic

- iZyua“ui + id_iyua“di - %ZYMW'“di - %d_iquWui -
u,! Wtu
ot =] Wi W+ = (IN2) (W, + i W,)
g W - _;
Sept 28-29, ZOOSdLl W (1/\/ 2) (W] : Wy 13
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+L,. +L

awa s The Kinetic Part

Higgs

Lkinetic llp_(auyu)lp — RP_(DMYM)LP
with P = Q]{iﬁ ulleia d]éi’ L[Li’ llgi

For example the term with O, /becomes:

Lkinetic (Qél ) = ZQLY MDM Qéz

iO[, (0" + 2 8.Glh, + gt +g'BY) O

and similarly for all other terms (up/,dp/, L,/ 151).

0 1
e, =

<[
Writing out only the weak part for the quarks: ! _(0 —i)

7 g i 0

ea . ! [ u

LV (u,d). = z(u,d)LyM(éW+5g([/VlM~cl+I/I/2Mr2+VI/3“~c3))(d)L 13-((1) _01)

iufy, 0'u) 4 idjy,0td] - Sy pial - Sedly rte) -

u 1) \/5 u \/5 u
uy! Wi
_________ + = + 9
, =], W W= (IN2) (W,+i W,

Sept 28-29, zoodel W= (1/ \/ 2) (Wl —1 Wﬂ
maandag 11 juni 2012
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. . Exercise:
L P llP (a M'Y )lp — llP (D MY )LP Show that this Lagrangian formally
kinetic u u

, , , , , violates both P and C
; — Show that this Lagrangian conserves CP
with P = QLi s  Upis dRi . LLi , eree

Ri

For example the term with O, /becomes: Lk, = CP conserving

Lkinetic (Qél ) = ZQLY MDM Qéz

iO[, (0" + 2 8.Glh, + gt +g'BY) O

and similarly for all other terms (u,/,dp /L, 1 1,1). T, =(0 1)

Writing out only the weak part for the quarks:

LWeak (u, d)i

kinetic

I

: / I u

l(u’d)LYu(aM+5g(VV1%1+VV2%2+VV3%3))(d) T, = O)
L

=y, 0'ul o+ idjy,0'd; - “Fupy vdl - Sedpy ul -

V2 V2
uy! Wi

_________ =T Wi W= (IN2) (W,+i W,
u _ i
Sept 28-29, 20050 W= (1/ \ 2) (W, —i W)
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L

s = Linerc + Lyukaw; The Higgs Potential

_ i
LHzggs D q) D (I) zggs
—->Note L, .. = CP conserving
Vitges =5 u 200 )+ M (6% ) =
AV . 1 V(q))
Symmetry (@) Broken
Symmetry
Mz >0: u’<0:
<@p>=0 0
» <(p >= v »-
(I) [/\/EJ ~— \5 )

V= \/:u2/|K|~ 246 GeV
Spontaneous Symmetry Breaking: The Higgs field adopts a non-zero vacuum expectation value

Sept 28-29, 2005 14
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Loy = Liuene + + Lyukaw; The Higgs Potential

_ i
Lnggs D q) D (I) zggs
—->Note L, .. = CP conserving
Vitges =5 u 200 )+ M (6% ) =
IRV, AT A V(o)
Symmetry (@) Broken
Symmetry
MZ >0: u’<0:
<@p>=0 0
» <(p >= v »-
(I) [/\/EJ ~— \5 )

V= \/:u2/|K|~ 246 GeV
Spontaneous Symmetry Breaking: The Higgs field adopts a non-zero vacuum expectation value

>

Procedure: " Rep™ +iSmd” Substitute: Req® = v+ H'
NReg’ +iSmd’

And rewrite the Lagrangian (tedious): [1. G, :(SU3).xSU(2), xU(1), )= (SU3).xU(1),,, )
(The other 3 Higgs fields are “eaten” by the W, Z bosons) | 2. The W+, W',ZO bosons daC( uire mass
3. The Higgs boson H appears

o H . 144
sept 28292005 | The realization of the vacuum breaks the symmetry »
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LSM = LKinetic + LHiggS + . The YU kaWa Pa rt

Since we have a Higgs field we can add (ad-hoc) interactions
between ¢ and the fermions in a gauge invariant way.

doublets smglet L must be Her-

/ mitian (unitary)
_LYukawa - 1]6“) Li (I) )w Rj + h.C.

o)+ vr(ene )i

+ Y (L Ll(l))ll + hec.

-~ (0 1Y . (¢°
With: ¢ = i0, ¢ =(_1 O)¢ =( _)
(The C-conjugate of ¢ ¢

To be manifestly invariant under SU(2) )

The result is:

are arbitrary complex matrices which
operate in family space (3x3)

=> Flavour physics!
Sept 28-29, 2005 15
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L = LKinetic + LHiggS + : The YU kawa Pa rt

Writing the first term explicitly:

vl dh), ((po)d;j _

/ o + o + o + \
e uz,dz{‘po) e uz,dz{cpo) v uz,dzf )
\) ) )
(i
—Yo° —Y¢© —Y¢©
Y({(P nz(?z,sziq)o/ le(?z,szicpo) |5t
bé)
. +\ . + . + \
ve@a ) ) v @) )
\ ¢ ) ¢ ¢ )
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- LKinetic + LHiggs + : The YU kawa Pa rt

_LYukawa - Yy@qu) )11) g T h.c.

