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» Discrete Symmetry and CKM matrix

— Parity, Charge Conjugation and CPT theorem

— CKM matrix



Parity

® Parity: (¢,x) LN (t, —x)

. P , . n, = 1 forascalar
. /P o b —w 1 P
o(x,t) = P (x, 1) = np &(—x, 1) {np = —1 for a pseudoscalar

a P 5 | ; a n, = 1 foravector
0ud(x,) 5 0,07 (x,8) = —(1 = 28,0)mp uo(—x,8) {17 JErer

‘4.H (K._. f) E}*A-i (Xﬁf-) — _(]- - gfjﬁﬂ)f}l;e(_xz t)

The photon field transforms as a vector (clear from 9. — 8, —i4, )

— The Lagrangian is strictly speaking not invariant under parity, but the
space-time integration domain in the action also changes according to

the parity transformation

— the equations of motion are invariant S = ]g(qﬁ,aﬂ@)d4,r



Parity: scalar field cb(r):);j[ap¢;+)(x)+'b;¢‘_"g(x)

¢;+)($) = CpeltP=—Et) — CpeiP
[ I (=) — i(—pz+Et) _ ip-z
® Transformation of scalar fields 05 (2) = CpelCPHED = (e

Po(t,z) P~ =neo(t,—x) P IS a linear operator in the Hilbert space
and does not act on c-number quantities

P qﬁ(’n) P__l = Z Cp ['P ap ’P_le“i(Et“P‘T) + 'Pbl‘)p-—lei(Et—p‘m)]
p

Mot —z) =08 » " C, [ap emi(BtPe) 4 bt ei(gt+p.m)]
P
P

— we obtain the following property
PapP™' =npa_, Pal Pt =pgal

PbpPl=ngb_,  PbiP!=ngbl
— a one-body state of momentum p

P |p) “—“'Pa,; 10) = PaL’P"ICD 10)
= T’}Batp 10) =nB |—p)



Parity: Dirac wave function

® Transformation of Dirac wave function y(x)
— Lorentz transformation z* — z'* = a*, 2"

— '(z") and ¥(z) are connected by a linear relation
Vo(z') = Sav(a) Yu(2)
— '(z")is also a solution of the Dirac equation
(1y#8], — m)y' (') = 0
— compare it with the original equation
(if —m)p(z) =0 = (iSy"S7'0, —m)y/(z') =0
Sy*S™1o, = +*0,, 0, = a’,0,
S7 (a)y"S(a) = atuy”

1 0 0
. 0 -1 0
—parity P:zxz—ax'=—ax, t—=t =1 ﬂ“u=(0 0 —1
0 0 o0

S(a) =nr o intrinsic parity

o o o

|
-



Parity: Dirac field  wu(-p.s)= ulp,s)
Yov(—p, $) = —v(p, s)

® In analogy with the classical wave function, the Dirac field operators
transforms according to

Pi(z) P~ =np v v (t, —x)

— the Dirac field is expressed as

W(z) = Cp [b(p, s)u(p,s) e + di (p, s)u(p, s) ¥ "]
P,s

) b(t,—2) = 3 Cp [(-p,s)u(p,s) e — di(=p,5)o(p,s) €]

Pb(p,s)P~ ' = neb(—p,s),  Pbl(p,s)P~! = npbl(—p,s),

Pd(p, s) -1 — —nr d(—p, 3), Pdt (p,s) P~ = —1NF dT(—-p, s)

the negative sign in the right-handed side means that the intrinsic parity of the
antifermion is opposite in sign to tht of the corresponding fermion



Parity: Dirac field bilinear

® the one-fermion state transforms as
bT (p, ) |0) » bt (~p, s) |0)
d'(p, s) |0) ~dt(=p, s) |0)
® for any Dirac field bilinear

P Y(z)Tp(z) P~ = o(t, —x) yol'yo ¥ (¢, —x)

.-!:-'_..-!:-'_, .f .-!:-'_,,.,Ir__:l _.!:-'_, .-!:-'_,,‘:r__ pe "r!,-'l-‘ .-!:-'_,,,,Ir__ L ,‘:r__:l _.!:-'_, .-!:-'_, T firs __!:.-_1 a |

lL) _|_1 _1 (_1);:. _(_1);;. (_1);;.(_1)!# (_1);;.