Formally, CP is violated if:
S {det [y ey ,Y“Y“T]};ﬁ 0

In general L is CP violating

Yukawa

Exercise (intuitive proof)
Show that:

e The hermiticity of the Lagrangian implies that there
are terms in pairs of the form:

Shlabe —
YA 00, + L0,
e However a transformation under CP gives:
Ny N
Y, 0 <= W0,

and leaves the coefficients Yii and Yii*unchanged only if Yij = Yij*

CP is conserved in LYukawa

Sept 28-29, 2005 17
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» LKinetic + LHiggS + LYu/(awa: The YU kawa Pa rt

vl , v, ¥,

Each matrix is 3x3 complex:
e 27 real parameters
e 27 imaginary parameters (“phases”)

» many of the parameters are equivalent, since the physics described
by one set of couplings is the same as another ("rephasing”)
» |t can be shown that the independent parameters are:
e the masses of the fermions
* 3 real mixing angles in the CKM and 3 in PMNS for massive neutrinos
e 1 imaginary phase in CKM
e 1 imaginary Dirac phase in PMNS if neutrinos are Dirac particles
e 2 additional Majorana phases if neutrino’s are Majorana particles
»These phases is the source of CP violation in the Standard Model

18-12-2007 18
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: The Fermion Masses

Start with the Yukawa Lagrangian

d, 1 40 [P I u !
Ly, = Y ' (u.,d)), o dp + Y, () + ¥ ()
. 0 v+ H v is vacuum expectation value of
S5.5.8. ﬁﬁe(cp )% \/5 the Higgs potential

After which the following mass term emerges:

;Y2 d gl I u I
_LY”k — N LMass - dLl' MU de + uLi MU l/le
R YIRT
\% V v
with — Mj=—=Y! . Mj=—2Y/ . Mj=—Y
J2 NG >
LMaSS is CP violating in a similar way as LYuk

Sept 28-29, 2005 19
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: The Fermion Masses

Writing in an explicit form:

- LMaSS B (dj‘?b_l)L(Md ]

Sept 28-29, 2005 20
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: The Fermion Masses

Writing in an explicit form:

dl
f f /st f 1_1_1) Tyl oA f vt s 11
V: M~V —Mdl.agml (cT,s BNV M VTS

Sept 28-29, 2005 20
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: The Fermion Masses

Writing in an explicit form:

VLf M’ VRfT = Mé;agml (c?,s_],b_I)LVLfT v M vIity! i’l
B+
Then the real fermion mass eigenstates are given by: .
d, =/ ), ! d, =V )] xdl,
U, = (VL” )lif X, Up, = (VI? )ij Xy,
=) A =)

d’,u’, [,/ arethe weak interaction eigenstates

d, ,u, , [, arethe mass eigenstates (“physical particles”)
Sept 28-29, 2005 20
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: The Fermion Masses

In terms of the mass eigenstates:

m, d m, u
_LMass = @,s,b)L- m, of 5| + @,c,t)- m, o C
m, )\ D], m)\t],
m, e
+ (Z,M,r )L- m, o U + hec.
m ]\t ),
-L,.= muu + mcc + mitt

_ B _ _ ing?
+ m,dd + myss + m,bb H7 ensE gt

+ mee + muuw + mTT

Sept 28-29, 2005 21
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: The Fermion Masses

In terms of the mass eigenstates:

m, d m, u
_LMass= @,S,b)L° m, of 5| + (;,c,t)L- m, o C
m, )\ D], m, )\ t),
m, e
+ (Z,u;c )L- m, o U + hec.
m ]\t ),
-L,.= muu + mcc + mitt
> — P = i ?
+ m,dd + myss + m,bb H7 ensE gt

+ mee + muuw + mTT

In flavour space one can choose:

Weak basis: The gauge currents are diagonal in flavour space, but the flavour mass
matrices are non-diagonal

Mass basis: The fermion masses are diagonal, but some gauge currents (charged weak
interactions) are not diagonal in flavour space

In the weak basis: L = CP violating

Yukawa

In the mass basis: L > Ly

s = CP conserving

Yukawa

sept 2829, 2005 =>What happened to the charged current interactions (in Ly, ,...) ? 21
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: The Charged Current

The charged current interaction for quarks in the interaction basis is:

g _1 1 +
_LW+ = ﬁ uLi 'YM dLi WM

The charged current interaction for quarks in the mass basis is:

_LW+ - = M_LiVLu v VLdeLz‘ W,

\/5 u

The unitary matrix: V., = (VL“ >J/L‘”) With: Vi, ¥y =1

is the Cabibbo Kobayashi Maskawa mixing matrix:

d
-L, . = % (L_l:a?)L (VCKM) S; YW
b P
11-06-2012 -
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: The Charged Current

The charged current interaction for quarks in the interaction basis is:

g _1 1 +
_LW+ = ﬁ uLi 'YM dLi WM

The charged current interaction for quarks in the mass basis is:

_LW+ - = M_LiVLu ' VLdeLi W,

\/5 u

The unitary matrix: V., = (VL“ ><I/L””) With: Ve ¥y =1

is the Cabibbo Kobayashi Maskawa mixing matrix:

d
-L, . = % (7/_59597)L(VCKM) Z}_ YW
L

Lepton sector: similarly Viws = (VLV >J/L”)

However, for massless neutrino’s: ;v = arbitrary. Choose it such that V/, ,, = /

=> There is no mixing in the lepton sector
11-06-2012 27
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Flavour Changing Neutral Currents

To illustrate the SM neutral current take W, and B* term of the Kinetic Lagrangian:

Lye(@) = Oy, Gt + B0,
And consider the Z-boson field: Z" =cos0,W," —sin0,, B"
A" =sin0,W;" +cos0, B"

Take further Q, /=d, ! :

L) = co;gﬂ (—%+%sin28W)d_£iyuZ“d£i
w
1 1. —_
-L,(d]) = cof@ (—5+§sm2€)W)a’LiyM (VLd VLdT)ijdLjZ“
w

11-06-2012

and tanf, =g'/g
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Flavour Changing Neutral Currents

To illustrate the SM neutral current take W, and B* term of the Kinetic Lagrangian:

'LNC(Q;,I') = QZ;‘YM (% Wi, +%BM) Qéz
And consider the Z-boson field: Z" =cos6, ;" —sinf,B*  and tanb, =g'/g

A" =sin0,W;" +cos0, B"

Take further Q, /=d, ! :

I 1 -

-L,(d) = & (_Zi_sin%0, |dy 7"d.

Z( Lz) COS@W ( 2 3 W) Lzyu Li

N _ g | I . d 17dt
-L,(d,) = COSGW(—5+§sm GW)dLti, (VL 4 )ij d, Z"
Use (V1 =V =1) to findin general:
1 1. — —
-L,(0,,) = cof@ (—5+§s11126W)a’Li\(Ma’LiZM +( )uLinuLl.Z”
w

In terms of physical fields no non-
diagonal contributions occur for the
11-06-20 neutral Currents. => GIM mechanism

Standard Model forbids flavour
changing neutral currents.

maandag 11 juni 2012



Charged Currents

The charged current term reads:

Lee =—2uly'wid!, + Sodly wiul, = JEW+JERW

=7 7
g —(1=v°\ wpps (1277 g —(1-y° (1Y
=—=u, WV, d + —==d. "Wy u,
\/5 l( ) )Y uw l]( 9) J \/E J ) Y Wi ) i
g
J2

11-06-2012 24
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Charged Currents

The charged current term reads:

Lec =iu_]{iy MWM_dII,i + éd_]ﬁY MWJ”]Z = Jec W, + Jee W,

2 NG "
g —(1-y>\ o (1=y° g —(1-y° e 1=y
_ 8 I i + 24 e ”
ﬁ”’(z)y“”(z N O A
g + 5
u

NG uy U(l —y )a’ + % 4 V;(l—y )ul.

Under the CP operator this gives: (Together with (x,t) -> (-x,t))

L.—F \/_dy“W U(l—ys)ul. + —uy“WV(l — )d

A comparison shows that CP is conserved only if Vij = Vij*

In general the charged current term is CP violating

11-06-2012 24
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The Standard Model Lagrangian (recap)

L., =L +L + L

Kinetic 'Higgs Yukawa

° LKineﬁC . o|]ntroduce the massless fermion fields

eRequire local gauge invariance => gives rise to existence of gauge bosons
=> CP Conserving

1ggs *
eSpontaneous symmetry breaking
=> CP Conserving

o L,. . :eIntroduce Higgs potential with <¢> % (L Yo =SUR)exSUQ), xUWD), = SUR):xU (D,
The W+, W-,Z° bosons acquire a mass

o LYukawa : «Ad hoc in’_cerac_tions_betwc.een Higgs field & fermions
=> CP violating with a single phase

o L -> L

mass *

Yikawa . e fermion weak eigenstates: } -> CP-violating

-- mass matrix is (3x3) non-diagonal

e fermion mass eigenstates: } => CP-conserving!
-- mass matrix is (3x3) diagonal

e L;. .. inmasseigenstates: CKM —matrix => CP violating with a single phase
Sept 28-29, 2005 25
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Quark field re-phasing

Under a quark phase transformation:
10, ; 1y ;
u, ® e"'u,. d.®ed,

and a simultaneous rephasing of the CKM matrix:

e Ve Ve Vi \[e™
V ® e_¢c Vcd Vcs Vcb e_¢s or Vocj — CXp (l ((I)] _(I)a ))Vaj
e \Vu Vi Vi e

the charged current  Jp = uLly "V.d,, isleftinvariant.

11-06-2012 26
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Quark field re-phasing

Under a quark phase transformation: .
Exercise:

d  ® ai d Convince yourself that
L~ € dp;
there are indeed 5

relative quark phases

iq)ui
z/tLi ® € uLi

and a simultaneous rephasing of the CKM matrix:

e Vie Ve Vi e
V ® e_¢c Vcd Vcs Vcb e_(bs or Vocj — CXp (l ((I)] —(i)a ))Vaj
e Ve Ve Ve e

the charged current  Joo =uy"V,d;; s leftinvariant.
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Quark field re-phasing

Under a quark phase transformation: .

0 i Exercise:

Qui di Convince yourself that

u,; ® e™'uy, d,®e™d, Y
there are indeed 5
and a simultaneous rephasing of the CKM matrix: relative quark phases
e Vi Ve Vi e ™
V ® e % Vcd Vcs Vcb e s or Vaj — CXp (l ((1)] —(i)a ))Vaj
e Vi Ve Vi e™

the charged current  Joo =uy"V,d;; s leftinvariant.

Degrees of freedominV,, in _3_ N _ generations 2 generations: .

Number of real parameters: 9 +N? Ve = ( CO_SB sinb )

Number of imaginary parameters: 9  + N2 —-smbB cosO

Number of constraints (VV7=1): -9  -N2

Number of relative quark phases: -5 - (2N-1) No CP violation in SM!

_______________________ This is the reason

Total degrees of freedom: 4 (N-1)2 Kobayashi and Maskawa

Number of Euler angles: 3 N(N-1)/2 first suggested a third
11-064 Number of CP phases: 1 (N-1)(N-2)/2 family of fermions!
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The LEP collider @ CERN

ALEPH
DELPHI
L3
OPAL

error bars increased

L ¢ average measurements, y
by factor 10 ‘l

Maybe the most important result of LEP:
“There are 3 generations of neutrino’s”

18-12-2007
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The LEP collider @ CERN

ALEPH
DELPHI
L3
OPAL

-

error bars increased

L ¢ average measurements, j
by factor 10 )

Maybe the most important result of LEP:
“There are 3 generations of neuttino’s”

f . o . ”\
Light, left-handed, “active

18-12-2007 57
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The lepton sector

 N. Cabibbo: Phys.Rev.Lett. 10, 531 (1963)

— 2 family flavour mixing in quark sector (GIM mechanism)

 M.Kobayashi and T.Maskawa, Prog. Theor. Phys 49, 652 (1973)
— 3 family flavour mixing in quark sector
e Z.Maki, M.Nakagawa and S.Sakata, Prog. Theor. Phys. 28, 870 (1962)

— 2 family flavour mixing in neutrino sector to explain neutrino oscillations

e In case neutrino masses are of the Dirac type, the situation in the lepton
sector is very similar as in the quark sector: Vs~ Vegar

— There is one CP violating phase in the lepton PMNS matrix

e In case neutrino masses are of the Majorana type (a neutrino is its own
anti-particle - no freedom to redefine neutrino phases)
— There are 3 CP violating phases in the lepton PMNS matrix
e However, the two extra phases are unobservable in neutrino oscillations

— There is even a CP violating phase in case N, = 2
11-06-2012 28
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CP Violation and quark masses

Note that the massless Lagrangian has a global symmetry for unitary
transformations in flavour space.

Let’s now assume two quarks with the same charge are degenerate
in mass, eg.. m, = m, — — —
uV d+ulV s+uV,b

Redefine:s’=V, s+ V,b ®;Vdd+;V.s'+O

Now the u quark only couples to s"and notto b’:i.e. V,;’= 0

11-06-2012 59
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CP Violation and quark masses

Note that the massless Lagrangian has a global symmetry for unitary
transformations in flavour space.

Let’s now assume two quarks with the same charge are degenerate
in mass, eg.. m, = m, — — —
uV d+ulV s+uV,b

Redefine:s’=V, s+ V,b ®;Vdd+;V.s'+O

Now the u quark only couples to s"and notto b’:i.e. V,;’= 0

Using unitarity we can show that the CKM matrix can now be written as:

cos0 sin0 0
VCKM' =| —sinB cos¢p cosO cosPp sind — CP conserving
sinB sing  —cosOsing cos

Necessary criteria for CP violation:

11-06-2012

m #m, , m,#=m , m#Em,

m,=m, , m_=m, , m #m,
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The Amount of CP Violation

Using Standard Parametrization of CKM:

—id
C12C3 S12€13 S15€ _
V= id id ¢, = cosb,
= [ 7512C23 T C12523515€ C12Ca3 = 312693513€ §23C13 5. =sin6
i i j i
S12873 = CCx38515€ —Cp8y3 = 81,63515€ €€
2 . -5 . T— * *

(The maximal value J might have = 1/(6v3) ~ 0.1)

11-06-2012 30
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The Amount of CP Violation

Using Standard Parametrization of CKM:

—id
C12C3 S12€13 S15€ _
V= id id ¢, = cosb,
= [ 7512C23 T C12523515€ C12Ca3 = 312693513€ §23C13 5. =sin6
i i j i
S12873 = CCx38515€ —Cp8y3 = 81,63515€ €€
2 . -5 . T— * *

(The maximal value J might have = 1/(6v3) ~ 0.1)

However, also required is:
(mt2 —-m’ )(mf -m’ )(mt2 -m’ )(m,f —m’ )(ms2 -m; )(m,f -m, );t 0

All requirements for CP violation can be summarized by:

S fdet [M MY M M1} = =27 (2 =m2 ) (2 =2 )(m2 - m?)