(=1)* =1 forp=0and (—1)"=—-1for p=1,2,3
— the free Dirac Lagrangian is invariant under P

Lo = ¢in"d, — m)y



Charge conjugation

® C: a unitary operator that reverses the signs of charges of particles
including electric charge, lepton number, flavor number, ...

C |p1 S}Q> = g IP,S, _Q)

£ is a unimodular phase factor
— charge conjugation = field conjugation for physical particles

® a complex scalar field

Cp(z)Ct = gpol(z) cfc=1, |gg)>=1
Zcp[cap e 4+ CblC™ IM]—gBZCp[a e'P'T 4 bpe”iPe
CapC™" = ¢p by Cb,C~! = &ha,

— a one-particle state of momentum p

Cal, |0) =Cal,C7IC |0) = £5b], |0)  Cb}, [0) = CbLCTIC |0) = &5 af, |0)



Charge conjugation

® electromagnetic field
— the current density for a boson field
#(z) = i[¢! (2)0*¢(z) — (0”4 (2))é(x)]
Ciu(z) " =i[p0ud" — (Bu8)p!] = — jpu()
— Similarly the electromagnetic field must transform as
CA,(zx)C ' = —A,(2)
Ca(k,\)C™! = —a(k,\)
C |k, A) = — |k, A)

® The photon is odd under charge conjugation



Charge conjugation

® Dirac field: proportional to its complex conjugate like a boson field
Cy(z)C™' =EprBY(z), |ép|=1
B is a 4 x 4 unitary matrix on the spinor representation C = Bt

® more convenient to use the following form e
7' :((‘// )TVO) :(7/0) 4

-1 C“T _ v
Cl’b(m) {3 o EF 1’[) (I) ! [£F| 1 G C _ 1 Because of the complex
conjugate, the charge
. .. . . . gati tor C
® The Lagrangian is invariant under charge conjugation R s
representation of the y

C{.:F(I)C_l = ﬂp(m) matrix

1—7. l—71 .
Lp =L+ L) = 51#[17“3\“ —-m}w+§¢ [ﬂw“ 3”—-??1} "

® One can derive CytC—1 =gy Tyt

1 .t —T
cL,Cct= -QwTTDCT(l’yDT“a“ —vom)CY¥ . scalar, invariant

under transpose in

the spinor space
transpose and an additional __1:‘ 9 o
(-) sign for fermion exchange

- . o .
HCT (—lﬁr“’T’r”T 0+ ’v‘gm) C* Yot



Charge conjugation

® require CL,C~ ' =L! to satisfy CLp(z)C™! = Lp(z)

; : : .
C'yy, C 70 7" - 1 . in arbitrary y-matrix
C ']"#C T Tp representation

CT70TC Vo=
® in the standard representation of y, we choose (D, 9) N( X )
U s g-p
~ me
C = 172 0 C‘H;T(‘p? 3) - v(pﬁ S) o
T Cf‘T(P: s) = u(p, s) v(p, ) :N’(E+il ”3)
T?s

® Then one finds L,
Ns = —io” Xs

CyC™t=>"Cp[Chb(p,s)C  u(p,s)e "™ + Cdl(p,s)C v (p, 5)e ]

P,s
—T io-1 —ip-x
ErCY =& Y Cp [b(p,s)v(p,s)e'P* + d(p, s)u(p,s)e P~ |
Cb(p,s)C™" = Epd(p, s) Cd(p,s)C™" = &x b(p, s)
® Note that in the Weyl representation (Peskin & Schroeder)

- —y - Y B T J _f
Ci)(x)C = —iv? ™ (x) = —iv?( v = — ( -'gl.'!-":,-uf‘:r.-‘g) 9



C,Pand T

® charge conjugation for Dirac field bilinear
Cy()C™! = EC (x)
Ci(z)C ! = —E*wT(m)CT
C 1y (2)Toha(z) C™1 = Ef&athy(2) CT CT ¢ (2)

® transformation properties

t_t i !_ ’}-"'—’ W t_ﬁ;: W t_ A ,.,Ir_.ﬁ W !_ TtV s ('-‘)\“
P +1 -1 (=D —(=D*  (=1)H(=1)"  (=1)*
;._H _|_1 _1 (_1);:. [_1);:. _(‘_1);:.(_1)!# _[_1);;.
C +1 +1 —1 +1 —1 +1
CPI +1 +1 —1 —1 +1 —1