(2 — 2 2 2 2 2
m, —mg )\mg; —m, J\m,; —m,

= 6:10° x 4:10° (GeV”) = 0 — CP Violation

Is CP violation maximal? => One has to understand the origin of mass!
11-06-2012
30
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VESNEGE R

Mass spectra (uw = M,, MS-bar scheme) Observe:

m, M.,
m,~1-3MeV , m_~05-0.6GeV , m,~ 180 GeV m, m, ’
my~2-5MeV , m~35-100 MeV , m, ~2.9 GeV my _m o
m,=0.51MeV , m =105 MeV , m_=1777 MeV m, m,

Why are neutrino’s so light? Is it related to the fact that they are the only neutral
fermions? See-saw mechanism?

Do you want to be famous?
Do you want to be a king?

Do you want more then the nobel prize?

- Then solve the mass Problem —
R.P. Feynman

11-06-2012 31
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Additional Material
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Lagrangian Density

Local field theories work with Lagrangian densities:

L (%)=L (o, (%.1).0"9, (%.1))

with ¢, (%,¢), j=1,2,..., N the fields taken at X,t
The fundamental quantity, when discussing symmetries is the Action:
A =fd4x L (5c',t)

If the action is (is not) invariant under a symmetry operation then
the symmetry in question is a good (broken) one

=> Unitarity of the interaction requires the Lagrangian to be Hermitian

(S =expid,, )

Sept 28-29, 2005 33
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Structure of a Lagrangian

Lorentz structure: interactions can be implemented using combinations of:  { O,y

S: Scalar currents 2 1
P: Pseudoscalar currents  : y;
V: Vector currents Yy
A: Axial vect t : :

xial vector currents YuYs Dirac field 1 : (iy Mau —my =0
T: Tensor currents : Oy, _ ) )

: Scalar field ¢:  (i0"90, +m )p =0
Example: "

Consider a spin-1/2 (Dirac) particle (“nucleon”)
interacting with a spin-0 (Scalar) object (“meson”

L) = ip(moyow (5e) - mp(mow o)~
+ %auq)()—é,t)auq)()‘é,t) — V((I)()_é,l‘))z «— | Meson potential

+ g (%) (aviby, p (F0)0(F0) —

Nucleon field

Nucleon — meson interaction

Sept 28-29, 2005 34
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Structure of a Lagrangian

Lorentz structure: interactions can be implemented using combinations of:  { O,y

S: Scalar currents 2 1
P: Pseudoscalar currents  : y;
V: Vector currents Yy
A: Axial vect t : :

xial vector currents YuYs Dirac field 1 : (iy Mau —my =0
T: Tensor currents : Oy, _ ) )

: Scalar field ¢:  (i0"90, +m )p =0
Example: "

Consider a spin-1/2 (Dirac) particle (“nucleon”)
interacting with a spin-0 (Scalar) object (“meson”

L) = ip(moyow (5e) - mp(mow o)~

Nucleon field

+ %auq)()—é,t)auq)()‘é,t) — V((I)()_é,l‘))z «— | Meson potential

+ g (%) (aviby, p (F0)0(F0) —

Nucleon — meson interaction

Exercise:

What are the symmetries of this theory under C, P, CP ? Can a and b be any complex numbers?

{Note: the interaction term contains scalar and pseudoscalar parts

34
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Structure of a Lagrangian

Lorentz structure: interactions can be implemented using combinations of:  { O,y

S: Scalar currents 1
P: Pseudoscalar currents  : y;
V: Vector currents Yy
A: Axial vector currents DY Dirac field  : (i Mau —myp =0
T: Tensor currents : Oy, _ , )
: Scalar field ¢:  (i0"90, +m )p =0
Example: g

Consider a spin-1/2 (Dirac) particle (“nucleon”)
interacting with a spin-0 (Scalar) object (“meson”

L) = ip(moyow (5e) - mp(mow o)~
+ %auq)()—é,t)auq)()‘é,t) — V((I)()_é,l‘))z «— | Meson potential

+ g (%) (aviby, p (F0)0(F0) —

Nucleon field

Nucleon — meson interaction

Exercise:
What are the symmetries of this theory under C, P, CP ? Can a and b be any complex numbers?
{ Note: the interaction term contains scalar and pseudoscalar parts el S O < |
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Structure of a Lagrangian

Lorentz structure: interactions can be implemented using combinations of:  { O,y

S: Scalar currents 2 1
P: Pseudoscalar currents  : y;
V: Vector currents Yy
A: Axial vect t : :

xial vector currents YuYs Dirac field 1 : (iy Mau —my =0
T: Tensor currents : Oy, _ ) )

: Scalar field ¢:  (i0"90, +m )p =0
Example: "

Consider a spin-1/2 (Dirac) particle (“nucleon”)
interacting with a spin-0 (Scalar) object (“meson”

L) = ip(moyow (5e) - mp(mow o)~

Nucleon field

+ %auq)()—é,t)auq)()‘é,t) — V((I)()_é,l‘))z «— | Meson potential

+ g (%) (aviby, p (F0)0(F0) —

Nucleon — meson interaction

Exercise:

What are the symmetries of this theory under C, P, CP ? Can a and b be any complex numbers?