(—1)* =1 forp=0and (-1)* = —1for p=1,2,3

Lo = P(iv"d, —m)v> is invariant under C, P and T separately



C,Pand T

Bilinear P T C CP CPT

Ux Ux VX XV XV YV

Dysx =X Dysx XYY —X"5¢ —XV5Y
VPrrx  YPprx  ¥PLrx  XPLRY XPr,Lv XPrLv
Uy x DYuX DX —XH XYt s
Pyysx —UwsX Yysx XYHsY XMWY XYY
VY PL X YWPriXx YwPrrx —XYPpr¥ —XPrLrY —XVFPLRrY
pot? X 'IT"G-H:J X _E‘:T.tw X —x"" — X ¥ Xt

(—1)* =1 forp=0and (-1)* = —1for p=1,2,3

Loy = ("0, — m)1 s invariant under C, P and T separately
® CP: ¢, < el
L o VigUir* (1 = 35) D;WE + ViiDiA* (1 — 25) UiW,
| ﬂ CP cbnjﬁgatioh |
Lep o ViiDiy* (1 —45)UiW, + Vi UA* (1 — v5) D; W)

If VU'* =V,;— L = Lcp: 1.e. CP conservation
11



CPT theorem

CPT theorem:

odd

General rule: a fermion bilinear with n vector indices is (odd) under
CPTifnis (odd); this also applies to derivatives Oy, -

L(z) — L(—z)
S=[der

Lorentz invariance <€=—» CPT

12



Yukawa matrix

® The third generation was introduced before the discovery of the
charm quark by Kobayashi and Maskawa (1972)

® The Yukawa or mass matrices are arbitrary 3x3 complex matrices

Ly" = y;;Qrivdr; + y;;Qridur; + yi;Lriden;

d u e
YV YV YV

(md)ij \/E’ (mJ)ij \/E' (me)ij \/E

® No flavor changing coupling for y; =6,

® In general, the Yukawa couplings are non-diagonal in the generation
basis (flavor basis)

i # 0

® The mass matrices must be diagonalized to describe the physical
process



Diagonalization of mass matrix

® The Yukawa matrices can be diagonalized by bi-unitary transformations

f
Yi
f f. ; i
y =V fydwrl i yJiag — A V. ,V; unitary matrices
f

Y3

® The mass matrices for quarks are diagonalized as

My up +dp My dp oy by, @y M,

VivE vityvd
O
, d’x m, m,
O _ §] O _ () di di
U'r=| Clr | dL,R =| §'r Mulag = m, ) Mdlag = m,
() O
tL,R bL,R m m,

® The quark fields are transforms as (field redefinitions)
v, >V, v, (W =Q_,Ug, Dg)

® Kinetic terms are not changed by field redefinitions by the unitary

rotation in the generation basis _
f‘kin ~ —i; DL':



Neutral current

® The coupling to neutral gauge bosons y, Z, g are not modified by the
field redefinitions

Lueutral ~ Wy i5uf, — WE (Vi )radsy (Vi) i, = 07,6550,
— The FCNC is forbidden at the tree level
® In the SM, all up (or down)-type quarks have the same charges Y and T,
® This simply forbids the FCNC which might be generated by the field

redefinitions because the couplings to neutral gauge bosons depend on Y
and T

® the couplings to the Higgs boson are aligned to the mass matrix so that
there is no FCNC related to the Higgs boson in the SM

® The FCNC process to any gauge boson would be a good signal for
probing new physics



CKM matrix

® The couplings to the W bosons are modified as

i« i —ki1r - ysdt l —i (17 J
Ly ~ T didy, — Tp (Vi )kidis (VL) udy =g (Voka)idy,

s yruysdt
Vexkm = ViV,

® The CKM matrix is the generalization of the Cabibbo rotation

d" Vud Vs Vub d
s"! - Vcd 1["{:ﬁ Vcb S
b Via Vis Vin /) \b
weak eigenstates mass eigenstates

® The CKM matrix is a 3x3 complex matrix and unitary by definition
t | r:rl' | -|':I I ,!':J' 1 -mI 1 -u.'- ! -uh 1 0 0
VI V. =1 Ve VE VR Via Vs V| =10 1 0].
CKM T CRM | T 4] ﬁ;, Via  Vis  Vib 00 1
® The mixing of down-type quarks ~ a (historical) convention

— in the lepton case, the mixing occurs in the up-type components
(neutrinos)



Weak phase

® To generate CP violation, we need a complex phase in the Lagrangian

® To be hermitian, all couplings except for the CKM matrix are real

® If the CKM matrix is real, no CP violation

1: D i;j?fr 'H(l — "JJD j H:E -+ I;;ﬁj"“[ 1— ’}-"5:11{,-'?1'1""'“
ﬂ CP conjugation
Lop o ViyDiy*(1 — 5)UiW, + ViU (1 — ~5) D W

~ * . —~ .
ItV =V;—L=Lcp:1.e. CP conservation

® [f CP violation exists in the framework of the SM, the CKM matrix must
be complex

® Because the phase in the CKM matrix is originated from weak
interactions, the CKM phase is called as a "weak phase”

® In the BSM, another phase may exist in the new couplings or new
vacuum



3 generation is required for CP violation

® An arbitrary NxN complex matrix has 2N? parameters
® Unitary conditions (VVT=1) remove N? degree of freedoms
D V,\Vi=1 >VV,=0(=k=N+2,C,=N*
j i

® For a real matrix, N directions have (C, independent (relative) angles

_N(N-1)

v Co angles

® The remaining parameters are complex phases

e MDD

® Each quark field can change its phase without modifying other terms
ig, gg should have an opposite

’ —
4, —q;=€q phase to q, to make the
mass term invariant.

N(up-type quarks)+N(down-type quarks)=2N rephasing possible

i i(6,—8.) 17 g
Lw — Ly ~TUupe" *"]H- {:‘.K}..I)fjdlr_.



3 generation is required for CP violation

® Among 2N phases, one phase which is called as “overall phase” is not
independent

® Therefore (2N-1) phases can be removed by rephasing quark fields

® The number of phases which cannot be removed is N(N+1)/2-(2N-1)=

— — (n—1)(n-2)
NIN+D) o gy (N DéN 2, !
1 0
2 0
3 1
4 3

® For CP violation, N>3

® In N=3, 3 mixing angles and 1 (weak) phase (the only phase in the SM
Langrangian that is necessary for CP violation)

® Rephasing example in N=3

the rephasing phase of u quark is multiplied to the first row and

V;ml HIS Tr/u‘t:- can make Vud real |u, — "y,

Vcd V;:s Vcb Similarly ¢ quark — Vcd, t quark - Vtd, s quark - Vus, b quark - Vub
but rephasing d quark cannot be applied because all elements of the

th V'.JE Vi?b first column are real

v



Parametrization of CKM matrix

® The orginal CKM matrix in Kobayashi and Maskawa’s paper

cos {0, —s1n f, cos s —sin 0, sin (0,
sinf), cos fly cos 0, cos 0, cos 0 —sin @, sin G*° cos 6, cos 0, sin §; + sin @, cos Be*’

sinf,; sinf, cos f, sin f, cos O;+ cos 6. sin G*® cos @, sin #. sin #: — cos O, sin f.e**

® The standard CKM matrix which is adopted by PDG

Vud Vus Vub i
lr"’fr'CKT-d =S V{d V{s Uc:b = RH(L':ID RU Iﬂ,D}RIE
| Via Vis Vi
1 0 0 B C13 0 51_35_“EI C12 512 0]
=10 Caz 573 0 1 0 — 512 C12 0
_0 —523 C23 _—5135”} U {31_3 {] {] 1_
—1id
( ¢12€13 512€13 513¢€ ”\
_ T i T
= | —S$12€23 — €12523513€'%  C12€23 — $12523513€'¢ 523€13
- e - s -
K 512523 — €12€23513€"° —C12523 — 512€23513€"° C23C13 )
I O
[, = diag(1,1,¢") 0<6;;<m/2, 0<6<2n
§; =sné;, ¢; =coso,



Neutrino and PMNS matrix

® If neutrions are massive, we can construct the Pontecorvo-Maki-
Nakagata-Saki (PMNS) matrix similar to the CKM matrix