{Note: the interaction term contains scalar and pseudoscalar parts
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Transformation Properties

P ¢ F Metri
- - . eynman Metric:
(X,t) - (_xat) (xat) QO _ Q Qk _ Q
Scalar Field : ¢(%,t) —  ¢(=X,1) o' (%,0) o= o=k
Pseudo Field: P(x,f) — —P(=x,1) Pi(x,1)
Dirac Field : ¢ (X,t) — yQ(=%,10) #HYYP (X0
Vector Field: V (x,t) — V"(=X,1) —VJ (x,1)
(Ignoring arbitrary phases)
Axial Field: A, (X,t) — -A"(-X,1) Ai (X,1)

Transformation properties of Dirac spinor bilinears (interaction terms):

P C CP T CPT
St yp, ®  yy, Y A, TR Y, Y,
P yyd, — yy,  vyy, yy, Yyy, Yy,
Voovaa, = waty, Uy, byt gty by,
A Yy v, = WY, vy, Wy, rtY, Ay,
T: IFIOW , = P oMy, —’Jzﬁw Lo oMy, Loty ngw |

c—c” c—c”

11062012
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Transformation Properties

i ¢ F Metric:
G - (=3.0) ) ezlnman e rli.
Scalar Field : ¢(x,t) —  ¢(-X,1) MEN)) Q=0 , 0=-0

Pseudo Field: P(x,f) — —P(=x,1) Pi(x,1)
Dirac Field : ¢ (X,t) — yQ(=%,10) #HYYP (X0
Vector Field: V (x,t) — V"(=X,1) —VJ (x,1)

. . . — - T
Axial Field: A, (X,t) — -A"(-X,1) A4, (x,1)

(Ignoring arbitrary phases)

Transformation properties of Dirac spinor bilinears (interaction terms):

P C CcP T CPT
S:oww,  ® lyw, WA, vM, Ly, T
PooWws M WM Wl Wads waw
Voovaa, = waty, Uy, byt gty by,
A vy a8, = WA, Y, WY, Wy YS, Wy,
T: IFIOW , = P oMy, —’Jzﬁw Lo oMy, Loty ngw |

c—c” c—c”

1062010

35

maandag 11 juni 2012



Transformation Properties

i ¢ F Metric:
G - (=3.0) ) ezlnman e rli.
Scalar Field : ¢(x,t) —  ¢(-X,1) MEN)) Q=0 , 0=-0

Pseudo Field: P(x,f) — —P(=x,1) Pi(x,1)
Dirac Field : ¢ (X,t) — yQ(=%,10) #HYYP (X0
Vector Field: V (x,t) — V"(=X,1) —VJ (x,1)

. . . — - T
Axial Field: A, (X,t) — -A"(-X,1) A4, (x,1)

(Ignoring arbitrary phases)

Transformation properties of Dirac spinor bilinears (interaction terms):

P C CP T CPT
S:oww,  ® lyw, WA, vM, Ly, T
PooWws M WA W Wads waw
Viowad, = vy, Ay Lyt Ay, Ay,
AT Waad, = U, barad St W, v,
T: IFIOW , = P oMy, —’Jzﬁw Lo oMy, Loty ngw |

c—c” c—c”

11.06-2012
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Fields: Notation

Fermions: v, =(1_Y5 )w P, =(1+Y5 )lP with Y = Q,, uy, dy, L;, Ip, Vp

Interaction rep.

Quarks:
tjenf?i;il;; doublets dl 39 29 1 6 y Ll ’ ,
Right hander singlets ( / ) L L / T SJB)C \su(z)L\Y
Left generation
handed ;gex
o u,(3,1,2/3) o d}. (3,1,-1/3)

v
leptons: o [V d,2,-1/2) = LIL . (1,2,-1/2)
I'(1,2,-1/2) ) ; !

e
* [ (1,1,-1) A

Scalar field: . b (1, 2, 1/2)=(CPO)
@
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Fields: Notation

Fermions: v, =(1_Y5 )w P, =(1+Y5 )lP with Y = Q,, uy, dy, L;, Ip, Vp

Interaction rep.
Quarks: /

. (”“3’2’1/6)) 0} . (3.2,1/6)
tjenf?i;il;; doublets dl 3, 2, 1 6 . Ll | |
( / ) Li / T sJ(3)c '\SU(Z)L\Y

Right hander singlets

Left generation
handed ;gex
I/ I/
o u, (3,1,2/3) o d (3,1,-1/3)
7
Leptons: o VI d,2,-1/2) = LIL. 1,2,-1/2)
I'(1,2,-1/2) ), ; /
\\ I’/
° lél. (1,1,-1) * Vi
Cscalarfield: e | oy e ]
BRIELENOR (N ructn et o
11-06-2012 P generation number 6
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Fields: Notation

Explicitly:
e The left handed quark doublet :

ulugsuy | (elene (i I, -+1/2
0,3,2.1/6) - ( ) ) ( g ) ( o ) 2 e
L L L

d'dd | s shst | LB b,
e Similarly for the quark singlets:
u, (3,1, 2/3) = (ul u' ul) (cl c cl) (tl t,t! (v =2/3)
Ri > P27 Jpo 2 22T Jp 2\ r2r2tr Jp
1 1 1 1 1 1 1 1 1 1
d' (3,1,-1/3) (a/,d!,d )R (s!,s!,s] )R, bbb )R (Y =-1/3)
e The left handed leptons:

I(1,2,-1/2) = (Vel) ,(V“I) ,(Vj) f:jﬁ (¥ =-1/2)

e And similarly the (charged) singlets: Zél_ (1,1,-1) = eé, Mé ,1;; (Y — _1)

11-06-2012 37
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Intermezzo: Local Gauge Invariance in a single transparancy

Basic principle: The Lagrangian must be invariant under local gauge transformations

Example: massless Dirac Spinors in QED: L = lq)_('y “('9“ )p

“global” U(1) gauge transformation: (x)® Y '(X)= e (x)
“local” U(1) gauge transformation: (x)® P '(x)= e"‘*("{p (x)
Is the Lagrangian invariant? P (x)® eia(x)lP (x) ) 1p_(x)® e_ia(x)q’_(x)
0. (x)— ei“(x)aulp (x) + ie” (x)c')uoc (x)

[ S T

Then: iy "o —apy "o — Py "pa o (x)

-~ -

Not invariant!

=> Introduce the covariant derivative: |/) = . —ieAM Then it turns out that:
/
, i >~ L® L' =L
and demand that AM transforms as: Au — Au — AM + —auoc (x) D is invariant!

e

Conclusion: e Introduce charged fermion field (electron)
e Demand invariance under local gauge transformations (U(1))
e The price to pay is that a gauge field A, must be introduced at the same time (the photon)
11-06-2012 38

maandag 11 juni 2012



= Liinesie + Litiges + : The Yukawa Part

Each matrix is 3x3 complex:
e 27 real parameters
e 27 imaginary parameters (“phases”)

» many of the parameters are equivalent, since the physics described
by one set of couplings is the same as another
» |t can be shown (see ref. [Nir]) that the independent parameters are:
e 12 real parameters
e 1 imaginary phase
» This single phase is the source of all CP violation in the Standard Model

...... Revisit later

18-12-2007 39
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Lepton mixing and neutrino oscillations

Question:

e |nthe CKM we write by convention the mixing for the down type quarks; in
the lepton sector we write it for the (up-type) neutrinos. Is it relevant?

— If yes: why?

— If not, why don’t we measure charged lepton oscillations rather then
neutrino oscillations?

11-06-2012 40
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Lepton mixing and neutrino oscillations

Question:

e |nthe CKM we write by convention the mixing for the down type quarks; in
the lepton sector we write it for the (up-type) neutrinos. Is it relevant?

— If yes: why?

— If not, why don’t we measure charged lepton oscillations rather then
neutrino oscillations?

I | . .

| . However, observation of neutrino
: : oscillations is possible due to small
! ! neutrino mass differences.
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Rephasing Invariants

The standard representation of the CKM matrix is:

_'6

1 0 0 C 0 s.¢"' C s, 0
1 1 12 12
3 3 c; =cosh,

V= Cyy  Spy 0 1 0 -5, ¢, O ,
0 0 0 0 1 Sy =Sy
=Sy Gy )| —5;5€ Ci3
Sept 28-29, 2005 a1
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Rephasing Invariants

The standard representation of the CKM matrix is:

-0
Vi Vs Vs Ci2€Ci3 $12613 S13€ ¢ = cosd
V=V VoV, | =] =8.Cn = Cy8028:°  CrCor = 817 ConS:2E° S.:C v v
cd cs ch 12~23 1222313 12~23 12%~23%13 23~13 g = Slne
V. V. V § 18 = CiaConSia8  =C Sy = 811 CorS12E°  ConC Y v
td ts th 12%23 12%~23%13 12%23 12%~23%13 23>13
Sept 28-29, 2005 41
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Rephasing Invariants

The standard representation of the CKM matrix is:

_id
Vi Ve Vi SPISE! S12€13 S13€ _ 0
S S C; =CO8U;
V=\Vy Vi Viy|=|—512Cs—CnSus;e C12Cp3 = 512623515€ §23C13 — sin®
id id §; =SIY,
Ve Ve V, S12873 = €5Cy3515€ —Cp83 — 81,C3815€ Cy3C3

However, many representations are possible. What are invariants under re-phasing?
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Rephasing Invariants

The standard representation of the CKM matrix is:

_id
Vie Ve Vi €73 S1,C13 §15€
i i
V=V, Vi Vi |=|=5C3—C,r535,€ C1pCy3 = 815C)3515€
i i
Ve Ve V, S12873 = €5Cy3515€ —Cp83 — 81,C3815€ Cy3C3

$..C
23%13 e
S = sm@l.j

L= COS@I.J.

However, many representations are possible. What are invariants under re-phasing?

 Simplest: U_; = |V _.|* is independent of quark re-phasing

Sept 28-29, 2005
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Rephasing Invariants

The standard representation of the CKM matrix is:

_id
Vie Ve Vi €73 S1,C13 §15€
i i
V=V, Vi Vi |=|=5C3—C,r535,€ C1pCy3 = 815C)3515€
i i
Ve Ve V, S12873 = €5Cy3515€ —Cp83 — 81,C3815€ Cy3C3

$..C
23%13 e
S = sm@l.j

L= COS@I.J.