CKM matrix PMNS matrix
d’ Vid Vus Vi d Ve Ua Uesa U 1
sl = Ve Vi Vi || s v | = U U Us || »
L I't d ‘I'; i 1; b b - L‘TI_]_ {,-'Tl_g L‘rl_g L3

® In the case of Dirac neutrinos, the PMNS matrix are exactly the same as
the CKM matrix

® In the case of Majorana neutrinos, there are two more Majorana phases

C12€13 S12013 SIHE_M t-.ic:l_.-'rz () 0

Uprmns = —S19093 — C12523513€""  C1oC93 — 5128235136 Saaciy 0 etaz/2
- _id i

S12893 — C12003813€"  —C1aS93 — S12023513€"  €23C13 0 0 1

® Because of an additional mass term mvf v, we cannot redefine the
phase of neutrino fields

v, — €y, = mvf vy — e®muf g



Dirac vs Majorana

® the conventions with respec to charge conjugation and helicity projection

Vo= OO = iytyr, g =yTC C=iPr] G =

Y =3(1 — ps)y, Wr = 3(1 + ps)¥ v =(ir) 70=-iw" (1) ro=¥'C
® notation

s = () = (1 + 7Y = WF)e (W) =ir5 (1= 1w =20+ 7s)ir

the charge conjugate of the left-handed
= field acts as a right-handed field

® Dirac mass term

Lo = D Yr + Yry) = DYy

® Majorana mass term

a-(th = A(lﬁﬂh + ‘FL‘!’L) = A}:x » Majorana fields must not be

Ly = BYrYr + ¥rYr) = Bow charged
r=yL+Yl, K=y Yo=2(1 =) YL =2(1+7s)x
C 10
® =Yg + Yk, o =w WYr=31+7ps)0;  Yr=3l—ys)o



Questions

1. Show that there is no CP violation for N=3 if any two of the quarks are
mass degenerate.

2. Explain why there is no CKM-like matrix in the lepton sector of the SM.

3. It is observed that neutrinos oscillate. Can the charged leptons also
oscillate?



Wolfenstein parametrization

® More popular parametrization is Wolfenstein parametrization

® V. in nature there is hirarchical 6;;<«0,;<6;,<«1 A=sind,~0.22

A pym e~ O(l)

SViVs =1 VY5 =0 %K)
J J

Cabibbo rotation

2
-2
2
2
VCKM =l -4 1_i

12



Wolfenstein parametrization

® More popular parametrization is Wolfenstein parametrization

® V. In nature there is hirarchical 6;3<«6,;<«6;,<«1 A=sing,~0.22
* % . A’ , — O 1
D VV; =1 Y VV =0(i = k) 1~ O(1)
J j
Cabibbo rotation
’ 2
1—’1— A 1_,1_ ;
2 2
A2 22
VCKM = -A 1—7 Vcb ~ 006:0(2‘2) VCKM — -1 :I__7 MZ
_MZ 1

13



Wolfenstein parametrization

® More popular parametrization is Wolfenstein parametrization

® Vv In nature there is hirarchical 6;3<6,;<6;,<1

Z\/ijVjT =1, Zvijvj#ll =0 (i #k)
J J
Cabibbo rotation

/12

1-— A
2
A? ,
VCKM = _l 1_7 Vcb -~ 006= O(/l ) VCKM =
2
1-% A A(p—in)
2
Vo, =| -4 1-2 A2

A=sinf,.~0.22

A pym e~ O(l)

1-=— AP




Wolfenstein parametrization

xn . @

AN(1 — p — -mD — A2 1

Only V, andV,
are complex
® In the W decays, suppressing the common factor and phase space factor

LW = (Ty) x 1 LW+ — ud;) o 3|Vy|? (i=1,2; j=1,2,3)
® The top quark is omitted and the number of lepton is 3
® The unitarity condition for the CKM matrixc
Vad|? + [Vis|* + [Vas|* = [Vea|* + [Ves|* + |Vas|* = 1
['(W — hadrons) =~ 2I'(W — leptons)