However, many representations are possible. What are invariants under re-phasing?

 Simplest: U_; = |V _.|* is independent of quark re-phasing
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Rephasing Invariants

The standard representation of the CKM matrix is:

_id
Vi Ve Vi SPISE! S12€13 S13€ _ 0
S S C; =CO8U;
V=\Vy Vi Viy|=|—512Cs—CnSus;e C12Cp3 = 512623515€ §23C13 — sin®
id id §; =SIY,
Ve Ve V, S12873 = €5Cy3515€ —Cp83 — 81,C3815€ Cy3C3

However, many representations are possible. What are invariants under re-phasing?

 Simplest: U_; = |V _.|* is independent of quark re-phasing

o Nextsimplest: Quartets: Q... =V, Vy: V,;” V" with o#f and i/

— “Each quark phase appears with and without *”
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Rephasing Invariants

The standard representation of the CKM matrix is:

_id
Vi Ve Vi SPISE! S12€13 S13€ _ 0
S S C; =CO8U;
V=\Vy Vi Viy|=|—512Cs—CnSus;e C12Cp3 = 512623515€ §23C13 — sin®
id id §; =SIY,

Ve Ve V, S12873 = €5Cy3515€ —Cp83 — 81,C3815€ Cy3C3

However, many representations are possible. What are invariants under re-phasing?

 Simplest: U_; = |V _.|* is independent of quark re-phasing

o Nextsimplest: Quartets: Q... =V, Vy: V,;” V" with o#f and i/

— “Each quark phase appears with and without *”

e V'V=I:Unitarity triangle: V ,V_*+V V. *+V V *=0
— Multiply the equation by ¥, _* V__and take the imaginary part:
- Im VSV Vi Vea) =-Im (VS Ve Vi Vi)
- J=Im Qe =-1m Q.

— The imaginary part of each Quartet combination is the same (up to a sign)
— In fact it is equal to 2x the surface of the unitarity triangle
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Rephasing Invariants

The standard representation of the CKM matrix is:

_id
Vi Ve Vi SPISE! S12€13 S13€ _ 0
S S C; =CO8U;
V=\Vy Vi Viy|=|—512Cs—CnSus;e C12Cp3 = 512623515€ §23C13 — sin®
id id §; =SIY,

Ve Ve V, S12873 = €5Cy3515€ —Cp83 — 81,C3815€ Cy3C3

However, many representations are possible. What are invariants under re-phasing?

 Simplest: U_; = |V _.|* is independent of quark re-phasing

o Nextsimplest: Quartets: Q... =V, Vy: V,;” V" with o#f and i/

— “Each quark phase appears with and without *”

e V'V=I:Unitarity triangle: V ,V_*+V V. *+V V *=0
— Multiply the equation by ¥, _* V__and take the imaginary part:
— Am (VS Vo Vg Ved) =-Im (V" Ve Vi V)
= J=Im Qe = - ImM Qe

— The imaginary part of each Quartet combination is the same (up to a sign)
— In fact it is equal to 2x the surface of the unitarity triangle

Sept 28-29, 2005 Amount of CP violation is proportional to J "
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The Unitarity Triangle

= arg (-0, )

= arg (-0,

The “db” triangle: ViV + ViV + ViV =0 unitarity:Vciew” Vexn = 1
o ang[ e
VitV
B Earg __cd cf
ViV
g
ViV

|-uz(-0.)

Under re-phasing: V., —>exp (i (q)j -, ))Va] the unitary angles are invariant

(In fact, rephasing implies a rotation of the whole triangle)

Sept 28-29, 2005
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Wolfenstein Parametrization

Wolfenstein realised that the non-diagonal CKM elements are relatively small
compared to the diagonal elements, and parametrized as follows:

1-2%/2 A AN (p-in)
V= -\ 1-x*/2 A |[+0(r')
A (I-p=-in) -4\ 1
Vi Vil Vasle™
Normalised CKM triangle: ~| I, V. v,

(pm) |th|e_lﬁ V, |th|

o
! B
(0,0) (1,0)
18-12-2007 .
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Wolfenstein Parametrization

Wolfenstein realised that the non-diagonal CKM elements are relatively small
compared to the diagonal elements, and parametrized as follows:

1-2%/2 A AN (p-in)
V= -\ 1-x*/2 A |[+0(r')
A (I-p=-in) -4\ 1

Normalised CKM triangle: '

~| & o
&
(p’ﬂ) 05 —1 A'n. m‘ -
L &
o ol .5m2|¥|WA) T
V.V
05»-
i
Y B X
(0,0) ) b L
18-12-2007 .
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_

T THINK WEVE] AL WE HAE
GAT ENOUGH | 1S ONE “FaCT”
(NFORMATION | You MADE UP.

NOW, DONT
ﬂ;’fﬂj

{\M/ %”“’ =
I/
’

TUATS PLENTY. BY THETIME |

WE ADD AN INTRODUCTION,
A FEW ILLUSTRATIONS, AND
A CONCLUSION, 1T WILL
LOOK. LIKE A GRADUNTE
THESIS.

18-12-2007
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