Experimentally, T(W — hadrons)/I(W — leptons) = 2.09 + 0.01
15



Wolfenstein parametrization beyond LO

® In the standard parametrization, we define (A, 4. 0,7)

s12 = A, §93 = AN . 513€_i‘5 = Ak‘j{_ﬂ —1in)
513 S13 . .
0= Cos 0, n= sin &
$12523 $12523

® The higher order terms are obtained as

r 1 2 1 4 6
Joao—1_=-)\_"Z )
Vur =153 — 221+ O(X°)
Vis = A+ O(\)
Vub = AN’ (¢ — i)

1 5.5 i
Vea = =M+ S APN°[1 = 2(0 + in)] + O(X')

Ves =1 - %;«2 — %/\4[1 +4A%) + O(A5)
Voy = AXN2 + O(NB)

-
i

Via = AN |1 — (o +in)(1 — %}‘2} +O()
Vie = —AN2 + %44(1 —20)X* — inAX! + O(X°)

Vip=1— %AEA* 1+ O\

16



Unitarity check

I T T T T | T T I T

I T T I |' T I T T

2 2
IV, PHV IV 1.029+0.028
2
vV PV PV P~ 0.996+0.002
V_FHV F+VF 1.025+0.028
I | 1 1 1 | 1 1 1 | 1 1 | 1 | | 1 | | |
0.9 0.95 1 1.05 1.1

17



Hierarchy in Unitary relations

Vu d Vvu s ‘/’u. b
Vcd Vc 5 Vcb
f;ﬁd V;‘ s ‘/;Eb

- L ” > d - :
If'f-"- d v'f; 8 If(:«u'.'. T’r;: i rf d .Va-*t =0 M‘fl
= : "
O(A) O(N) O(N?) VeaVet

18



Hierarchy in Unitary relations

r r r r d - ( .Fl:
If'f-f- d v;ﬂ; o I;'.(:«u'.'. T/r;: - rf d .Li*t =0 M\’
O(N) O(A) @H°) VaaVe
sb o
V.;,r_. & J b + I/(;,g CT) —I— v;t S tz o O Q‘/ .
O(A*) O(2) O(\?) VoV~ VusVib

19



Hierarchy in Unitary relations

d
+ Va Ve o+ VaVi =0 7 Ve A
O\ O(N?) VadV
sh .
N W C}E o i M‘s t}; =0 Q‘/
O(}\Q) VisVub

R Vv
: ; b cd
O (A ) /\ ViubVud VibVid

The CKM triangle

20



Unitarity triangle

Vud V. + VeV + VgV =0

ch

O(\?) 9 O(N?)

AV[(p+in)+ (=D + Q- p—in)]=0

® Resize the sides by V_V,

(p.m) o = arg(_ thvtjtg j

VaaVih

VaaVig,

(0,0) (1,0)

21



Jarlskog invariant

ViaVi,
VeV

VuaVay
VoaV3

(0,0) (1,0)

2

(area)= 6 (base) x (hei ght)j « (scale factor)z% Im (—m) <NV

cd Vcb
1 xy % 1 i —j
= E Im (_Vudvubvcdvcb ) = E Im (Clzclsslse ’ (S5 + C128381:€ ’ ) 523013)
1 .
= E C12C23C123312323313 siné

IM[ViVVi Vi [= 33 €€y (NOsUMini, j, k1)

J = CyCC18,8,8, 8N ~ 1°A - (inthe SM)
22



Determination of CKM matrix elements

Nuclear [3 decay

v+d— c+1

CKM

K— nlv

’ + b — ulv
T )T > o e
Vis (Vb

> [ — blv

> I

Excellent determination (error ~ 0.5 %)
Very good determination (error ~ 0.1%)
Good determination (error ~ 2 %o)

Sizable error (5-15 %)

Not competitive with unitarity constraints

Once we assume unitarity,
the CKM matrix can be

completely determined
using only exp. mnfo

from processes mediated

by tree-level c.c. amplitudes

Vik|

23



Determination of CKM matrix elements

The only CKM elements we cannot access via tree-level processes are I, & V',

\

Loop-induced amplitudes:

AF =1 FCNC AF=2 (neutral-meson mixing)
b (s) s (d) b (s) s (d)
2] AAAAN
q,= u,c,t q,= u,ct
AAAAN

s (d) b (s)
AR \ /

: GIM mechanism

| large top-quark contribution: 4 ~ mt: Vrf Vip |

24



Determination of CKM matrix elements

= e' e-
<rUe < *<
p s n s JU b i u
(Vv ,=09738| |V =02196| |V ,=0.004
rd us ub
(0.05%) (=0.4%) (=13%) e
" C Vv ,=.224 V =097 vV , =0.041 <
________ cd cs ch ™ - b C
/ ) (=5.4%) (£11.0% }fﬁ’--.‘g#_z_.g}a)‘__ ﬁﬁﬁﬁﬁ | <g+
I«;d'{)()l V;‘S$ 0.047 Vz‘b=0'94 D i K
(=100%) (£17.0%) (£29%)
\ n
h—‘r—vt’UUU ULL&—H #*{-,-'_' - rd‘_;d"" f ; ]
E" H - - t:-ﬂ‘rz_— 5.4 t b
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The Unitarity Triangle -l

* # # Vu VU* V V*
V, Vi + V Vo, + V V., =0 = 1+VC:VC€+V:\£

AN (p — i) —AN AN —p—in) . arg(_vudvu}J

Vud V vtd v:b _

' cd * __ __

semileptonic B decay Vea Ve B°-B°,B.-B!
branching fractions oscillations

[BE’S] > D, K B’ > J/y Kg

(0,0) (1,0)

« measure the lengths of the two sides: CP conserving quantities
« measure all three angles: CP violating quantities (angles = phases !)

* many observables - overconstraint determination of triangle

consistency check of Standard Model ! -




Unitarity Triangle analysis in the SM

r L T
:
1:- """"" I vcb/vubl
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The Unitarity Triangle : Tree vs Loop

7 T T T ]

06 i Tlee) %T.L —i

i -

Unitarity triangle “E E
04 3 =

from = EB . E

“tree observables” N . E
5 ! E

[ ¥ ﬁ g

i _

. -

Unitarity triangle N1 oo
“loop observables” o @ E
0.1 : -_é

04 -02 0.0 0.2 0.4 0.6 0.8

=1l
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The Unitarity Triangle : Tree vs Loop

T T l T T L3 T T 13 T I 1] L v i T L T I T T T | T T
C |a | Amy & Amy m
- |© - £
Ed : YMG . FFCF 13
L H
3
-
® E

- |||;[n:||_|u||_||||_||n||_||u|_1|||
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The Unitarity Triangle : CP vs 2P

L L o L~ o s e |

06 Amy ]

Unitarity triangle 03
from o4

=

“CP conserving observables” =

02

arduded amahas CL= 095

00 PSR N SR WU SO B T SO S

04 -02 0.0 0.2 0.4 0.6 0.8

=1

T T L S o B S o B e e e

Unitarity triangle Y
from 03
“CP violating observables” 02

wxdudad ama has CL» 095

0.0
04

- J-rllilllllll!11||||||III|IIII|IIII
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The Unitarity Triangle: 2001 vs 2014

Summer 2001

1,5 L

10

0.5

= 00

-0.5

-1.0

Illl[llll[lll!l’l

Bumires 201

II[IIIIiII

T 1 T T
exduded anea has CL = 0.88 .

=1.5
-1.0

-0.5

0.0

0.5

P

a+pP+y=(1752+93)

Winter 2014

well with the CKM picture at O(10%) level

1-5 T T T T T T TET T ATy T T T T T T T T T T T
™ [ excluded alelarﬁ.sCL:vllSS |! \?@l -
B | % -
- Yy i
10 - 5 ]
05 -
C ey
= o0} -t E -
r
L 7
-0.5 — o
10 L -
s | oo ]
1-5 B I | | I I | | I I | | I I | | I | ["\ I\'\ [ I_
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
P
Direct CKM fit
a=(888%4)  (93.632)
p=(2150%)  (25387%)
y=(r0)  (eeai)
2B =+0.00£0.07 -0.0363°%"

—-0.0012



4t generation and CKM matrix

KM MATRI ‘5\ The 4 x 4 CKM matrix
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The unitarity quadrangle
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CKM vs PMNS: flavor problems
CKM PMNS

d > b Vi V2 V3
u ] - \A O
cC B Vi
t . m V-E

® Why are the CKM elements so hierarchical and diagonal?

® Why is the PMNS matrix so different from the CKM matrix?
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